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Self-assembled multivalent pseudopolyrotaxanes, composed of lactoside-bearing cyclodextrin (CD)
rings threaded on linear polyviologen polymers, have been introduced recently as flexible and dynamic
neoglycoconjugates. In the course of this research, it was found that polyviologens are responsive to the
Bradford assay, which is traditionally highly selective for proteins. The response of the pseudopolyro-
taxanes to the Bradford assay was dependant on, and thus indicative of, the degree of threading of the
CD rings onto the polyelectrolyte. The assay was then used to report on the threading and dethreading
of native and lactoside-bearing a-CD rings onto and off of polyviologen chains, a phenomenon which
demonstrates the utility of biochemical assays to address problems unique to supramolecular chemistry.


Introduction


Biochemistry and supramolecular chemistry are both sciences
that relate to molecular recognition1 and self-assembly.2 Yet,
despite their conceptual similarities3 and the biomimetic roots
of supramolecular chemistry,4 few synthetic supramolecular
assemblies5 and related mechanically-interlocked molecules6 have
been examined in biochemical contexts. Prominent exceptions
include complexes7 and interlocked molecules8 with cyclodextrins9


(CDs) as components, a consequence most likely of the wa-
ter solubility, inherent biocompatibility, and hydrophobically-
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Fig. 1 Schematic representation of pseudopolyrotaxanes composed of lactoside–cyclodextrin (LCD) rings and polyviologen threads. Chemical structures
of the components and Coomassie Blue G-250, the dye used in the Bradford assay, are also shown.


driven complexation behavior of the CD torus. Indeed,
pseudopolyrotaxanes10 and polyrotaxanes11 formed from CD
rings threaded onto linear polymer backbones are of considerable
interest12 for biological applications, such as drug delivery and
tissue engineering. Based on the pioneering supramolecular chem-
istry of Harada13 and Wenz,14 we15 and others16 have developed
these systems as dynamic multivalent neoglyconjugates. They
offer a variety of potential advantages for multivalent ligand
presentation, including (1) the ability to span large distances, (2)
the ease of varying ligand densities, (3) their adaptability, and (4)
the ease of their synthesis by means of self-assembly.2 Recently,
we targeted17 Galectin-1,18 a soluble dimeric lactoside-binding
lectin, which is involved in a variety of cancers.19 Using a self-
assembled pseudopolyrotaxane, composed of lactoside-bearing
CD (LCD) rings and a polyviologen thread (PV-17, Fig. 1),
multivalent enhancements of 6.7-fold and 10-fold relative to the
free LCD and free lactose, respectively, were obtained17 for the
inhibition of Galectin-1 in a T-cell agglutination assay. In the
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course of developing a precipitation assay20 to complement this
agglutination assay, we discovered a surprising use of the Bradford
assay,21 a biochemical assay that is typically highly selective for
proteins, as a reporter on the degree of threading in cyclodextrin–
polyviologen pseudopolyrotaxanes. Thus, in addition to using
supramolecular assemblies to address biochemical problems—
e.g., the recognition of Galectin-1—assays that are thought to
be idiosyncratically biochemical, such as the Bradford assay, can
be used to address idiosyncratically supramolecular problems, i.e.,
the degree of threading in pseudopolyrotaxane complexes.


Results and discussion


Pseudopolyrotaxanes


Polyviologen AB-copolymers, comprised of alternating de-
camethylene (A) and positively-charged bipyridinium (B) seg-
ments, form22 stable, water-soluble complexes with a-CD. In
aqueous solution, the a-CD rings thread onto the polymer chain
and rest predominantly on its decamethylene segments,17 stabilized
by the hydrophobic interactions inside the cavities of the CDs.
The positive charges, associated formally with the nitrogen atoms
on the bipyridinium segments of the polymer, act as electronic
“speed bumps” which reduce14,22 the translational motion of
the CD rings. By separating the preferred guest into domains
flanked by “speed bumps,” polyviologens can support high levels
of threading at equilibrium, with the time-scale of self-assembly
being relatively slow (≥3 d), because of the necessity for the CD
rings to have to pass over multiple bipyridinium segments. For
example, in the self-assembly of pseudopolyrotaxane [17:17], a
mixture of 17 equivalents of LCD (20 mM) with a polyviologen
containing, on average, 17 repeating units (PV-17) resulted17 in
over 90% threading. The designation [17:17] is meant to reflect the
equivalents of ring to thread in the mixture (not necessarily on the
polyviologen backbone):the average length of the polyviologen
backbone. The actual degree of threading following self-assembly
for 4 d (>90%) was estimated17 from 1H NMR spectroscopy and
TLC. Such mixtures retain the same degree of threading (vide infra)
and show no signs of chemical degradation of the components,
even after months of storage at room temperature. It was also
noted that a 50-fold dilution resulted in no change in the 1H NMR
spectrum even after a week.


In order to investigate the interactions of lactoside-bearing
pseudopolyrotaxanes further with the lactoside-binding protein
Galectin-1, the assemblies shown in Table 1 were self-assembled


Table 1 Response of pseudopolyrotaxanes to the Bradford assaya


Assembly LCDs/PV PV Expectation
Response vs. free PV at the
same concentration (%)a


Threading by Bradford
assay [TBA (%)]b


[5:21] 5 PV-21 1/4 Threaded 77 23
[10:21] 10 PV-21 2/4 Threaded 49 51
[21:21] 21 PV-21 Nearly fully threaded 13 87
[42:21] 42 PV-21 Nearly fully threaded + 1 equiv. free LCD 7 93
[2:8] 2 PV-8 1/4 Threaded 55 45
[4:8] 4 PV-8 2/4 Threaded 25 75
[8:8] 8 PV-8 Nearly fully threaded 3 97


a The pseudopolyrotaxanes (20 mM in LCD) assembled from different ratios of LCD rings to PV thread yield responses in the Bradford assay that
reflect their expected degree of threading when compared to the response of the corresponding free polyviologen when tested at 1 mM polyviologen
repeating unit. b TBA defined in eqn 1.


from LCD (20 mM) and equivalents of polyviologens of average
length 8 (PV-8) or 21 (PV-21) were varied.20 With an equal
number of rings to repeating units, solutions [21:21] and [8:8]
are expected to contain nearly fully threaded pseudopolyro-
taxanes and few free LCDs. With roughly half as many rings
as repeating units, solutions [10:21] and [4:8] are expected to
be nearly half-threaded, while [5:21] and [2:8], with roughly a
quarter of rings to repeating units, are expected to be quarter-
threaded. By contrast, solution [42:21] contains more rings than
repeating units, twice as many, so that it should contain a very
nearly fully threaded pseudopolyrotaxane and a full equivalent
of free LCD. Self-assembly (4 d) in pure H2O was monitored by
1H NMR spectroscopy, a procedure which confirmed threading
at equilibrium in qualitative accordance with these expectations,
although the complexity of the spectra preclude an exact numerical
determination of the degree of threading.


Bradford assay


In order to develop a quantitative precipitation assay23 for
Galectin-1 with the pseudopolyrotaxanes, an analytical method
for distinguishing the protein from the pseudopolyrotaxanes was
needed. The Bradford assay (Bio-Rad) is a well-known method
for quantifying protein concentrations based on a blue-shift in the
absorption spectra of the dye Coomassie Blue G250 upon binding
proteins.21,24–29 The blue-shift to 595 nm develops quickly upon
exposure of a protein-containing solution to the dye solution,
and the increase in absorbance at OD595 can be related directly
to protein concentration. Thus, the assay is fast, colorometic, and
amenable to high throughput and parallel detection-using, for
example, 96-well UV-Vis plate reader technology. The Bradford
assay is generally highly selective for proteins: other common
biochemicals, such as carbohydrates, generally do not yield a
response above solution background. Initially, we were pleased
to find that, at concentrations relevant to the precipitation
experiments, pseudopolyrotaxane [21:21] did not give any reading
in the Bradford assay above solution background. However, when
the individual components of the assembly were included as
controls during subsequent precipitation experiments, while LCD
was not above background, the polyviologens displayed high
responses in the Bradford assay. Response curves (Fig. 2) are
linear for PV-8 and PV-21 in a limited concentration range. When
the pseudopolyrotaxanes were subjected to the Bradford assay at
1 mM polyviologen repeating unit, the results (Table 1) for PV-
21-based assemblies are remarkably similar to our expectations
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Fig. 2 Plot of response in the Bradford assay (OD595 sample − OD595


background) vs. polyviologen concentration for free polyviologens PV-21
(squares, solid line) and PV-8 (triangles, dashed line).


for the degree of threading. The concentration of 1 mM polyvi-
ologen repeating unit is convenient to normalize between the
polyviologens of different lengths, and yields Bradford assay
readings well within the reliable range for UV-Vis detection prior
to substraction of the solution background. At this concentration,
the assemblies gave readings that were above solution background,
in the suggestive qualitative order [42:21] < [21:21] � [10:21] �
[5:21]. Considered quantitatively, assembly [5:21] yields a value
(OD595 [5:21] − OD595 background) that was 77% the value
(OD595 PV-21 − OD595 background) of the corresponding free
polyviologen, in excellent accordance with our expectation of one-
quarter threading. Similarly, assembly [10:21] yields a value of
51%, the response of free PV-21, and [21:21] yields a value 13%,
the response of free P-21, close to the >90% threading we estimated
for [17:17] from 1H NMR spectroscopy and TLC. In order to be
able to correlate threading positively with the Bradford response,
we have defined the quantity “threading by Bradford assay” (TBA)
as:


100 ×
(


1 − (OD595 Sample − OD595 Background)
(OD595 FreePV − OD595 Background)


)
(1)


such that the TBA percentages for assemblies [5:21], [10:21], and
[21:21] are 23, 51 and 87%, respectively. Assembly [42:21], which
contains an extra LCD ring for every polyviologen repeating unit,
is more threaded (93% by this assessment) than assembly [21:21].
For the PV-8-based assemblies, the Bradford assay over-estimates
the presumed degree of threading, especially for [2:8] and [4:8].


Even regarding proteins, it is not clear24–26 what Coomassie
Blue is binding to that induces the blue shift, although basic,25–28


aromatic,28 and hydrophobic25,29 residues have all been implicated.
Since the bipyridinium portion of the polyviologens is both
positively charged and aromatic, and viologens are known30 to
bind anionic dyes in aqueous solution, we tested methyl viologen
in the Bradford assay. However, methyl viologen (20 mM) did
not produce a response above background. It is thus likely that
binding to the polyviologens is primarily hydrophobic in nature,
augmented by electrostatic interactions between the negatively
charged dye and the positively charged backbone. Consistent with
the fact that short peptides do not produce a Bradford response,27 a
relatively large binding surface is probably necessary: a cut-off24,25


of >3000–5000 MW has been suggested for an adequate Bradford
response. Despite their extensive charge, unthreaded polyvio-
logens are collapsed hydrophobic coils in aqueous solution.31


Threading leads to a more extended conformation,31 and it is
clear that “sugar-coating” the decamethylene segments, especially
with CDs displaying bulky, hydrophilic lactosides, will reduce the
overall hydrophobic surface area. It is likely that a low degree of
threading is more of a perturbation to a smaller polyviologen, a
likelihood which suggests why the assay appears to describe more
accurately the degree of threading for PV-21, and to over-estimate
the degree of threading for PV-8.


Dethreading of pseudopolyrotaxanes


Having uncovered a simple colorometric assay related to the
degree of threading, we noticed that diluted phosphate-buffered
saline (PBS) solutions32 of the pseudopolyrotaxanes left standing
gave a higher response in the Bradford assay than freshly diluted
solutions of the same concentration. We suspected that this
observation could be a result of dethreading, a kinetically slow
process of re-equilibriating to a lower degree of threading upon
dilution. It is important to note, that—in contrast to diluted
solutions left standing—freshly diluted samples from the stock
solutions (20 mM in LCD) give the same TBA even after months
of standing at room temperature, and that the TBA percentages
of solutions undergoing self-assembly from the free components
increase over time (vide infra). Both of these observations suggest
that the Bradford assay is reporting on the solutions themselves
and not, for example, on chemical degradation upon standing
or induced by exposure to the dye and its acidic buffer. Thus,
we began to study dethreading systematically by taking samples
from standing solutions and performing the Bradford assay at
various points in time (Table 2 and Fig. 3) following dilution to
1 mM polyviologen repeating unit from pure H2O stock solutions
into PBS buffer. Because the pseudopolyrotaxanes are each self-
assembled from 20 mM LCD, but have different ratios of ring-
to-thread, the concentration of 1 mM polyviologen repeating unit
represents a different dilution for each assembly, ranging from
10-fold for [42:21] to 84-fold for [5:21]. Nevertheless, at this
concentration, dethreading can occur to a significant extent in 4 h,
particularly for assemblies with ≥50% threading. An equilibrium
is reached in ca. 2 d, in which assembly [21:21], originally 87%
threaded by the Bradford assay, is only 50% threaded, and
assembly [10:21], originally 50% threaded becomes 25% threaded.
As expected, assembly [42:21], which contains an extra equivalent
of LCD for every polyviologen repeating unit, is the least affected;
it dethreads to the starting level of the 1 : 1 assembly [21:21].
While it is less straightforward to relate the Bradford response of


Table 2 Dethreading after dilutiona


TBA (%) after dilutiona


Assembly ≤15 minb 4 h ≥2 d


[5:21] 23 22 13
[10:21] 51 39 30
[21:21] 87 73 52
[42:21] 93 89 85
[2:8] 45 44 35
[4:8] 75 55 47
[8:8] 97 83 72


a Dilution to 1 mM in polyviologen repeating unit from the stock solutions
at 20 mM in LCD. b Values also reported in Table 1.
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Fig. 3 (a) Time course following dilution to a concentration of 1 mM
polyviologen repeating unit from the stock solutions (20 mM in LCD)
of PV-21-based assemblies (solid lines) [42:21] (squares), [21:21] (circles),
[10:21] (triangles), and [5:21] (diamonds). (b) Time course following
dilution to a concentration of 1 mM polyviologen repeating unit from
the stock solutions (20 mM in LCD) of PV-8-based assemblies (dashed
lines) [8:8] (circles), [4:8] (triangles), and [2:8] (diamonds).


the PV-8-based assemblies to an actual degree of threading, the
trend (Fig. 3b) towards dethreading is clearly similar.


These results appear to contradict our earlier finding17 with
pseudopolyrotaxane [17:17] that a 50-fold dilution resulted no
change in the 1H NMR spectrum even after a week. One
potential difference is the dilution into PBS buffer rather than
into pure D2O. However, we discovered little to no difference
for diluting stock solutions of the PV-21-based assemblies into
pure H2O or PBS buffer, at least according to the Bradford
assay (Fig. 4). Thus, after ruling out degradation or enhanced
dethreading in PBS buffer, it is hard to conceive of any phenomena
other than dethreading that accounts for these results. Indeed,
dethreading as measured by the Bradford assay correlates with
our observations of diminished efficacy of diluted solutions left
standing in functional assays with Galectin-1.20 The discrepancy
with the original NMR dilution experiment may be a consequence
of to the complexity of the 1H NMR spectra, particularly the
overlap of resonances assigned to complexed and uncomplexed
species.17 Indeed, self-assembly as measured by the Bradford assay
(vide infra), is a slower process than we expected from 1H NMR
spectroscopy, with small changes happening in the slow final stages
(>3 d) which may not be readily visible by 1H NMR spectroscopy.
This situation produces two problems: imprecise readout, and,
because the sample was diluted at 4 d, the spectrum, if precisely


Fig. 4 Time course following dilution into either pure H2O (squares) or
PBS buffer (triangles). Stock solutions (20 mM in LCD) of assemblies
[42:21] (solid lines), [21:21] (dashed lines) and [10:21] (dotted lines) were
diluted to 1 mM polyviologen repeating unit.


read, would represent less of a difference upon re-equilibrating
than if equilibrium would have been fully established.


a-CD pseudopolyrotaxanes


The lactoside portion of LCD is not required for responsiveness to
the Bradford assay. Following self-assembly from 20 mM native a-
CD (no lactoside) and PV-21, four aqueous solutions with a-CD-
to-polyviologen repeating unit ratios of roughly 1 : 4, 1 : 2, 3 : 4, and
1 : 1, the TBA percentages for the resulting pseudopolyrotaxanes
a-[5:21], a-[10:21], a-[15:21], a-[21:21], respectively (the designation
“a” is used to represent native a-CD as opposed to LCD),
were obtained (Table 3). The LCD-based assembly [15:21]—
not yet tested in biological assays—was also self-assembled for
comparison. The measured degrees of threading were quite similar
for both LCD- and native a-CD-based assemblies in the case of
PV-21. Thus, functionalization of a-CD has little effect on the
degree of threading at equilibrium, at least by this measure. (In
addition to potentially affecting the actual degree of threading,
the bulky hydrophilic lactosides could have an additional effect on
the binding/blue shift of Coomassie Blue with the polyviologen
backbone.)


Using the Bradford assay as a simple spectroscopic readout,
the time course of self-assembly of native a-CD and PV-21 at two
concentrations—20 mM in lactoside (aliquots freshly diluted for
Bradford assay) and 1 mM in polyviologen repeating unit (aliquots
taken directly from standing solution)—was monitored (Fig. 5,
Tables 3 and 4) at the four different ratios representing a-[5:21], a-
[10:21], a-[15:21], and a-[21:21] in pure H2O. We were surprised to
find that the rate of the final stages of self-assembly is much slower
than expected from 1H NMR spectroscopy, perhaps indicating that
this spectroscopic technique is not sensitive enough to distinguish


Table 3 LCD and a-CD pseudopolyrotaxanesa


LCD Assembly TBA (%) a-CD Assembly TBA (%)


[5:21] 23b a-[5:21] 29
[10:21] 51b a-[10:21] 50
[15:21] 66 a-[15:21] 71
[21:21] 87b a-[21:21] 88


a Aliquots (1 mM polyviologen repeating unit) tested immediately follow-
ing dilution from stock solutions (20 mM in LCD or a-CD). b Values also
reported in Table 1.
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Fig. 5 Time course for self-assembly of a-CD-based pseudopolyrotax-
anes at 20 mM in a-CD monitored by the Bradford assay for assemblies
a-[21:21] (squares), a-[15:21] (circles), a-[10:21] (triangles), and a-[5:21]
(diamonds).


these slow final stages of threading. After 3 d, by which time each of
the assemblies has reached ca. 70% of its TBA value at equilibrium,
continued threading slows down considerably, with this final
equilibrium position taking more than two weeks to attain! By
contrast, the LCD-based pseudopolyrotaxanes, while still slower
to become fully threaded than initially expected, are faster than the
a-CD-based pseudopolyrotaxanes. For example, [15:21] reaches
equilibrium (66% TBA) in ca. 6 d, and all are complete within
two weeks. Dethreading of the a-CD-based pseudopolyrotaxanes
is also slower than that observed for the corresponding LCD-
based assemblies since the re-establishment of equilibrium upon
dilution to 1 mM polyviologen repeating unit took ca. 4–6 d
(Fig. 6) for these a-CD-based assemblies rather than ca. 2 d
(Figs. 3 and 4) for the corresponding LCD pseudopolyrotaxanes.
The TBA values at the re-established equilibrium are again quite
similar—compare the corresponding assemblies between Tables 4
and 2. One possible reason for the faster kinetics of assembly
and disassembly with the more bulky, substituted CD ring is
that, at equilibrium, the flexible and adaptable nature of the
pseudopolyrotaxane scaffold avoids steric clashes that emerge for
the bulkier LCD-based assemblies when they are shifted out of—
or shifted toward—equilibrium. These negative steric interactions
could allow LCD-based pseudopolyrotaxanes to escape from
kinetically trapped states more easily than with the smaller native
a-CD rings. A true equilibrium should be approachable from both
sides. Self-assembly (21 d) from the individual components (a-


Fig. 6 Time course following dilution to a concentration of 1 mM
polyviologen repeating unit from the stock solutions (20 mM in a-CD)
of a-CD-based assemblies a-[21:21] (squares), a-[15:21] (circles), a-[10:21]
(triangles), and a-[5:21] (diamonds).


Table 4 Equilibrium from both sidesa


a-CD Assembly
Threadingb


TBA (%, 21 d)d
Dethreadingc


TBA% (%, 4 d)d


a-[5:21] 16 17
a-[10:21] 28 28
a-[15:21] 38 41
a-[21:21] 51 56


a Similar TBA percentages upon reaching equilibrium are obtained for the
assemblies at 1 mM polyviologen repeating unit. b Those self-assembled at
the above concentration. c Those diluted from stock solutions (20 mM in
a-CD). d Time to reach equilibrium.


CD, PV-21) at the lower concentration of 1 mM polyviologen
repeating unit (Table 4), yields equilibrium TBA values that are in
close accordance with those obtained by diluting pre-assembled
pseudopolyrotaxanes to this concentration, confirming that the
degree of threading in these pseudopolyrotaxanes is truly under
thermodynamic control.


Conclusions


Beside their use in supramolecular chemistry,31 polyviologens
are of technological interest as components of electrochemical
sensors33 and (bio)-electronic devices.34 In these contexts, the
Bradford assay could be useful for determining polyviologen
concentration and/or average chain length, and may be able to
report on the noncovalent association of other kinds of molecules
that block or modify hydrophobic portions of the polymer. In the
context of supramolecular chemistry, a simple, colorometic assay
for analyzing the degree of threading in pseudopolyrotaxanes
is highly desirable. As noted, there is considerable interest12 in
biological applications of CD-based (pseudo)polyrotaxanes, and
the Bradford assay is likely to be able to report on the degree of
threading in many of these systems. Indeed, if the hypotheses that
(1) large hydrophobic surfaces in aqueous solution are needed for
the binding/blue shift of Coomassie Blue,25,29 and (2) threading
of species with hydrophilic surfaces onto hydrophobic segments
of polymers can diminish this binding/blue shift are accurate,
then the Bradford assay may be applicable for monitoring thread-
ing/dethreading in a wide range of aqueous supramolecular sys-
tems. For our system in particular, the realization, courtesy of the
Bradford assay, that dethreading can occur in LCD-polyviologen
pseudopolyrotaxanes more readily than we originally supposed
from NMR spectroscoptic analysis, and indeed responds on
the time-scale of precipitation experiments,20 has considerable
implications for our understanding and future development of
these self-assembled multivalent neoglyconjugates.


Although supramolecular chemistry and biochemistry have
many similarities, a considerable difference is the huge amount of
effort in analytical chemistry that has been devoted to biochemical
problems. Here, we show that an idiosyncratically biochemical
assay, the Bradford assay, can be applied to an idiosyncratically
supramolecular problem—namely, the threading and dethread-
ing of pseudopolyrotaxanes. Indeed, major techniques, such as
MALDI TOF mass spectrometry35 and gel electrophoresis,36


which were developed for the analytical characterization of
biomolecules are being applied to supramolecular systems. Elec-
trophoretic gels have been employed to separate carbon nanotubes
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via their noncovalent association with DNA,37 and even to study
wholly artificial self-assembling polymers.38 The drive to study
larger and larger biomolecules and their complexes by mass
spectrometry39 is having a revolutionary affect on supramolecular
chemisty.40 However, in addition to these major techniques,
biochemistry is replete with simple, often colometric,24 analytical
tools41 such as the Bradford assay. We suggest that these may be
more broadly useful to supramolecular chemists than previously
recognized.


Experimental


General experimental


a-CD was purchased from Wacker. The syntheses of LCD,15


PV-8,20 and PV-2120 have been described elsewhere. Initial stock
solutions of pseudopolyrotaxanes [2:8], [4:8], [8:8], [5:21], [10:21],
[21:21], and [42:21] were self-assembled as described20 at a standard
concentration of 20 mM LCD in pure H2O. Additional stock
solutions (20 mM LCD in pure H2O) of assemblies [5:21], [10:21],
and [21:21] and new assemblies [15:21], a-[5:21], a-[10:21], a-
[15:21], and a-[21:21] were prepared in 1.5 mL Eppendorf tubes
from aliquots of freshly prepared aqueous solutions of PV-21
(8 mM) and either LCD (40 mM) or a-CD (40 mM) with added
H2O as necessary to a standard final concentration of 20 mM
in either a-CD or LCD and variable concentrations of PV-21
according to the ratios indicated, with final volumes of 200 or
400 lL. To follow self-assembly at the concentration used to study
dethreading, stock solutions (1 mM polyviologen repeating unit
in pure H2O) of a-[5:21], a-[10:21], a-[15:21], and a-[21:21] were
prepared in 1.5 mL Eppendorf tubes from aliquots of freshly
prepared aqueous solutions of PV-21 (8 mM) and a-CD (40 mM)
and diluted with H2O to a final volume of 400 lL and a standard
concentration of 1 mM polyviologen repeating unit with variable
concentrations of a-CD according to the ratios indicated. All
solutions were extensively vortexed at the time of mixing, and
vortexed briefly prior to removal of aliquots for dilution or the
Bradford assay.


Bradford Assay


Bio-Rad Protein Assay dye reagent concentrate solution contain-
ing Coomassie Blue G-250 in 2 : 1 : 1 phosphoric acid–water–
methanol was purchased from Bio-Rad and used according to
the specifications provided. This solution was stored at 4 ◦C
and aliquots were diluted 1 : 4 with water to form the stock
solution for the Bradford assay. Stock solutions were stored at
room temperature in the dark and freshly prepared at least once
every two weeks. The assay was performed in 96-well plates using a
Bio-Rad Benchmark Plus microplate UV-Vis spectrophotometer.
200 lL aliquots of the Coomassie Blue G-250 stock solution
were added to 10 lL aliquots of sample solution. The 96-well
plates were then shaken on an orbital shaker for 10 min prior
to spectroscopic analysis at OD595. Color development was rapid
and judged to be stable in this time frame. Each data point was
performed at least in duplicate. The assay was performed with
at least two background wells containing either pure water or
PBS buffer (in the case of dilutions into PBS), and at least two
wells containing the relevant free polyviologen, either PV-8 or


PV-21. For pseudopolyrotaxanes, all data points were taken at the
concentration of 1 mM polyviologen repeating unit, either from
solutions at this concentration or by freshly diluting aliquots from
the stock solutions (20 mM in LCD or a-CD) to this concentration.
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The oxidation of organic sulfides with iron(III)-polypyridyl complexes [Fe(NN)3]3+ proceeds through an
electron transfer mechanism and an increase in the methanol content in the methanol–water mixture
favors the reaction. The reaction is catalyzed by both the anionic surfactant, sodium dodecyl sulfate
(SDS) and the cationic surfactant, cetyltrimethylammonium bromide (CTAB). The micellar catalysis in
the presence of SDS is accounted for in terms of strong binding of the cationic oxidant with the anionic
surfactant and the development of positive charge on sulfur center of substrate in the transition state.
The micellar catalysis observed on the reaction involving a trication, [Fe(NN)3]3+, in the presence of
CTAB indicates the importance of hydrophobic interaction between the micelle and hydrophobic ligand
of [Fe(NN)3]3+. The micellar catalysis is explained in terms of a pseudophase ion exchange model.


Introduction


The chemical reactivities exhibited by molecules and ions orga-
nized around mesoscopic assemblies such as micelles are often very
different from their reactivities in homogeneous solution.1–4 The
use of surfactants instead of organic solvents gains importance
from a green chemistry point of view. Anionic micelles inhibit
the reactions of nonionic organic substrates with anions by
incorporating the substrate and (at least partially) excluding the
anions.1,2 On the contrary, cationic micelles incorporate both
nonionic and anionic reagents and increase rates of anionic
nucleophilic reactions. Though a broad range of organic reactions
have been studied in micellar media, little attention has been paid
so far to the use of organic sulfides as substrates except for the
recent reports from the laboratories of Bunton5–8 and Richardson.9


Both the anionic and cationic surfactants inhibit the periodate
(IO−


4 ), peroxomonosulfate (HSO−
5 ), and percarbonate (HCO−


4 )
oxidation of dialkyl and aryl methyl sulfides, the inhibition being
more pronounced in the presence of cationic surfactants.5–9 The
authors explained the enormous inhibition in the presence of
cationic micelle with the postulation that the build-up of positive
charge on the sulfur center of the substrate in the transition state
leads to the electrostatic repulsion from the cationic surface of
the micelle. If the charge development on the transition state has
an enormous effect on the rate of the reaction then the reaction
between a cationic oxidant and sulfide is expected to be favored by
the negatively charged surface provided by the anionic surfactant.


aSchool of Chemistry, Madurai Kamaraj University, Madurai, 625 021, India
bInstitute of Chemistry, Academia Sinica, Taipei, 115, Taiwan
cDepartment of Chemistry, Pondicherry University, Pondicherry, India
† Electronic supplementary information (ESI) available: Fig. S1–5. See
DOI: 10.1039/b509761d
‡ Abbreviations used: MPS: methyl phenyl sulfide; MPMS: p-
methylphenyl methyl sulfide; CPMS: p-chlorophenyl methyl sulfide; EPS:
ethyl phenyl sulfide; IPPS: isopropyl phenyl sulfide; DES: diethyl sulfide;
DIPS: diisopropyl sulfide; DBS: dibutyl sulfide; DTBS: di-tert-butyl
sulfide.


As far as we know, no attempt has been made so far to study
the influence of micelles on the oxidation of organic sulfides with
cationic oxidants. In recent reports we have established that Fe3+


and Ru3+ ions undergo efficient electron transfer reactions with
organic sulfur compounds.10–13 It is convenient to use these metal
ions carrying the ligands phenanthroline and alkyl substituted 2,
2′-bipyridine (NN) as the reactants, because both the electrostatic
and hydrophobic interactions can be varied substantially using
M(NN)3


3+ complexes.14,15 By changing the structure of the ligands
in [Ru(NN)3]2+ (NN = 4,4′-dialkyl substituted 2,2′-bipyridine or
phenyl substituted 1,10-phenanthroline) as well as the quenchers,
we have proved that the photoinduced electron transfer reactions
of Ru(II)-polypyridyl complexes with phenolate ions are highly
influenced by the hydrophobic interactions of the reactants with
the anionic and cationic surfactants.16,17


Based on the kinetic and spectral studies of the redox re-
action between iron(III)-polypyridyl complexes, [Fe(NN)3]3+ and
organic sulfides we have proposed a mechanism involving an
electron transfer (ET) from sulfide to [Fe(NN)3]3+ (Scheme 1).
Several reductants, particularly sulfur compounds, present in
the biological system undergo an electron transfer reaction with
Fe(III). Electron transfer within a protein matrix is critical to
the function of a wide range of biological processes. The work
carried out in a homogeneous aqueous system is far from being a
realistic representation of the complexity of the heterogeneous


Scheme 1 ET from organic sulfides to [Fe(NN)3]3+ complex in the absence
of micelles.
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nature inherent to biological systems. In order to understand
the efficiency of the redox reaction between Fe(III) and the
thioether moiety present in biochemical systems it is useful to
study the reaction in model systems. In the biological process, both
electrostatic and hydrophobic interactions influence the reactivity
and micelles are very good model systems to understand the role of
these interactions in the biologically important process.18–20 Now
we have investigated the effect of anionic and cationic surfactants
on the ET reaction between [Fe(NN)3]3+ and organic sulfides
by spectrophotometric techniques to get an idea of the role of
electrostatic and hydrophobic interactions in biological systems.
Interestingly both the surfactants catalyze the ET reaction and
the observed results are analyzed in terms of pseudo phase ion
exchange model of micelles and presented in this report.


Results and discussion


The structure of the ligands and the abbreviations of the iron(III)
complexes used in the present study are shown in Chart 1.


Chart 1 Structure of ligands of [Fe(NN)3]3+, organic sulfides and
surfactants.


Kinetics of the reaction in the absence of surfactants


The reaction of [Fe(NN)3]3+ with aryl methyl, alkyl phenyl and
dialkyl sulfides follows simple second order kinetics—first order
each in the iron(III) complex and the sulfide. Based on the
substituent and solvent effects on these redox reactions, and
from the successful application of the Marcus theory of electron
transfer to this reaction, a mechanism (Scheme 1) involving ET
from sulfide to [Fe(NN)3]3+ in the rate determining step has been
postulated.10 This mechanism is very similar to the one proposed
for the electrochemical and cytochrome P-450 oxidation of organic
sulfides.21,22


Table 1 Effects of changing the solvent composition of the [Fe(NN)3]3+


oxidation of MPS and DES at 298 K


MPS k1 × 103/s−1 DES k1 × 103/s−1


CH3OH (%) [Fe(bpy)3]3+a [Fe(phen)3]3+b [Fe(bpy)3]3+a [Fe(phen)3]3+b


10 — — 2.96 ± 0.35 2.82 ± 0.12
20 1.61 ± 0.09 1.34 ± 0.08 3.46 ± 0.36 6.23 ± 0.23
30 2.19 ± 0.21 2.25 ± 0.12 4.40 ± 0.69 8.14 ± 0.34
40 2.06 ± 0.17 2.81 ± 0.18 5.01 ± 0.57 8.95 ± 0.42
50 2.21 ± 0.09 5.38 ± 0.38 5.73 ± 0.43 10.1 ± 1.12
60 4.18 ± 0.32 7.57 ± 1.12 5.80 ± 0.67 10.5 ± 1.26
70 6.10 ± 0.66 8.64 ± 1.04 5.82 ± 0.70 10.0 ± 0.97
80 — — 5.85 ± 0.71 10.1 ± 1.20


a For [Fe(bpy)3]3+ = 1 × 10−4 M; [MPS] = [DES] = 1.5 × 10−3 M. b For
[Fe(phen)3]3+ = 5 × 10−5 M;[MPS] = [DES] = 7.5 × 10−4 M.


The rate of ET from sulfide to [Fe(NN)3]3+ is favored with an
increase in the methanol content of the medium and k1 values at
different solvent compositions (H2O–CH3OH) are given in Table 1.
Thus, the reaction is facilitated with a decrease in the polarity of
the medium. However, it should be mentioned that in the case of
oxidation of DES by [Fe(bpy)3]3+ and [Fe(phen)3]3+ the k1 value
attains saturation at 50% CH3OH and further increase in the
CH3OH content of the medium has no effect on the rate of the
reaction.


Kinetics of the reaction in the presence of surfactants


Because of the low solubility of sulfides in aqueous media, all the
reactions in the presence of anionic and cationic surfactants have
been carried out in 1% CH3OH–99% H2O (v/v). For comparison
the reaction in the micellar free medium has also been studied in
a similar solvent system. Bunton and co-workers have also used
similar solvent system (1% CH3CN–99% H2O (v/v)) to study the
micellar effect on the IO−


4 , and HSO−
5 oxidation of organic sulfides.


As the stability of iron(III) complexes used in the present study is
more at higher acid concentration, all reactions have been carried
out using either 0.5 M HClO4(SDS) or 0.64 M H2SO4(CTAB). We
have used H2SO4 to maintain [H+] in the presence of CTAB because
addition of HClO4 creates solubility problem in the presence of
CTAB.


Effect of SDS on the [Fe(NN)3]3+ oxidation of organic sulfides


In the presence of SDS also the reaction is of total second order,
first order each in [Fe(NN)3]3+ and sulfide (Fig. 1). The change of
rate constant with the change of [SDS] at constant ionic strength
for different sulfides is shown in Fig. 2 and in the ESI (Fig. S1
and S2). These results show that the reaction is catalyzed by the
anionic surfactant. The k1 value increases with the increase in
[surfactant], but further increase in [surfactant] leads to saturation.
These are expected results as one of the reactants is a cation and
the other is a neutral molecule and hence both the reactants
bind to the anionic surfactant by columbic and hydrophobic
interactions, respectively. Further this reaction proceeds through
an electron transfer mechanism and a positive charge develops
on the S center in the transition state. It is well known that
the neighboring carboxylate anion present in the organic sulfides
stabilizes the sulfide cation radical in the ET reactions of organic
sulfides thereby favoring the reaction.23 Thus, in the presence of
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Fig. 1 Plot of k1 versus [sulfide] in the presence of surfactants [� = SDS,
� = CTAB].


Fig. 2 Variation of rate constant with [SDS] for the reaction of
[Fe(bpy)3]3+ with aryl sulfides.


SDS the sulfate head group can stabilize the positive charge on S in
the transition state. All these favorable aspects will account for the
micellar catalysis observed here in the presence of SDS. But these
results observed in the presence of SDS are in striking contrast
to those observed in the IO−


4 , HSO−
5 and HCO−


4 oxidation of
organic sulfides wherein micellar inhibition is noticed.5–7,9 On the
other hand micellar catalysis has been observed by us on the
Cr(VI) oxidation of dialkyl sulfides in the presence of SDS and
the reaction proceeds through ET mechanism.24


Bunton and co-workers,5–8 from the measurement of binding
constants by spectral techniques, have established that organic
sulfides bind efficiently with anionic as well as cationic surfactants
and the binding constants are in the range of 80–340 M−1.
The spectral study carried out in our laboratory also provides
similar values for the binding constants of the substrates with the
anionic and cationic micelles. [Fe(NN)3]3+, the cationic reactant,
will associate strongly with the anionic surfactant and the binding
constants may be high. Since the reaction has been carried out in
the presence of 0.5 M H+, there will be competition between H+


and [Fe(NN)3]3+ for binding with SDS. Since the concentration of
H+ is very high compared to [Fe(NN)3]3+, the binding constant of
[Fe(NN)3]3+ with SDS will be less comparable to the value in the
absence of H+. When SDS is added to [Fe(NN)3]3+ a shift in the
kmax to the tune of 10 nm is observed and a substantial increase
in the absorbance with the increase in [SDS] is noticed (Fig. 3).
These absorbance changes with [SDS] have been used to estimate
the binding constant of [Fe(NN)3]3+ with SDS and the KFe values
for [Fe(bpy)3]3+, [Fe(dmbpy)3]3+ and [Fe(phen)3]3+ are 400, 450 and
1000 M−1 respectively (details are given in the ESI).


Fig. 3 The change of absorbance of [Fe(phen)3]3+ with [SDS].


With the reasonable assumption that [Fe(NN)3]3+ ion is asso-
ciated with the anionic micelle and that the substrate distributes
between the aqueous and micellar phases and the reaction occurs
in the aqueous as well as in the micellar pseudo phases, the ET
reaction in the presence of SDS can be explained by Scheme 2.
The subscripts M and W stand for micellar and aqueous phases,
respectively. According to Scheme 2, the Berezin expression for a
second order rate constant for the micellar effect on the reaction
between [Fe(NN)3]3+ and RSR′ can be given in the form of
eqn (1).25


k = km PsPFeCmV + kW (1 − CmV )/


[1+ (Ps − 1)CmV ] [1 + ((PFe − 1) CmV ] (1)


In eqn (1), Ps and PFe represent the partition coefficients between
micelles and water for RSR′ and [Fe(NN)3]3+, respectively, km and
kw are the rate constants in the micellar and aqueous phases,
respectively, V is the partial molar volume of the micelles and Cm


is the concentration of the micellized surfactant (Cm = ([surfac-
tant] − cmc)/N) where N is the aggregation number. The volume
fraction of the micelle, CmV is small at all [surfactant] under the


Scheme 2 ET from organic sulfides to [Fe(NN)3]3+ complex in the
presence of micelle.
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present experimental conditions. The partition coefficients of both
reactants Ps and PFe are also much larger than unity because of
large binding constants of RSR′ and [Fe(NN)3]3+. Hence eqn (1)
can be simplified in to eqn (2).


k = km K s KFe Cm + kw (1 + KS Cm)(1 + KFe Cm) (2)


where K s and KFe are binding constants of sulfides and
[Fe(NN)3]3+, respectively. The binding constants and the rate
constants in the micelle (km) are defined by eqn (3–5).


K s = V (Ps − 1) (3)


KFe = V (PFe − 1) (4)


km = km
2 /V (5)


Since in eqn (2) all terms are known except km and KFe, they can
be calculated by the best fit method. The values of km calculated
at different [SDS] are collected in Table 2. It is interesting to point
out that the binding constant of [Fe(phen)3]3+ with SDS from the
spectral technique is 700 M−1 (Fig. 3) which is in fair agreement
with the value obtained from the kinetic data supporting our
arguments for the observed micellar catalysis.


To compare the second order rate constants in water, kw, with
the second order rate constant in the micellar phase, the volume
of micellar phase must be known. Second order rate constants
in the micellar phase with same units, km


2 , M−1s−1, are given by
eqn (5), where V is the molar volume of the reactive region at
the micellar surface and V = 0.37 M−1 on the basis of earlier
reports.5,6,26,27 To compare the rate constants in the micellar phase
(km


2 ) with the corresponding values in aqueous phase (kw), the
values of the ratio (km


2 /kw) are collected in Table 2. The values
of km


2 for reactions in the micellar Stern layer are close to those
in water for all [Fe(NN)3]3+. Thus we explain the observed results
based on the conclusion that km


2 is close to kw. There are many
examples of reactions for which second order rate constants in
micelles are similar to those in water and this generalization can
be used to predict overall rate enhancements.28,29 In order to assess
the success of Scheme 2 to the reaction, we applied eqn (2) to
calculate the rate constant of the reaction at different [SDS]. The
values estimated from eqn (2) and the experimentally observed
values are shown in Fig. 4. The close agreement between the
experimental and calculated values proves the success of the model
to the titled reaction. Therefore, it can be concluded that the


Table 2 Second order rate constants (km) in the micellar pseudo phase
(SDS) and km


2 /kw values for the [Fe(NN)3]3+ oxidation of ArSMe, C6H5SR
and R2S at 298 K


[Fe(bpy)3]3+ [Fe(dmbpy)3]3+ [Fe(phen)3]3+


Sulfide km km
2 /kw km km


2 /kw km km
2 /kw


C6H5SMe 0.70 0.37 0.12 0.40 1.15 0.48
p-MeC6H4SMe 14.6 0.64 0.48 0.17 5.80 0.17
p-ClC6H4SMe 0.65 0.50 0.24 0.85 1.25 0.90
C6H5SEt 0.90 0.52 0.16 0.47 1.25 0.61
C6H5SPr 0.28 0.54 0.15 0.96 0.33 0.49
DES 1.05 0.35 0.39 1.00 1055 0.26
DIPS 1.05 1.20 0.04 0.56 1.55 0.81
DBS 0.42 0.22 0.17 0.47 1.07 0.37
DTBS 0.12 0.50 0.03 0.58 0.14 0.24


Fig. 4 Plot of calculated and experimentally observed rate constant values
versus [SDS] for the reaction of [Fe(phen)3]3+ with MPS in the presence of
SDS.


rate enhancement observed in micellar solution is entirely due
to an increase of the reactant concentration in the micellar pseudo
phase.1,30,31


The data in Table 1 show that when the percentage of methanol is
changed from 20 to 70 the pseudo first order rate constant increases
from 1.6 to 6.1 × 10−3 s−1 with [Fe(bpy)3]3+ as the oxidant and the
increase is from 1.4 to 8.6 × 10−3 s−1 in the case of [Fe(phen)3]3+


with MPS as the substrate (Table 1). This observation shows that
polarity changes due to the introduction of surfactant is one of
the reasons for the micellar catalysis. For the Stern layer, a polarity
comparable to that of ethanol has been established.32


Though the observed micellar catalysis has been explained
based on the Scheme 2 it is important to point out the following
interesting observations:


(i) Among all aliphatic and aromatic sulfides used, DES shows
enhanced catalysis. One of the explanations offered for the micellar
catalysis is the stabilization of positive charge developed on
the sulfur center in the transition state. With aromatic sulfides,
resonance stabilization of positive charge on the sulfur center
through conjugation with neighboring benzene ring is possible
which is absent in dialkyl sulfides.18 Thus, the stabilization of the
positive charge on the sulfur center with the anionic head group of
SDS may be more felt with dialkyl sulfides compared to aromatic
sulfides. Among the dialkyl sulfides chosen for the present study,
DES is less bulky. Thus the steric effect seems to play a role in the
case of sulfides carrying isopropyl and tert-butyl groups. These
two aspects favor the reaction of DES in SDS leading to enormous
micellar catalysis. Interestingly, in the case of DES there is slight
rate retardation at low [SDS]. (ii) The kinetic data given in the
ESI (Fig. S1 and S2) show that, compared to [Fe(bpy)3]3+, the
reaction of [Fe(phen)3]3+ with sulfides is favored in SDS. Though
both complexes have a similar size, phen is more hydrophobic
compared to bpy. Thus hydrophobicity favors more efficient
binding of [Fe(phen)3]3+ with SDS compared to [Fe(bpy)3]3+


and the binding constants are 1000 and 400 M−1, respectively.
This is supported by the results observed on the solvent effect
(cf. Table 1).
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Reaction in the presence of the cationic surfactant, CTAB


The micellar catalysis for the reaction of a cationic reactant,
[Fe(NN)3]3+, with organic sulfides in the presence of anionic
surfactant is expected. When the same reaction is carried out in the
presence of cationic surfactant, if the columbic interaction is the
major factor, micellar inhibition is expected. Interestingly Blasko
et al.5,6 and Yao and Richardson9 observed enormous micellar
inhibition even for the reaction of anionic oxidant (IO−


4 , HSO−
5 and


HCO−
4 ) with organic sulfides in the presence of cationic surfactant.


In order to check whether columbic repulsion (charge effect) is
the major force that decides the effect of micellar system on the
titled reaction we have studied the ET reaction of [Fe(NN)3]3+ with
organic sulfides in the presence of CTAB. To our surprise micellar
catalysis is observed in the presence of CTAB and the interesting
results are presented in this section. The kinetic data obtained for
the reaction of [Fe(NN)3]3+ with several sulfides in the presence
of CTAB are shown in Fig. 5 and the ESI (Fig. S3 and S4). The
kinetic data provided in Fig. 5, and ESI (Fig. S3 and S4) at various
[CTAB] show that the ET reaction between [Fe(NN)3]3+ and
organic sulfides is substantially catalyzed by cationic surfactant
also. These results are surprising since one of the reactants carries
triple positive charge and it is expected that the cationic reactant is
expelled from the surface of the cationic micelle. Organic sulfides
bind more efficiently with cationic micelles than anionic micelles.5–7


The inference from this experimental observation is that some
other interaction is operating between [Fe(NN)3]3+ and the cationic
micelle which offsets the columbic repulsion between the reactant
and the micelle. From a comparison of the catalytic behavior of
cationic surfactants with that of anionic surfactants, a similarity in
their roles can be realized. In both cases, the addition of surfactant
catalyzes the ET reaction but further increase in [surfactant] leads
to the maximum rate resulting in the saturation kinetics. The
catalysis of the reaction between a cation and a neutral molecule by
the cationic micelle indicates that here also the major part of the re-
action takes place in the Stern layer. These results demonstrate the
importance of hydrophobic interactions in the binding of charged
metal complexes to micelles. In the positively charged CTAB
micellar surface, the hydrophobic interactions of the ligands of
[Fe(NN)3]3+ complexes with the micelles are apparently sufficient


Fig. 5 The change of rate constant with [CTAB] on the rate constant for
the reaction of [Fe(bpy)3]3+ with alkyl aryl sulfides.


to overcome the columbic repulsion between [Fe(NN)3]3+ and the
cationic micelle. Similar results have been observed earlier in the
photochemical and electrochemical ET reactions of polypyridyl
complexes Ru(II) and Co(II), respectively.16,33 The observed micel-
lar catalysis indicates that [Fe(NN)3]3+ binds with CTAB. To check
this, we have recorded the absorption spectrum of [Fe(phen)3]3+ in
the presence of different [CTAB] and the spectra are shown in the
ESI (Fig. S5). The increase in absorbance of [Fe(phen)3]3+ with an
increase in [CTAB] indicates binding of oxidant with CTAB and
binding constant is 50 M−1 (see ESI for details).


The micellar catalysis observed in the presence of CTAB can be
discussed in terms of Scheme 2. Thus the arguments presented for
the redox reaction in the presence of SDS, can also be extended
to the analysis of results observed in the presence of CTAB. Here
again we applied eqn (2) to calculate the rate constant at different
[CTAB] and the values are shown in Fig. 6 along with the
experimentally observed values. The close agreement between the
experimental and calculated values supports the arguments. The
binding constants of [Fe(NN)3]3+ with CTAB calculated from the
kinetic data are close to the values estimated from the spectral data
and similar to the values reported by Pelizzetti et al.32 for iron(III)
complexes. The binding constant value indicates that a significant
portion of the reaction takes place in the micellar phase. Thus
the analysis of the kinetic data in terms of a pseudo phase model
and the calculated binding constants satisfactorily account for
the observed micellar catalysis of the reaction in the presence of
CTAB.34 The values of km and km


2 are collected in Table 3. These
data indicate that in the presence of CTAB also the rate constants
in the micellar phase are similar to those in aqueous phase.


Fig. 6 Plot of calculated and experimentally observed rate constant values
versus [CTAB] for the reaction of [Fe(phen)3]3+ with MPS in the presence
of CTAB.


Comparison with [Cr(V)(ehba)2]− and percarbonate ion (HCO−
4 )


oxidation of organic sulfides


Recent results observed by us35 and by Yao and Richardson9


on the [Cr(V)(ehba)2]− (ehba = 2-ethyl-2-hydroxy butyric acid)
and percarbonate ion, HCO−


4 , oxidation of organic sulfides,
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Table 3 Second order rate constants in the micellar pseudo phase (km)
and ratio of rate constants (km


2 /kw) at 298 k in CTAB


[Fe(bpy)3]3+ [Fe(phen)3]3+


Sulfide km km
2 /kw km km


2 /kw


C6H5SMe 0.90 0.47 0.52 0.22
p-MeC6H4SMe 0.70 0.30 16.5 0.50
p-ClC6H4SMe 0.45 0.35 0.27 0.20
C6H5SEt 0.50 0.29 0.38 0.19
C6H5SPr 0.35 0.67 0.35 0.53
DES 0.75 0.26 1.20 0.20
DIPS 0.72 0.86 0.12 0.10
DBS 0.65 0.34 0.50 0.17
DTBS 0.18 0.74 0.18 0.31


respectively show that both reactions are inhibited by anionic
micelles, but the reaction of [Cr(V)(ehba)2]− with organic sulfides
is catalyzed by cationic micelles of CTAB. On the other hand
the oxidation of organic sulfides with HCO−


4 and other peroxo-
oxidants IO−


4 and HSO−
5 are also enormously inhibited by cationic


micelles. Thus the results observed in the present study seem to be
novel as far as the oxidation of organic sulfides is concerned. It is
interesting to recall that both reactants, Fe(III) and thioethers, are
biologically important. As both reactants contain hydrophobic
alkyl and aryl groups, one of the reasons for the micellar catalysis,
particularly in the presence of cationic micelle, is the significant
contribution of hydrophobic interaction. Comparison of the
present results with the previous reports point out that under
certain conditions, hydrophobic interaction will offset columbic
repulsion and micellar catalysis will be observed even if the system
involves two like charges.


Conclusion


The micellar enhancement observed for the reaction of a triply
charged cation, [Fe(NN)3]3+, in the presence of cationic surfactant
is novel and this study gives a clue on the importance of
hydrophobic interaction on the ET reaction taking place within
a protein matrix where Fe3+/Fe2+ is involved as one of the redox
couples. These results show that the micellar system is an excellent
reaction medium and can be superior to organic co-solvents in the
oxidation of organic sulfides by Fe(III). As the major product of
the reaction is the organic sulfoxide, this method seems to be a
good for the preparation of sulfoxides in aqueous system. Organic
sulfoxides are interesting substrates and find extensive applications
as starting materials for a variety of important organic molecules.


Experimental section


Materials


Tris(2,2′-bipyridine)iron(II), tris(4,4′-dimethyl-2,2′-bipyridine)-
iron(II) and tris(1,10-phenanthroline)iron(II) were prepared by
known procedures.36 Iron(III) complexes were obtained by the
oxidation of iron(II) complexes with PbO2 in 1 M H2SO4. The
iron(III) complexes were precipitated as perchlorate salts. Aryl
methyl and alkyl phenyl sulfides were synthesized by published
procedures and purity checked by spectral techniques.37–39 All
dialkyl sulfides used in the present study were obtained from
Aldrich and used as such. The surfactants sodium dodecyl


sulfate (SDS) and cetyltrimethylammonium bromide (CTAB)
were purchased from Aldrich and purified before use. All other
reagents used were of AnalaR grade and the solvents (methanol
and water) were purified by known procedures before use.40


Kinetic measurements


The iron(II)-polypyridyl complexes have molar extinction coeffi-
cients on the order of 1 × 104 M−1 cm−1 in the wavelength region
510–530 nm, [Fe(bpy)3]2+ (522 nm), [Fe(phen)3]2+ (510 nm) and
[Fe(dmbpy)3]2+ (529 nm) while the corresponding Fe(III) com-
plexes are practically transparent at this wavelength region.41 The
kinetics of [Fe(NN)3]3+ oxidation of organic sulfides were followed
spectrophotometrically under pseudo first order conditions (a
minimum of 15 fold excess of substrate over the oxidant) in the
presence and absence of surfactants at 298 K by measuring the
increase in absorbance of [Fe(NN)3]2+ with time.41 A sample kinetic
run is shown in Fig. 7. The absorption spectral studies were carried
out on a JASCO model 7800 spectrophotometer. The plots of log
(A∝ − At) versus time were linear and the pseudo first order rate
constant, k1 values were calculated by least squares method and
the details are given in our previous reports.10,11 Duplicate kinetic
runs showed that the rate constants were reproducible to within
±5%. Here, A∝ is the final absorbance and At is the absorbance at
time t. The second order rate constant, k2, values were obtained
from the equation, k2 = k1/[substrate].


Fig. 7 Increase in the absorbance of [Fe(phen)3]2+ with time for the
reaction of Fe(phen)3


3+ with methyl phenyl sulfide.


Estimation of binding constants, K


The binding constants of [Fe(NN)3]3+ with SDS and CTAB
micelles, K, were determined by spectrophotometric titration. The
change in absorbance, A of the [Fe(NN)3]3+ with the incremental
addition of surfactant was measured at the corresponding kmax


value (600 nm). The binding constants were then evaluated using
the following eqn (6).6


(Aobs − Aw)/[Dn] = AM K − Aobs K (6)


where Aobs is the observed absorbance and subscripts W and M
denote aqueous and micellar media. A sample spectrum with the
increase in OD of [Fe(phen)3]3+ with the increase in [SDS] is shown
in Fig. 3 and for CTAB the spectral changes are shown in the
ESI (Fig. S5). The plot of (Aobs − Aw)/[Dn] versus Aobs is linear
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and the slope gives the K value. A similar method was used by
Bunton et al.6 for the estimation of binding constants of organic
sulfides.
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Organic intramolecular exciplexes, N-(4-dimethylaminobenzyl)-N-(1-pyrenemethyl)amine (1) and
N ′-4-dimethylaminonaphthyl-N-(1-pyrenemethyl)amine (2), were used as model systems to reveal
major factors affecting their exciplex fluorescence, and thus lay the basis for developing emissive
target-assembled exciplexes for DNA-mounted systems in solution. These models with an aromatic
pyrenyl hydrocarbon moiety as an electron acceptor appropriately connected to an aromatic
dimethylamino electron donor component (N,N-dimethylaminophenyl or
N,N-dimethylaminonaphthyl) showed strong intramolecular exciplex emission in both non-polar and
highly polar solvents. The effect of dielectric constant on the maximum wavelength for exciplex
emission was studied, and emission was observed for 1 and 2 over the full range of solvent from
non-polar hydrocarbons up to N-methylformamide with a dielectric constant of 182. Quantum yields
were determined for these intramolecular exciplexes in a range of solvents relative to that for Hoechst
33258. Conformational analysis of 1 was performed both computationally and via qualitative 2D NMR
using 1H-NOESY experiments. The results obtained indicated the contribution of pre-folded
conformation(s) to the ground state of 1 conducive to exciplex emission. This research provides the
initial background for design of self-assembled, DNA-mounted exciplexes and underpins further
development of exciplex-based hybridisation bioassays.


Introduction


We have recently introduced the first oligonucleotide-based chem-
ical constructs that can self-assemble at their complementary
DNA target (Scheme 1a) to produce emissive exciplexes with
their characteristic long-wavelength fluorescence.1,2 This method
can efficiently detect single mutations and, thus, represents a new
type of technique for genotyping and gene expression profiling.
This approach, which introduced the means to assemble emissive
exciplexes for DNA detection systems, opens routes to a novel
class of in vitro molecular diagnostic techniques, providing a step-
increase in bio-specificity, reliability, accuracy and quality assur-
ance. Whilst a similar split-probe approach has been reported for
excimer-based detectors,3–7 the solvent dependence of exciplexes
presented us with a significant problem to overcome for DNA
duplexes, which primarily exist in highly polar solvent media.


Despite this dilemma, exciplex-based approaches offer more
property diversity than excimers (e.g., freedom in selection of


Wolfson Centre for Structure-Based Rational Design of Molecular Di-
agnostics, School of Pharmacy and Pharmaceutical Sciences, University
of Manchester, Manchester, UK M13 9PL. E-mail: Elena.Bichenkova@
manchester.ac.uk; Fax: 44 (0)161 275 2481; Tel: 44 (0)161 275 8359
† Abbreviations used: DCM, dichloromethane; DMSO, dimethyl sul-
foxide; DMA, N,N-dimethylaminophenyl; DEA, N,N-diethylaniline;
DMN, N,N-dimethylaminonaphthyl; EGDE, ethyleneglycol dimethyl
ether; LES, locally excited state; Pyr, pyrene; SM, small molecule; THF,
tetrahydrofuran.


Scheme 1 (a) Schematic presentation of split-probe approach showing
self-assembly of exciplex components (A and B) induced by hybridisation
of oligo-probes with complementary nucleic acid target. (b) Chemical
structures of model intramolecular exciplex systems of the present study.


exci-partners, variability in excitation and emission kmax, etc.) and
thence in potential applications.


Exciplex emission is generally known to be strongly quenched
as the solvent becomes more polar, in contrast to excimers which
are much less sensitive to their solvent polarity. Intermolecular
organic exciplexes do not usually emit even in solvents as polar
as acetonitrile.8–11 In contrast, several intramolecular exciplexes
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exhibit exciplex emission in solvents up to the polarity of
acetonitrile.12–21 This behavioural shift has been ascribed to a
change in structure for exciplexes going from compact in nonpolar
solvents to loose in polar solvents.20,22 For strongly interacting
exciplex partners, such as aromatic hydrocarbons with dialky-
lanilines, the exciplex arises from a partial charge-transferred
state, which is sufficiently stable in nonpolar solvents to fluoresce.
Increased solvent polarity preferentially solvates and stabilises
charge separation and at a dielectric constant of approximately 14
the pyrene:diethylaniline pair has an exciplex absorption spectrum
identical with the ion pair, pyrene−:PhNEt2


+.23 Intramolecular
exciplexes have recently been discovered which emit in solvents
as polar as DMSO, propylene carbonate, or even 20% aqueous
acetonitrile.24 Intermolecular exciplex luminescence in polar: non-
polar solvent mixtures (such as DMSO–benzene,25 water–THF or
water–dioxane25) can be enhanced by magnetic fields.


To approach the problem of weak exciplex emission at the
DNA level we studied the influence of various factors (i.e., solvent
polarity, composition of exci-partners and structural aspects of
ground-state conformations) on exciplex formation by means
of simple intramolecular model systems (Scheme 1b, 1–4). This
work provides examples of novel intramolecular exciplexes (1
and 2) with strong exciplex emission in many solvents, even
with dielectric constants up to 182. The observations obtained
in this work provided the initial background for DNA-mounted
exciplexes and underpin further development of exciplex-based
nucleic acid hybridisation assays. For oligo-mounted DNA/RNA
exciplex systems1,2 we discovered specific co-solvents (best was
trifluoroethanol), which allow massive enhancement of the exci-
plex signal. By changing the hydrophobicity of the environment,
this co-solvent regulates the excited-state attraction of the exci-
partners, influences DNA structure itself,26 and affects competitive
binding of exci-partners to the duplex architecture.27,28


Results


Evidence for intramolecular exciplex emission


Fig. 1 compares the emission spectra of 1 and 2 in toluene with
the emission spectra of free pyrene under identical conditions
(1 × 10−5 M, 20 ◦C). All these spectra show the characteristic
emission bands of the LES of pyrene between 350 and 450 nm,
the emission kmax being 373 nm for free pyrene and 377 nm for
both 1 and 2. However, the emission intensity of the LES is
significantly less for both 1 and 2 compared with free pyrene,


Fig. 1 Emission spectra of pyrene, 1 and 2 in toluene, recorded at 1 ×
10−5 M and 20 ◦C with excitation wavelengths of 337, 345 and 346 nm,
respectively.


and for each a new intense band is observed at longer wavelength,
between 450 and 650 nm. In the case of 1 this band, with an
emission kmax of 498 nm, is attributed to intramolecular exciplex
formation between the pyrenyl and 4-N,N ′-dimethylaminoanilino
moieties. For 2, the corresponding exciplex between the pyrenyl
and N ′-4-dimethylaminonaphthyl partners is observed at a longer
wavelength (emission kmax 522 nm). This new emission band cannot
be attributed to intermolecular excimer formation between pyrenyl
moieties from two molecules of either 1 or 2, as there was no
excimer formation seen for pyrene at the same concentration under
identical conditions (Fig. 1). Moreover, experiments involving
mixing the free exci-partners (unlinked pyrene and DMA) under
identical conditions to those used for the exciplex studies, did not
show any emission band that could be ascribed to intermolecular
exciplex formation, until the concentration of the DMA was
increased to at least 100- to 1000-fold (i.e., at 1 × 10−3 to 1 ×
10−2 M) with respect to pyrene.


Solvent influence on excitation and emission spectra


Emission and excitation properties of 1 and 2 were analyzed in a
broad range of organic solvents with dielectric constants ranging
from 2.02 to 181.6. The values of kmax for emission and excitation
of 1 and 2, along with extinction coefficients and relative quantum
yields, are summarised in Table 1 and 2, respectively. Fig. 2 and
3 show emission spectra of 1 and 2, respectively, in a number of
representative organic solvents covering dielectric constants from
2.02 to 40.25.


Fig. 2 Emission spectra at 20 ◦C of 1 (1 × 10−5 M) in various organic
solvents. Excitation wavelengths for both locally excited state and exciplex
band, optimised for each solvent, are given in Table 1.


Fig. 3 Emission spectra of 2 (1 × 10−5 M) in various organic solvents at
20 ◦C. Excitation wavelengths for both locally excited state and exciplex
band, optimised for each solvent, are given in Table 2.
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The data in Tables 1 and 2 show that solvent polarity has
very little effect on the emission kmax of the LES of the pyrenyl
partner for either 1 or 2, the value of which normally ranges
from 374 to 377 nm. In contrast, exciplex emission shows a much
greater dependence on solvent dielectric constant, with emission
kmax varying over a range of nearly 100 nm. The kmax values for
emission of 1 range from 475 nm (cyclohexane, e = 2.02) to
571 nm (N-methylformamide, e = 181.56); for 2 the range is
from 493 nm (cyclohexane, e = 2.02) to 586 nm (acetonitrile
e = 35.68). These experimental observations are consistent with
the extensive literature showing that solvent polarity is crucial
to the properties of exciplexes, whilst the wavelength of excimer
emission is relatively solvent independent.29 However, it is novel
that reasonably strong exciplex emission from such constructs
can be readily detected with standard spectrophotofluorimetry
instrumentation for very high dielectric solvents as shown in
Table 1.


There appears to be a correlation between the dielectric constant
of the solvent, and the frequency corresponding to kmax of the
exciplex emission band in that solvent (see Tables 1 and 2). At
lower dielectric constant values (2.02 ≤ e ≤ 10), there is an almost
linear relationship between the two parameters, whilst at higher
values (e ≥ 10) this relationship is less well defined and tends to
level off. Clearly, in addition to solvent dielectric constant other
physicochemical factors (e.g. refractive index) affect the value of
kmax for exciplex emission.


Another important property of exciplex emission is that this
solvent-induced bathochromic shift in exciplex kmax is normally
accompanied by a decrease in intensity of exciplex emission (see
Fig. 2 and 3). Such exciplex quenching in intramolecular exciplexes
is most commonly effectively total once solvent polarities greater
than that of acetonitrile are reached. Compounds 1 and 2
provide cases for which exciplex emission is clearly possible
even in extremely high dielectric constant media such as N-
methylformamide for 1.


Influence of the exciplex donor and acceptor partners on exciplex
emission


Comparison of the emission spectra of 1 and 2 in a variety of
organic solvents (Fig. 4), allows the evaluation of the influence of
different partners on exciplex emission properties. As a rule the
exciplex from 2 emits at a longer wavelength than that of 1, and
generally shows lower emission intensity of both LES and exciplex
bands (Table 1 and 2).


Relative quantum yields


The relative quantum yields of the exciplex bands of 1 and 2
were determined under identical conditions in a range of organic
solvents covering dielectric constant values from 2.02 to 40.25 and
are given in Table 1 and 2, respectively. For both 1 and 2 the
highest quantum yield was found in toluene. There was a general
tendency for a decrease of quantum yield with increasing solvent
polarity, although some exceptions were observed, especially in
the case of 2, indicating the influence of other physicochemical
factors on quantum yields. In each solvent studied, the relative
quantum yield of 1 was generally 1.13 to 1.5 times higher than
that of 2, except for the case of EGDE, in which opposite result
was obtained, but the difference between two values was small.


Intermolecular exciplexes


Studies were carried out to assess the influence of the 4-
substituted dimethylaniline on emission maximum of the in-
termolecular exciplex formed by pyrenemethylamine as a free
base (1 × 10−5 M) and the respective dimethylanilino derivative
(1 × 10−2 M). The emission maxima (kmax) of the exciplex
band in a number of solvents are summarised in Table 3
for unsubstituted dimethylaniline, 4-(dimethylamino)phenylacetic
acid, 4-(dimethylamino)benzylamine, 4,4-bis(dimethylamino)-
benzophenone, and for 1 for comparison. With the following


Fig. 4 Comparison of emission spectra at 20 ◦C of 1 and 2 (at 1 × 10−5 M) in various solvents.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 367–378 | 371







Table 3 Emission data (kmax, nm) for some intermolecular exciplexes formed by pyrenemethylamine (1 × 10−5 M, as free base) and various dimethylanilines
(1 × 10−2 M). Exciplex emission data for 1 are presented for comparison (in bold)


Exciplex emission (kmax)/nm


Solvent


Exciplex type (inter- or intramolecular) Donor partner Toluene THF DCM EGDE


Intra (1) DMA 498 530 530 538
Inter DMA 467 501 495 515
Inter 4-(Dimethylamino)phenylacetic acid 482 503 N/A N/A
Inter 4-(Dimethylamino)benzylamine 490 502 N/A N/A
Inter 4,4-Bis(dimethylamino)benzophenone 492 522 N/A N/A


substituted derivatives the exciplex emission was quenched:
4-(dimethylamino)benzaldehyde, 4-(dimethylamino)benzoic acid
and 4,4-bis(dimethylamino)benzophenone.


Computational conformational analysis


For insight into the molecular level behaviour of 1 in its ground
state as a function of solvent dielectric, conformational analysis
was performed using a Monte Carlo/force field search strategy.
The effect of low dielectric was simulated using a chloroform
solvent model (e = 5). For a high dielectric environment, the
GB/SA parameters for water were adopted (e = 80). We note that
this solvent model may be more representative of high dielectric
aprotic solvents as considered in our experiments here, due the
absence of explicit first solvation shell effects in the GB model.
The lowest energy conformation identified in both solvents was
an open, extended structure (1a in Fig. 5, Table 4), with a donor–
acceptor ring centroid distance of 8.36 Å at high e and at low e
(Table 4). The open conformation is also illustrated by a donor ring
centroid-linker–nitrogen-acceptor ring centroid angle of around
142◦ (Table 4). A distinct twisted conformation (1b) was also
identified from the MC/MM search as lying within 0.3 kcal mol−1


of 1a at high e, and 0.8 kcal mol−1 at low e (Table 4, Fig. 5).
This highlights the flexible nature of the molecule around the
linker torsions. An interesting feature of this conformation is
the apparent stabilisation by a C–H· · ·p interaction, indicative
of a non-classical hydrogen bond; the distance of the centroid
of the N,N-dimethylaminophenyl ring to the nearest pyrene ring
hydrogen is 3.85 Å at high e and 4.17 Å at low e.


Table 4 Total energy difference of conformations of 1 (kcal mol−1) with
respect to global minimum conformation 1a (DEtot), calculated using
the MMFF94s force field and the GB/SA solvent model. Electrostatic
(elec), van der Waals (vdw), internal bonded (int) and solvation (solv)
contributions in presence of high dielectric solvent (low dielectric solvent
in parentheses) also given. Distance between donor and acceptor ring
centroids (R) in Ångstroms and donor centroid–N-acceptor centroid angle
(h) in degrees


Conformation 1a Conformation 1b Conformation 1c


DEtot — 0.3 (0.8) 2.7 (5.7)
DEvdw — 0.2 (0.2) −2.7 (−1.8)
DEelec — −0.5 (−0.2) 3.6 (3.5)
DGsolv — 0.4 (0.6) −0.8 (1.5)
DE int — 0.2 (0.2) 2.4 (2.5)
R 8.36 (8.36) 7.36 (7.63) 4.59 (5.06)
h 142.5 (141.9) 112.2 (119.5) 60.9 (67.7)


Fig. 5 Three putative, minimum energy conformations of 1 calculated
from conformational analysis using the MMFF forcefield in GB/SA
solvent (geometric parameters in Table 4). Intercentroid distance is given
for conformation 1c in Å, and value in chloroform in parentheses.


Finally, a higher energy conformation 1c was identified, with a
near-parallel orientation of donor and acceptor groups (Fig. 5).
This folded conformation is characterized by intercentroid dis-
tances of 4.59 and 5.06 Å in high and low dielectric solvent,
respectively (Table 4), smaller than in 1a or 1b. As 1c is predicted
to be 2.7 kcal mol−1 higher in energy than 1a, a small fraction
of 1c (1%) may exist at ambient temperatures in high dielectric
media. Due to stacking between donor and acceptor p-systems,
the folding of conformation 1c leads to stronger intrasolute van der
Waals interactions by 2.7 kcal mol−1, and an improved solvation
energy of 0.8 kcal mol−1 (Table 4). However, the conformation is
strained, with a higher internal (bonded) energy of 2.4 kcal mol−1


and less favourable electrostatics than the extended conformation
1a by 3.6 kcal mol−1. In low dielectric media, the energy difference
between 1a and 1c is substantially higher, at 5.7 kcal mol−1,
indicating that a negligible amount of conformation 1c would be
present at equilibrium (although we note that here the calculated
solute contributions are formally potential energies). Considering
energetic contributions to stability of 1c in CHCl3, the total
energy difference of 5.7 kcal mol−1 is comprised of favourable
van der Waals and unfavourable electrostatics and internal energy
contributions (Table 4). The solvation component here reverses
sign in the lower dielectric medium, failing to stabilise the
folded conformation, and it is this term that appears principally
responsible for the decreased predicted fraction of folded 1c at
low dielectric. Formation of extended conformation 1a reduces
the electrostatic repulsion (by 3.5 kcal mol−1) as compared with
folded conformation 1c. Therefore, in both low and high dielectric
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media, the dominant predicted conformation is an extended,
gauche-like structure of the exciplex. However, a folded form of
the exciplex, in which HOMO–LUMO overlap of the exci-partner
pair would be possible, is calculated to be more accessible at higher
dielectric, although still only fractionally populated. Nevertheless,
preorganization of the ground state exci-partner pair into a folded
state is not requisite for exciplex fluorescence, as excitation can
lead to changes in charge distribution and energetics of formation
of a folded exciplex conformation subsequently.


Qualitative NMR spectroscopic analysis of ground-state
conformation of 1


Proton signal assignment of 1 was performed using 1D 1H NMR
and NOESY spectra recorded in CDCl3. The results of proton
assignments of 1 are presented in the Experimental section and
indicated on Fig. 6.


Fig. 6 Expanded region of the 1H NOESY spectrum (300 MHz) of 1
in CDCl3 at 17 ◦C. The spectrum was recorded with 1.0 s mixing time
and a recovery delay of 2.0 s. The sample concentration was 15 mM. The
assignments of pyrenyl, DMA and linker protons are shown by diagonal
cross-peak labelling. Off-diagonal cross-peaks labelled by figures show
some NOE-interactions between closely located protons within the pyrene
moiety and within the DMA moiety: 1-DMA(H14/14′)–DMA(H15/15′),
2: DMA(H14/14′)–CH2(13), 3: Pyr(H2)–CH2(11), 4: Pyr(H10)–CH2(11),
5: DMA(H15/15′)–N–CH3(17), 6: CH2(11)–CH2(13), 7: CH2(13)–
NH(12), 8: CH2(11)–NH(12), 9: DMA(H14/14′)–NH(12), 10: Pyr(H2)–
NH(12), 11: Pyr(H10)–NH(12). Cross-peaks labelled by characters indi-
cate inter-partner interactions between the pyrenyl and DMA moieties:
a: DMA(H14/14′)–CH2(11), b:-Pyr(H2)–CH2(13); c:-Pyr(H10)–CH2(13);
d:-DMA (H14/H14′)–Pyr(H10), e: DMA (H14/H14′)–Pyr(H2).


Analysis of NOESY spectrum (Fig. 6) revealed the expected
positive NOE-interactions between closely located protons within
the DMA moiety (i.e. DMA(H14/14′)-DMA(H15/15′), cross-
peak 1; DMA(H14/14′)–CH2(13), cross-peak 2; DMA(H15/15′)–
N–CH3(17), cross-peak 5; CH2(11)–CH2(13), cross-peak 6) and
within the pyrene moiety (Pyr(H2)–CH2(11), cross-peak 3;
Pyr(H10)–CH2(11), cross-peak 4; Pyr(H2)–Pyr(H3), Pyr(H4)–
Pyr(H5), Pyr(H6)–Pyr(H7), Pyr(H7)–Pyr(H8) and Pyr(H9)–


Pyr(H10), diagonal-adjacent cross-peaks in the 7.9–8.2 ppm area).
The assignment of the individual pyrene protons Pyr (H3)–Pyr
(H9) was impossible due to extensive overlapping of these signals
in the aromatic area of 7.9–8.2 ppm and due to close location
of the respective cross-signals to the diagonal in the NOESY
spectrum. However, signals Pyr (H2) and Pyr (H10) were assigned
unambiguously via their interactions with CH2(11) protons of the
linker (cross-peaks 3 and 4, respectively, Fig. 6). Discrimination
between Pyr (H10) and Pyr (H2) was done on the basis of the
COSY spectrum of 1 (not shown) recorded in CDCl3. The cross-
peak with coordinates (7.99–4.49) ppm was attributed to the
interaction between the Pyr(H2) and CH2(11) groups. Interactions
between NH (12) proton and methylene protons CH2(13) and
CH2(11) were observed as a broad, intensive negative cross-peaks
7 and 8, respectively, presumably due to extensive exchange of the
NH proton.


In addition a number of H–H contacts that are attributed
to inter-partner interactions between the pyrenyl and DMA
moieties were detected as positive cross peaks with intensities
corresponding to medium or weak through-space H–H inter-
actions in 1 (shown by dashed arrows on Scheme 2). These
cross-peaks labelled by symbols a, b, c, d and e (Fig. 6) corre-
spond to DMA(H14/14′)–CH2(11), Pyr(H2)–CH2(13); Pyr(H10)–
CH2(13), DMA (H14/H14′)–Pyr(H10) and DMA (H14/H14′)–
Pyr(H2) interactions, respectively. Also, long-distance, through-
space interactions of NH(12) proton with the DMA(H14/H14′),
Pyr (H2) and Pyr (H10) protons are observed as medium-intensity
cross-peaks 9, 10 and 11, respectively. All NOE cross-peaks have
opposite phase to the diagonal, indicating their origin from
positive NOE enhancement, as expected for a molecule of this
size.30


Scheme 2 Numbering of protons of 1 along with some through-space
NOE-interactions detected in the NOESY spectrum of 1 (Fig. 6).


Correlation between NMR and molecular modelling data


Molecular modelling calculations disclosed the contribution of
two major conformers (1a and 1b) and one minor (1c) conformer
of 1, (Fig. 5) with the relative populations 62 : 37 : 1 in water
and 80 : 20 : 0 in chloroform at 17 ◦C. Table 5 represents some
proton–proton distances calculated for conformers 1a, 1b and
1c in chloroform along with the respective relative intensities of
cross-peaks, observed in the 1H NOESY spectrum recorded in
deuteriated chloroform.


It can be seen that distances calculated for conformer 1a
(the lowest energy structure) entirely satisfy experimental NOE
observations suggesting that this structure could represent the
average conformation of 1 in solution. Although the majority
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Table 5 Some proton–proton distances calculated for conformers 1a, 1b and 1c in deuteriated chloroform (calculated population, p, at 17 ◦C) along with
the respective relative intensities of cross-peaks, observed in the 1H NOESY spectrum. Intramolecular contacts shown in bold refer to the interactions
between the pyrene and DMA partners. The greatest discrepancies between NMR and computational data are shown in bold parentheses


Interproton distance (Å)


Intramolecular contacts
1a conformer
(p = 80%)


1b conformer
(p = 20%)


1c conformer
(p = 0%)


Cross-peak assignment
(symbol/coordinate, ppm)


Relativeb intensity of
observed NOESY cross-peak


Pyr(H2)–CH2(11)a 2.95 2.94 2.84 3 (8.03–4.48) s/m
Pyr(H10)–CH2(11)a 2.92 2.92 3.03 4 (8.32–4.48) s/m
CH2(11)a–CH2(13)a 2.44 2.97 3.20 6 (4.48–3.38) s
DMA(H14/H14′)a–CH2(13)a 2.13 2.15 2.13 2 (7.28–3.88) s
DMA(H15/15′)–DMA(H14/14′)a 2.42 2.42 2.42 1 (7.28–6.75) s
DMA(H15/H15′)a–N–CH3(17) 3.05 3.05 3.05 5 (6.75–2.95) s
DMA(H14/H14′)–CH2(11)a 4.16 3.21 3.95 a (7.28–4.48) m
Pyr(H2)–CH2(13)a 4.62 4.60 4.00 b (8.03–3.88) w
Pyr(H10)–CH2(13)a 4.03 4.55 4.60 c (8.32–3.88) w
Pyr(H10)–DMA(H14/H14′)a 4.98 (3.52) 4.59 d (8.33–7.28) w
Pyr(H2)–DMA(H14/H14′)a 5.61 5.74 (3.63) N/Dc N/Dc


Pyr(H10)–DMA(H15/H15′)a 6.99 (4.28) 6.15 N/Dc N/Dc


Pyr(H2)–DMA(H15/H15′) a 7.63 7.84 (4.81) N/Dc N/Dc


Pyr(H3)–DMA(H14/H14′)a 7.64 7.77 (4.88) N/Dc N/Dc


Pyr(H3)–DMA(H15/H15′)a 9.46 9.68 (4.90) N/Dc N/Dc


a The distance is measured for the centroid of indicated groups. b Relative intensities of observed NOESY cross-peaks were ranked as weak (w), medium
(m) and strong (s) corresponding to 3.5 ≤ r ≤ 5.0 Å, 2.5 ≤ r ≤ 3.5 Å and r < 2.0 Å, respectively.37 Peak intensities were classified relative to reference
cross-peak 1 reflecting DMA(H14/H14′)-DMA(H15/H15′) intra-group interactions (2.42 Å). c Cross-peak was not detected in the NOESY spectrum.


of distances calculated for conformer 1b show satisfactory cor-
relation with the experimental data, there are two interactions
(Pyr(H10)–DMA(H14/H14′) and Pyr(H10)–DMA(H15/H15′),
shown in bold and parenthesis), which are inconsistent with the
experimental data. The solution structure could be a combination
of 1a and 1b conformers with a relatively low component
arising from 1b (the NOE intensity is sensitive to the squared
concentration and thus very sensitive to the percent 1b present).
In contrast, structure 1c showed very poor correlation with
experimental observations (Table 5, the greatest discrepancies are
shown in bold and parenthesis). For instance, based on 1H–1H
distances calculated for 1c, one would expect to observe medium
cross-peak for Pyr(H2)–DMA(H14/H14′) interactions (3.52 Å),
and weak cross-peaks for Pyr(H2)–DMA(H15/H15′, Pyr(H3)–
/DMA(H14/H14′) and Pyr(H3)–DMA(H15/H15′) interactions
(4.81, 4.88 and 4.90 Å, respectively). However, no cross-signals
were detected for these interactions showing a low contribution
from conformer 1c for 1 under these experimental conditions.
Again, this is in good agreement with the theoretically calculated
populations.


Discussion


Intramolecular exciplexes 1 and 2 were used as model systems
to reveal major factors affecting the exciplex fluorescence signal,
and thus to approach the problem of highly quenched or absent
exciplex emission of DNA-mounted exciplexes in aqueous solu-
tion. For both compounds, the broad, long wavelength emission
band (around 475–571 nm for 1 and 493–586 nm for 2) with the
associated large Stokes shifts (ranging from 133–246 nm, shown
in Table 1 and 2), taken with the rather small changes in the
value of kmax for excitation of this band (338–347 nm) support the
interpretation of this as an exciplex emission across the full range
of solvents studied. The gradual shift in kmax to longer wavelength
as the polarity of the solvent increases, is also consistent with


the charge transfer nature of exciplex emission.29 These are the
first reported cases to our knowledge of intramolecular exciplex
formation in solvents of very high dielectric constant (e.g. NMF)
that have not required an additive, such as cyclodextrins,31,32 metal
ions33 or polyanions such as chondroitins34 nor the presence of
special features such as hydrophobic cavities such as those found
in cyclophanes35 and biomacromolecules.


Conformational aspects of intramolecular exciplex emission


There is evidence of more than a single exciplex-emissive con-
formation for donor–linker–acceptor structures comparable to
those of 1 and 2. Ab initio calculations of b-(1-pyrenyl)ethyl 4-
cyanobenzoate were consistent with two folded conformations
leading to exciplex emission in binary solvents.36 Supersonic jet
fluorescence studies of 5 detected two isomeric conformers. One
of these, described as an “open” conformer leads to exciplex
formation and the other, a “closed” conformer, leads to charge
transfer fluorescence, which is distinct from exciplex fluorescence.37


It is not entirely explicit what conformation(s) corresponds
to these open and closed species. A detailed analysis of the
conformational effects of intramolecular rotations on donor and
acceptor moieties has been provided for x–(1-pyrenyl)-a, N,N-
dimethylaminoalkanes.15 Studying the influence of conforma-
tional rotations in the equivalent of 5 with pyrene and DMA
replaced by anthracene and naphthalene, respectively, provided
calculations that the lowest energy conformer was face-to-face
(3.3 Å separation) with two gauche conformations in the linker
trimethylene bridge.38 These authors calculated that the face-to-
face conformation was 2500 cm−1 more stable than the extended
conformation (separation ca. 8.3 Å), but the calculations did not
need to involve solvent as they were used in supersonic jet studies
of the exciplex system.


An indirect manifestation of the conformational contribution
to intramolecular exciplexes comes from comparison of the
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energies of exciplex emission of corresponding pairs of intra and
intermolecular exciplexes in various solvents. In intermolecular
exciplexes it is generally assumed, in line with the situation for
the pyrene excimer, that a face-to-face orientation of donor and
acceptor will be achievable to a high approximation (unless some
particular steric constraint is present). This will give maximal
orbital overlap; it will be modified by the rotation of the faces
relative to each other (governed by the substituent pattern on
each of them), as well as by the differences in energy of the
orbitals involved in potential overlap. For an intramolecular
exciplex of structures comparable to 1–5, perfect face-to-face
orientation of donor and acceptor is energetically unrealisable.
There is evidence that intramolecular exciplexes can emit from
such non-perfect face-to-face states.37,39 Lewis et al. reported39


that published data40,41 indicate that intramolecular exciplexes
emit at 430 nm and intermolecular at 460 nm for pyrene–aniline
systems, but the systems that had to be compared were not
from a single study and from different laboratories. However,
we found that the intramolecular exciplex from 1 emits at ca.
30 nm longer wavelength than the corresponding intermolecular
exciplex of pyrene (1 × 10−5 M) and DMA (1 × 10−2 M), for
example in toluene, EGDE, THF and DCM (Table 3). A similar
effect (although less pronounced) was observed for intermolecular
exciplexes formed by pyrene and substituted-DMAs (Table 3),
showing 6–16 nm hypsochromic shifts of the exciplex band
compared with that of 1. Clearly, exciplex emission kmax is not
only influenced by mutual spatial orientation of the exci-partners,
but it is also affected by many other factors. These include
redox potential (which in turn is influenced by the nature of
linker group/substitutions within intramolecular exciplexes) as
well as energy of solvent re-organisation. Also, for intermolecular
exciplexes a very high concentration of the signal silent partner
(e.g. DMA) is required (10−2 M cf. 10−5 M for intermolecular and
intramolecular exciplexes, respectively), which presumably affects
the exciplex emission kmax.


Previous study of intramolecular exciplexes36 suggested possible
correlation between efficiency of exciplex formation and ground
state conformation of small organic molecules. In attempt to
explain ability of 1 and 2 to emit as exciplexes in broad range
of organic solvents, we evaluated structural properties of ground
state conformations of 1 in chloroform using both 1H NMR and
molecular modelling.


Structural analysis of small flexible molecules (Mr < 500) is
complicated by the fact that these molecules normally exist as
conformational assemblies in solution, and are usually represented
by families of rapidly equilibrating structures characterised by
an averaged NMR spectrum. Also, quantitative 1H–1H distance
measurements are rather problematic due to the fact that the
calculated distance tends to be heavily weighted towards shorter
separation since the NOE is very much more intense for these
because of the r−6 dependency. Thus, in this study we performed
qualitative evaluation of possible ground state conformation(s)
of 1, representing an average conformation(s) of a set of rapidly
equilibrating conformers.


Molecular modelling calculations revealed three possible con-
formations for 1 (Fig. 5, Table 4). Structures 1a and 1b represent
two major low-energy gauche-like conformations and are char-
acterised by non-parallel orientation of the exci-partners. In low
dielectric solvent, the distance between pyrene and DMA centroids


was calculated as 8.36 and 7.63 Å for 1a and 1b, respectively. Minor
conformer 1c represents a folded structure with nearly parallel
orientation of the exci-partners separated by only 5.06 Å.


Although conformer 1c provides the most suitable mutual orien-
tation of pyrenyl and DMA exci-partners in ground state, which is
favourable for successful exciplex formation, the high Etotal energy
value (Table 4) suggests low probability of this conformation in so-
lution. These data are supported by NMR structural studies of 1 in
chloroform showing the absence of some important pyrene–DMA
NOE interactions (i.e. Pyr(H2)–DMA(H14/H14′), Pyr(H2)–
DMA(H15/H15′), Pyr(H3)–DMA(H14/H14′) and Pyr(H3)–
DMA(H15/H15′) that one would expect to detect in NOESY
spectrum of 1c conformer. In contrast, structural parameters (1H–
1H distances) calculated for the low-energy conformers 1a and 1b
are in a good agreement with experimentally observed NOESY
cross-peaks obtained for 1 in chloroform, suggesting that these
structures are averaged representatives of two families of ground-
state conformation, starting from which exciplex could be formed
by internal rotations on photo-excitation.


An analogous effect was observed for 2 (data not presented).
Similar NOE-interactions between pyrenyl and DMA exci-
plex partners (i.e. DMA(H14/H14′)–CH2(11), Pyr(H2)–CH2(13),
Pyr(H10)–CH2(13) and Pyr(H10)–DMA(H14/H14′) were de-
tected in the NOESY spectrum of 1, recorded in methanol-
d4, DMSO-d6, acetonitrile-d3 under identical conditions (from a
manuscript in preparation). These observations indicate gauche-
like ground-state conformations for 1 in a broad range of organic
solvents, and we are analysing such data in terms of influence of
molecular conformation on ability to form exciplexes in variety of
solvents of different polarity.


Exciplexes formed by self-assembly of oligonucleotides


By attaching pyrenyl and dimethylaminoanilino or dimethy-
laminonaphthyl groups to oligonucleotides as in Scheme 1, the
concept of a DNA-detector formed by an assembled exciplex can
be introduced.2 In this construct the pyrenyl group is attached
to the 5′-terminus of a short (8-mer) oligonucleotide and the
naphthaleno group to the 3′-end of a second short oligonucleotide
(these are probe oligonucleotides for their complementary target
DNA sequence). On hybridisation to the target the two probes
align adjacent to one another and the exciplex-forming partners
(pyrene and dialkylaminonaphthalene) become juxtaposed. The
problem we faced with this was that in fully aqueous buffer the
exciplex, if it formed at all, was not emissive. However, we found
that by running the DNA systems in 80% v/v trifluoroethanol-
containing buffer strong exciplex emission was possible.1,2 It
appears that this particular level of trifluoroethanol is critical
and promotes the provision of a sufficiently hydrophobic solvent
medium of lowered polarity to favour exciplex emission. It also is
likely to favour a specific structural change of the DNA duplex that
brings the exciplex-forming partners suitably close together for
emission, and also probably balances the hydrophobic attraction
of the pyrene and naphthalene rings to the DNA such that their
mutual attraction in the excited state becomes possible. Our NMR
studies of 1 and 2 provide ground-state evidence that such com-
ponents can pre-associate and hence favour exciplex formation.
Exciplex emission is not merely a matter of solvent polarity in
the DNA case because of many solvents tested only a few were
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able to induce exciplex emission.1 The model studies reported
here provide evidence that, given suitable structural and redox-
potential characteristics, simple organic intramolecular exciplexes
can emit even in media with extremely high dielectric constants.


Experimental


1-Pyrenylmethylamine and 4-dimethylaminobenzoyl chloride
were purchased from Aldrich Chemical Co. Syntheses were
monitored by thin layer chromatography on plastic sheets pre-
coated to 0.2 mm with aluminium oxide (N/UV254) (Merck,
Darmstadt). Visualisation of spots for thin layer chromatography
was performed using a UV GL-58 Mineral-Light lamp and/or by
means of iodine vapour. Melting points were determined using a
Köfler Melting Point apparatus microscope (Reichert, Austria).


Reverse phase HPLC analysis of 1 and 2 was performed using a
HPLC Holochrome 302 (Gilson) chromatograph equipped with a
C18 column (VydacTM, particle size 10 lm, inner diameter 10 mm,
length 250 mm, pore size 300 Å). The sample was eluted using an
increasing gradient of acetonitrile in water (0–80%) with fraction
detection at 258 nm.


NMR spectra were recorded using a 5 mm QNP probehead on a
300 MHz Bruker Avance-300 spectrometer operating at 300 MHz
for 1H-NMR and 75 MHz for 13C-NMR and using XWIN NMR
system software. Chemical shifts (d) are reported in parts per
million (ppm) peak positions relative to Me4Si (0.00 ppm) as
internal reference. Data are reported according to the following
convention: chemical shift, (integrated intensity, splitting patterns,
assignment). Abbreviations used for splitting patterns are: s,
singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, unresolved
multiplet.


Fast-atom bombardment mass spectra (FAB-MS) were taken
in the Department of Chemistry, University of Manchester
using a Kratos-Concept instrument operating in the FAB mode
(Xe-beam bombardment) using m-nitrobenzyl alcohol (Aldrich
Chemical Co.) as a matrix. Elemental analyses were recorded in
the Department of Chemistry, University of Manchester, using an
EA 1108-Elemental Analyzer (Carlo Erba Instruments).


Synthesis


N-(4-Dimethylaminobenzyl)-N-(1-pyrenemethyl)amine (1), iso-
lated as the dihydrochloride salt, was synthesised by BH3THF re-
duction of the amide (3) resulting from 1-pyrenylmethylamine and
4-dimethylaminobenzoyl chloride. N ′-4-dimethylaminonaphthyl-
N-(1-pyrenemethyl)amine (2) was synthesised in a similar manner
from its amide (4).


N-(1-Pyrenemethyl)-4-(dimethylamino)benzamide (3). A solu-
tion of 1-pyrenemethylamine hydrochloride (0.5 g, 1.865 mmol)
in dichloromethane (150 ml) was treated with triethylamine
(0.45 g, 4.47 mmol) and stirred for 30 min at room temper-
ature. 4-Dimethylaminobenzoyl chloride (0.34 g, 1.865 mmol)
in dichloromethane (50 ml) was added dropwise over 30 min
and the mixture stirred for 5 h until TLC (CH2Cl2–EtOAc, 9 :
1 v/v) indicated completion of reaction. The reaction mixture was
washed successively with 1 N HCl (1 × 100 ml), 1 N NaHCO3 (3 ×
100 ml), H2O (100 ml) and brine (100 ml) and the organic layer
dried over anhydrous Na2SO4. Evaporation of solvent afforded
crude amide product (3), which was recrystallized from diethyl


ether to give a white solid (0.358 g, 50.6%); mp, 204–206 ◦C.
Rf: 0.09 (DCM), 0.53 (DCM : EtOAc, 2 : 1) C26H22N2O requires
C 82.5%, H 5.9%, N 7.4%; found C 82.3%, H 5.8%, N 7.2%.
Precise mass spectroscopy gave 379.1807 Daltons (calculated mass
379.1805). 1H-NMR, (dH, CDCl3): 2.98 (s, 6H, –N–CH3); 5.34 (d,
2H, Py–CH2–NH–); 6.34 (bt, 1H, –NHCO–); 6.61(d, 2H, –Ar);
7.68 (d, 2H, –Ar); 8.01–8.24 (m, 9H, –Pyr), 13C-NMR (dC, CDCl3):
40.1; 42.5; 106.5, 111.0; 120.8, 123.0; 124.7; 124.8; 125.0; 125.3,
126.1; 127.4; 127.5; 128.2, 128.5; 129.2; 130.8; 131.2, 131.24; 131.5,
131.6, 149.3, 152.4, 154.3, 156.8, 167.1.


N-(1-Pyrenemethyl)-4-(dimethylamino)benzylamine (1). To a
solution of N-(1-pyrenemethyl)-4-(dimethylamino)benzamide (3,
0.3 g, 0.79 mmol) in dry THF (8 ml) was added borane (2.8 ml
of 1 M in THF) at 0 ◦C over 10 min The clear solution was
then refluxed under argon for 6 h. The flask was cooled to room
temperature and sufficient 6 M hydrochloric acid (ca. 4 ml) slowly
added to destroy excess borane and the amine–borane complex.
The solution was stirred for 15 min at room temperature to
allow complete hydrolysis of the amine–borane complex. THF
was removed by rotary evaporator and the aqueous phase was
saturated with sodium hydroxide pellets to form a yellow organic
layer, which was extracted with chloroform (3 × 30 ml). The
extracts were combined and dried over anhydrous sodium sulfate.
The solvent was removed by rotary evaporator under reduced
pressure and the residue purified by column chromatography on
silica gel with CH2Cl2–EtOAc (1 : 1) as eluent. Evaporation of
the solvent gave the pure product (1) as a light brown oil (0.25 g,
80%). The oil was dissolved in CH2Cl2–diethyl ether and hydrogen
chloride gas bubbled through to form the dihydrochloride salt of 1
(which has better storage stability than free base) as a white solid,
mp 247–253 ◦C (dec.); C26H26N2Cl2·0.5H2O requires C 70.0%,
H 6.1%, N 6.3%, Cl 15.9%; found C 70.4%, H 6.3%, N 6.1%,
Cl 15.7%. N-(1-Pyrenemethyl)-4-(dimethylamino)benzylamine (1)
gave a single peak on reversed phase HPLC (Vydac 10 lm C18
250 × 10 mm column, 0–80% CH3CN–H2O, 6 mL min−1, detection
at 258 nm). TLC Rf 0.58 [CH2Cl2 (3 ml): 35% NH4OH (2 drops)].
Precise mass spectroscopy gave 364.1934 Daltons (calculated mass
364.1939). 1H-NMR (300 MHz, dH, CDCl3, free amine form;
assignments using NOESY and COSY): 1.74* (bs, 1H, –NH(12));
2.94 (s, 6H, 2-NCH3(17)); 3.87 (sharp m, 2H, –NCH2(13)–Ar);
4.49 (s, 2H, –NCH2(11)–Pyr); 6.75–6.72 (dd, 2H, H15′/H15′′–Ar);
7.25–7.28 (dd, 2H, H14′/H14′′ –Ar); 7.97–8.00 (d, 1H, –Pyr(H2)),
7.90–8.20; (m, 7H, –Pyr), 8.33–8.36 (d, 1H, –Pyr(H10)), 13C NMR
(dC, CDCl3, free amine): 41.2, 51.3, 53.7, 113.2, 123.8, 125.1, 125.4,
125.4, 125.5, 126.2, 127.1, 127.4, 127.5, 127.9, 128.2, 128.8, 129.0,
129.6, 129.7, 131.0, 131.3, 131.8, 134.6, 150.3.


N-(1-Pyrenylmethyl)-4-(dimethylamino)naphthalene-1-carboxa-
mide (4). A solution of 1-pyrenemethylamine hydrochloride
(0.2 g, 0.72 mmol) in CH2Cl2 (20 ml) was treated with
triethylamine (0.11 ml, 0.79 mmol) and stirred for 30 min at
room temperature. 4-Dimethylaminonaphthalene-1-carboxylic
acid (0.194 g, 0.76 mmol, Lancaster Chemicals, UK) in CH2Cl2


(20 ml) and 4-dimethylaminopyridine (0.088 g, 0.72 mmol) were
added. To this solution, N,N-diisopropylcarbodiimide (0.12 ml,
0.77 mmol) was added dropwise at 0 ◦C under nitrogen and
the reaction mixture refluxed for 3 h. The mixture was stirred
overnight at room temperature under drying tube and then
washed with 1 N NaHCO3 (50 ml) and H2O (2 × 50 ml). The
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organic layer was dried over anhydrous MgSO4. Evaporation of
solvent gave crude 4 and column chromatography on silica gel
with CH2Cl2–hexane (19 : 1) afforded the pure product 4 as a
white solid (87%), mp 185–188 ◦C. C30H24N2O requires C 84.1%,
H 5.7%, N 6.5%; found C 84.5%, H 5.6%, N 6.4%. Precise mass
spectroscopy gave 429.1959 Daltons (calculated mass 429.1961).
1H-NMR (dH, CDCl3): 2.86 (s, 6H, 2-N–CH3); 5.45 (d, 2H,
Py–CH2–NH–); 6.30 (bt, 1H, –NH–CO); 6.87–6.90 (m, 1H, –Ar);
7.47–7.55 (m, 3H, –Ar); 8.01–8.25 (m, 9H, –Ar); 8.44–8.50 (dd,
2H, –Ar). 13C NMR (dC, CDCl3): 42.5, 44.9, 112.1, 123.0, 124.6,
124.8, 125.4, 125.45, 124.5, 124.6, 126.1, 127.0, 127.3, 127.4,
127.6, 128.3, 128.4, 128.6, 129.2, 130.8, 131.1, 131.2, 131.3, 131.8,
132.8, 134.1, 147.5, 153.3, 169.4.


N-(1-Pyrenemethyl)-4-(dimethylamino)naphthalene-1-yl amine
(2). N-(1-Pyrenylmethyl)-4-(dimethylamino)naphthalene-1-yl
amine (2), prepared from N-(1-pyrenylmethyl)-4-(dimethyl-
amino)naphthalene-1-carboxamide (4, 0.22 g, 0.5 mmol) by
borane reduction in dry THF (7 ml) as described above, was a
brown oil which was purified by column chromatography on silica
gel with CH2Cl2–EtOAc (2 : 1). Evaporation of the solvent gave
pure 2 as a brown oil (0.15 g, 70%), which was converted to the
dihydrochloride salt. C30H26N2·2HCl·2H2O requires C 69.1%, H
5.8%, N 5.4%, Cl 13.6%; found C 69.1%, H 6.2%, N 5.2%, Cl
13.5%. m/z (ES+) 1243 (3M+-1, 5%), 829 (2M+-1, 100%), 415 (M+-
1, 25%), 184 (M+–C17H12N, 69%). Rf 0.14 (CH2Cl2–EtOAc, 20 : 1).
1H-NMR (dH,CDCl3): 1.32 (bs, 2H, –NH2); 3.11 (t, 2H, NpCH2);
3.20 (t, 2H, Pyr–CH2NH); 7.49–7.66 (m, 5H, –Ar); 7.80 (d, 1H,
–Ar); 8.06 (d, 1H, –Ar); 8.72–8.59 (dd, 2H, –Ar).


UV-visible absorption spectra


All UV-visible spectra were measured at 20 ◦C on a Cary-
Varian 1E UV-Visible spectrophotometer equipped with a Peltier-
thermostatted cuvette holder. The Cary WinUV (version 3)
software suite was used for all measurements. The wavelength
range used was 190–900 nm.


Fluorescence excitation and emission spectra


All fluorescence spectra were recorded at 20 ◦C on a Shimadzu RF-
5301PC spectrofluorophotometer (Shimadzu Corporation, Kyoto,
Japan) fitted with a single non-constant temperature-stirred cell
holder and equipped with a 150 W Xenon lamp, a blazed
holographic concave diffraction grating monochromator (F/2.5
for both excitation and emission sides), and a photomultiplier tube
detector for operation in the 220–900 nm scan range. Wavelength
accuracy was ±1.5 nm. For comparative purposes a standard
concentration of tested small molecules in the 1 cm-square cuvette
was 1 × 10−5 M. Excitation wavelengths for both monomer and
exciplex emission were optimised for each solvent (see Table 1).
In most cases excitation slit width was 3 nm both for excitation
and emission spectra unless indicated otherwise. The “Automatic
shutter-on” regime was used to minimise photo-degradation of
compounds in the cuvette.


Calculation of areas under the corrected emission curve


The efficiency of exciplex formation was evaluated using areas
under the fluorescence emission curve of exciplex and monomer


bands. AUCM and AUCE are the fractional areas under the
corrected emission curve for monomer and exciplex fluorescence
band, respectively, normalised relative to the total integral emis-
sion AUCR , where AUCR = AUCM + AUCE, and AUCR = 1.
AUCM and AUCE were calculated using experimentally measured
areas under the fluorescence emission curve of monomer band
(SM) and exciplex band (SE), respectively: AUCM = SM/(SM +
SE), whereas AUCE = SE/(SM + SE). To determine SM and SE,
emission spectra were converted from wavelength to frequency
using Microsoft Office Excel 2003. The area under the curve
for exciplex band (SE) and locally excited state band (SM) was
determined by numerical integration using Simpson’s method,
approximating the area of each portion of the curve defined by
adjacent data points; S was calculated as the sum of individual
segments:


S = R [(yi + 4yi+1 + yi+2)/6 × (xi+1 − xi)] (1)


Determination of relative quantum yields


The relative quantum yields for 1 and 2 were measured in toluene,
diethyl ether, ethyl acetate, THF and ethylene glycol dimethyl ether,
using Hoechst 33258 as the reference standard (reported quantum
yield value of Hoechst 33258 in ethanol is 0.542). The relative
quantum yields of the exciplex band of 1 and 2 were determined
using eqn (2)43:


U (SM) = (Ast/ASM)·(F SM/F St)·(nSM/nSt)2·U st (2)


where U is the fluorescence quantum yield, A is the absorption
intensity at the excitation wavelength, F is the area under the
corrected emission curve and n is the refractive index for the solvent
used for the quantum yield measurement. Subscripts SM and St refer
to the respective variables of sample (1 or 2) and standard (Hoechst
33258), respectively.


The excitation wavelengths used for the measurements of
fluorescence emission of 1, 2 and Hoechst 33258 were optimised
for each solvent, and normally corresponded to kmax for excitation
of the pyrene LES (kM


max), presented in Tables 1 and 2. In each
experiment absorption intensities of both tested compound (1 or
2) and standard were measured at a wavelength corresponding
to the optimised excitation wavelength. Two series of absorption
and fluorescence measurements were performed for Hoechst
33258 using 1 and 2 lM dye concentrations to ensure a linear
response of absorbance/fluorescence with concentration. The
working concentrations of 1 and 2 in the cuvette varied from 2
to 0.625 lM, which were shown in independent experiments to be
within this region of linear response of absorbance/fluorescence
with concentration.


NMR spectroscopy for conformational analysis


1D 1H NMR spectra were collected into 65 K data points over a
spectral width of 6 kHz, with a relaxation delay of 1 s between
scans. Standard XWIN-NMR programs were used to accumulate
phase-sensitive NOESY spectra with mixing times smix of 0.300,
0.500, 0.700, 0.800, 1.00 and 1.500 s. Data were acquired over
3 kHz spectral width for 1 (15 mM) in CDCl3, methanol-d4,
DMSO-d6 and acetonitrile-d3 at 17 ◦C. Spectra were collected
with quadrature detection, and the size of data matrix (t1 × t2)
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was 256 × 2048. 16 transitions were acquired per t1 increment
with a 2 s relaxation delay between transitions.


Computational methods


Conformational analysis of 1 was performed theoretically using an
internal coordinate, random search via the Monte Carlo/multiple
minimum (MC/MM) approach, to identify the lowest energy
conformation in solution.44 The solute was described using the
all-atom MMFF potential,45 including a modification to maintain
planarity at the aromatic nitrogen.46 The effect of solvent was
incorporated into MC/MM calculations using parametrizations
of the generalised Born/surface area (GB/SA) continuum solvent
model for chloroform to represent low dielectric media (e = 5)
and water47 to model a high dielectric environment (e = 80).
Cut-offs of 12.0 and 7.0 Å were employed for electrostatic and
van der Waals non-bonded interactions, respectively. Each of
the two MC simulations involved 104 steps at 300 K, applied
to all rotatable bonds, with random torsional rotations of up
to ±180◦. This was combined with 103 steps of energy mini-
mization. Conformations of interest obtained from the MC/MM
approach were then subjected to exhaustive re-optimization, also
in the presence of reaction field solvent. The stability of these
conformations is reported as the total potential energy relative
to the MC/MM global minimum structure. All conformational
analysis calculations were performed using the MacroModel 8.0
and BatchMin suite of programs.48
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The peptidoglycan (PG) bacterial cell wall glycoconjugate has been well known as a strong
immunopotentiator. Partial structures of PG were chemically synthesized for elucidation of precise
biological activities. Effective construction of distinct repeating glycans of PG was accomplished by the
coupling of a key disaccharide glucosaminyl-b(1–4)-muramic acid unit. Stereoselective glycosylation of
disaccharide units was achieved by neighboring group participation of the N-Troc (Troc =
2,2,2-trichloroethoxycarbonyl) group and appropriate reactivity of N-Troc-glucosaminyl
trichloroacetimidate. By using an efficient synthetic strategy, mono-, di-, tetra- and octasaccharide
fragments of PG were synthesized in high yields. The biological activity of synthetic fragments of PG
was evaluated by induction of tumor necrosis factor-a (TNF-a) from human monocytes, and toll-like
receptor 2 (TLR2) and Nod2 dependencies by using transfected HEK293 cells, respectively. Here we
reveal that TLR2 was not stimulated by the series of synthetic PG partial structures, whereas Nod2
recognizes the partial structures containing the MDP moiety.


Introduction


The first line of defence against microorganisms is innate immunity
with molecular recognition of common bacterial components such
as peptidoglycan (PG), lipopolysaccharide (LPS), lipoproteins
and bacterial DNA. These components induce many kinds of
mediator such as cytokines, prostaglandins, the platelet activating
factor, and NO.1,2,3,4 The mediators stimulate immune competent
cells and, consequently, the above bacterial components show
immunopotentiating activity. Peptidoglycan (PG) has been well-
known as a potent immunopotentiator5 and numerous studies
have been performed to clarify the mechanism of stimulating the
immune system. However, the immunostimulating mechanism of
PG has not been well understood. The present work aims to clarify
this mechanism by using definite PG partial structures, which are
chemically synthesized.


Muramyl dipeptide (MDP) 1


PG consists of polysaccharide chains linked to a peptide net-
work to form a three-dimensional rigid structure constructing
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a bacterial cell wall. The polysaccharide chain is b(1–4) glycan
composed of alternating N-acetylglucosamine (GlcNAc) and N-
acetylmuramic acid (MurNAc) of which the carboxyl group is the
point of linkage to the peptide. Two research groups, including our-
selves, have independently demonstrated that the minimum struc-
ture required for the immunostimulation is N-acetylmuramyl-L-
alanyl-D-isoglutamine (muramyl dipeptide: MDP) 1.6,7,8


Recent studies revealed that toll-like receptors (TLRs) play a
crucial role in innate immunity by recognizing microbial compo-
nents and activating immune cells against microbes. Currently,
eleven TLRs have been identified.9 The different TLRs are acti-
vated by different types of microbial components. Since microbial
components isolated from natural sources are usually contami-
nated with other microbial components, their biological activities,
especially their receptors, must be verified by using synthetic
specimens. TLR4 proved to be the receptor for lipopolysaccharide
(LPS).10 TLR9 is responsible for the recognition of the CpG
sequence of bacterial DNA.11 TLR2 is implicated in immunos-
timulation by PG, lipoprotein (BLP), and lipoarabinomannan,
though only BLP proved to be the ligand of TLR2 by using
synthetic lipopeptides, partial structures of BLP.12


Recently, Boneca et al. reported that highly purified PGs are not
sensed by TLR2.13 On the other hand, Dziarski’s group recently
re-evaluated the fact that peptidoglycan is a toll-like receptor 2
activator,14 and this is still controversial.
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Membrane CD14 (mCD14) is a glycosylphosphatidylinositol-
anchored protein expressed on macrophage/monocyte and also
plays an important role in the recognition of microbial compo-
nents. It binds PG and other microbial components such as LPS,
and then transports them to their respective receptors.15 Recent
studies, however, indicate that MDP exhibited activity in a CD14-
and TLR2-independent manner.16,17,18


In addition, the activity of MDP was found to be not identical
with that of PG. Soluble peptidoglycan (sPG) obtained from
enzyme treatment of PG exhibited stronger immunostimulating
activity than MDP.15 The degree of cross-linking of the peptide
in sPG is low and, hence, sPG has a shorter peptide chain but
still has long glycan chains. On the other hand, a glycosidase
(=muramidase) digested mixture of sPG showed lower activity.19


These studies indicated that the glycan chain length might be
important for the activity. In the present study, therefore, we
synthesized various peptidoglycan partial structures with a longer
glycan chain, i.e., tetrasaccharides having di-, tri-, tetra-, and
pentapeptide units, and octasaccharide having dipeptide units,
and evaluated their biological activities and checked CD14
and TLR2 dependency. We also synthesized disaccharide ana-
logues with newer methods. Mobashery et al. also recently
reported the synthesis of PG partial structures composed of
tetrasaccharide.20


Results and discussion


For the effective construction of distinct repeating glycans of
PG, we applied a sequential coupling reaction of a key dis-
accharide glucosaminyl-b(1–4)-muramic acid unit 4. Stereose-
lective glycosylation of the disaccharide units was achieved by
neighboring group participation of the N-Troc (Troc = 2,2,2-
trichloroethoxycarbonyl) group and appropriate reactivity of N-
Troc-glucosaminyl trichloroacetimidate. In a previous paper, we
have reported this sequential coupling method for the synthesis
of PG fragments, tetrasaccharide and octasaccharide having
dipeptide units, T-2P2 and O-2P4.21 The key intermediate for the
synthesis of these compounds was the disaccharide 4, which was
prepared by the glycosylation of the N-Troc-muramyl acceptor
3 with the N-Troc-glucosaminyl trichloroacetimidate donor 2 in
high yield (88%)21 as shown in Scheme 1. In this reaction, the
2-N-Troc group was introduced instead of an acetyl group with
expectation of high reactivity at the 4-hydroxy group in 2-N-Troc
acceptors. Glycosylation of the N-Troc-glucosaminyl donor 2 with
a N-Troc glucosaminyl acceptor 5 gave the disaccharide 6 in 91%
yield. On the other hand, the yield of the glycosylation of N-Troc
donor 2 with the correspoding N-acetyl-muramyl acceptor 7 did
not exceed 50%. Recently, Crich et al. systematically investigated
the reactivity of the 4-hydroxy group of the GlcNAc residue,
which is less reactive than that of N,N-diacetyl glucosamine,
N-acetyl-N-benzyl glucosamine, and 2-deoxy-2-azidoglucose
derivatives owing to possible intermolecular hydrogen bond
interaction.22


As shown in Scheme 2, disaccharide analogues were synthesized
via the key intermediate 4. After cleavage of the Troc group
with Zn–Cu in AcOH and subsequent acetylation with Ac2O,
isomerization of the allyl group to a vinyl group was performed
with H2-activated [Ir(cod)(MePh2P)2]PF6 to give compound 9.
The ethyl ester of 9 was cleaved with LiOH in dioxane : THF :


Scheme 1 Glycosylation of N-Troc donor with N-Troc acceptors.


Scheme 2 Synthesis of disaccharide analogues: (a) Zn–Cu, AcOH then
Ac2O, Py., 69%; (b) Ir complex, H2, THF, 99%; (c) LiOH, dioxane : THF :
H2O = 2 : 4 : 1, rt, quant; (d) H–R(–OBn) (R: peptide, see Table 1), DIPC,
HOBt, Et3N, CH2Cl2, DMF, rt, 1 d, 86%; (e) TFA (20%), CH2Cl2, 0 ◦C,
44%; (f) Pd(OH)2, H2 (20 atm), AcOH, rt, 1 d. 68%.


H2O = 2 : 4 : 1, and an appropriate peptide (see Table 1) was
subsequently introduced to the liberated carboxylic acid using
N,N ′-diisopropylcarbodiimide (DIPC), 1-hydroxybenzotriazole
(HOBt), and triethylamine in CH2Cl2. The cleavage of the vinyl
group and the benzylidene group with 20% TFA in CH2Cl2, and
a benzyl group at the C-terminus of peptide with hydrogenation
using a Pd(OH)2 catalyst gave compound 11.


Tetrasaccharide 14 and octasaccharide 17 were then synthesized
from 4 (Scheme 3). Deprotection of the N-Troc group in 14
and 17, N-acetylation, saponification of ethyl esters, peptide
coupling, and then final deprotection afforded tetrasaccharide
with two dipeptide units 32 (T–2P2) and octasaccharide with four
dipeptide units 40 (O–2P4), respectively (Table 1).


We also synthesized a tetrasaccharide having tri-, tetra, and
pentapeptides 33 (T–3P2), 35 (T–4P2) and 37 (T–5P2). Conden-
sation of dicarboxylic acid 23 with appropriate peptide moieties
was effected by using 1-ethyl-3-(3-dimethylaminopropyl) carbodi-
imide hydrochloride (WSCI·HCl), HOBt, and triethylamine to
give protected tetrasaccharide containing two units of peptide
moieties 26 (78%), 27 (50%), and 28 (68%). All benzyl and
benzylidene groups of 26, 27, 28 were removed by catalytic
hydrogenation with Pd(OH)2 and H2 to give 33 (T–3P2), 35 (T–
4P2), 37 (T–5P2), respectively. The free amino group of the Lys
residue was then acetylated by treatment with Ac2O. Purification
with HP-20 column chromatography (elution with H2O) and
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Scheme 3 Synthesis of hexadecasaccharide: (a) Ir complex, H2, THF, then I2, H2O; (b) CCl3CN, Cs2CO3, CH2Cl2; (c) Me3N·BH3, BF3·Et2O, CH3CN;
(d) TMSOTf (0.1 eq), MS 4A, CH2Cl2, −15 ◦C.


Scheme 4 Synthesis of tetrasaccharide and octasaccharide peptides: (a) Zn–Cu, AcOH then Ac2O, Py; (b) LiOH, Dioxane, THF, H2O; (c) appropriate
peptide HCl salt, WSCI·HCl, HOBt, TEA, CH2Cl2; (d) Ir complex, H2, THF, then I2, H2O; (e) Pd(OH)2, AcOH, H2 (10 kg cm−2); (f) Ac2O,TEA, MeOH.


gel-permeation chromatography using Sephadex LH-20 (elution
with H2O/methanol) afforded a tetrasaccharide with two peptide
moieties 34 (T–3P2A), 36 (T–4P2A), 38 (T–5P2A). We also syn-
thesized glycan chains without peptide moieties. Tetrasaccharide
39 (T) and octasaccharide 41 (O) were synthesized by catalytic
hydrogenolysis of 23 and 24, respectively.


We further attempted the synthesis of hexadecasaccharide
having eight dipeptide units from octasaccharide 17. The allyl
glycoside in 17 was cleaved and the product was converted
to glycosyl trichloroacetimidate 18. Regioselective-ring opening
of the 4′,6′-O-benzylidene group in 17 with BH3·Me3N and
BF3·Et2O afforded the octasaccharide acceptor 19. Glycosylation
of 19 with 18 afforded the hexadecasaccharide 20. Unfortunately,
deprotection of sixteen Troc groups in 20 by Zn–Cu in AcOH
was not successful, giving a complex mixture of incompletely de-
protected products having a dichloroethoxycarbonyl group. Other


synthetic strategy and deprotection methods for the synthesis of
the hexadecasaccharide having eight dipeptide units are now under
investigation in our laboratory.


Biological activities of synthetic peptidoglycan fragments, i.e.,
tetrasaccharide with two dipeptide units 32 (T–2P2), octasaccha-
ride with four dipeptide units 40 (O–2P4), and the corresponding
tetra- and octasaccharide (T and O) devoid of peptide chains,
were evaluated by measuring cytokine induction from human
mononuclear cells (HMC). T–2P2 and O–2P4 showed potent
TNF-a inducing activity, whereas GlcNAc-MurNAc glycans T,
O without the peptides did not show this activity (Fig. 1).
Interestingly, T–2P2 showed stronger activity than octasaccharide
dipeptide O–2P4. Both compounds were more active than natural
peptidoglycan in this assay system. These results show that the
peptide parts are essential for the immunostimulating activity of
PG.
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Table 1 Synthesized peptidoglycan fragments


m n c Yieldsa db,e f Compounds R′ R Abbreviations


0 (H) 1 — — — 1 H L-Ala-D-isoGln MDPc


0 (H) 1 — — — 30 H L-Ala-D-isoGln L-Lys M–3Pc


0 (H) 1 — — — 31 H L-Ala-D-isoGln-L-Lys-D-Ala M–4Pc


1 1 — — — 11 H L-Ala-D-isoGln-L-Lys D–3P
1 1 25:86% 62% — 32 H L-Ala-D-isoGln T–2P2


1 1 26:78% 50% — 33 a-Pr L-Ala-D-isoGln-L-Lys T–3P2


1 1 — — 98% 34 a-Pr L-Ala-D-isoGln-L-Lys(Ac) T–3P2A
1 1 27:50% 50% — 35 a-Pr L-Ala-D-isoGln-L-Lys D-Ala T–4P2


1 1 — — 85% 36 a-Pr L-Ala-D-isoGln-L-Lys(Ac) D-Ala T–4P2A
1 1 28:68% 50% — 37 a-Pr L-Ala-D-isoGln-L-Lys D-Ala-D-Ala T–5P2


1 1 — — 85% 38 a-Pr L-Ala-D-isoGln-L-Lys(Ac) D-Ala D-Ala T–5P2A
1 1 — 50% — 39 a-Pr OH T
1 3 29:31% 48% — 40 a-Pr L-Ala-D-isoGln O–2P4


1 3 — 50% — 41 a-Pr OH O


a Yields in Scheme 3. b Deprotection of allyl group was done only for tetrasaccharide dipeptide. c See reference 6.


Fig. 1 TNF-a inducing activity in HMC. LPS: lipopolysaccharide, P3:
synthetic lipopeptide.


Biological activities of tetrasaccharides T–3P2A, T–4P2A, and
T–5P2A were then compared by measuring TNF-a inducing
activity from HMC. As shown in Fig. 2, tetrasaccharide including
tripeptide T–3P2A showed higher activity than the other tetrasac-
charides.


We checked the CD14 dependency by using anti-CD14 mono-
clonal antibody (mAb) MEM-18 and compound 406,15 as shown
in Fig. 3. Compound 406 is a synthetic lipid A partial structure
that shows antagonistic activity against LPS. It also inhibits the
binding of PG to CD14 and consequently suppresses the activity
of PG. As shown in Fig. 3, mAb MEM-18 and compound 406
partly inhibited the activation of synthetic PG partial structures
T–2P2 and O–2P4. The present results indicate that CD14 can
recognize the fundamental structure of PG.


TLR2 dependency was then checked by using anti-TLR2
antibody (Fig. 4). The TNF-a inducing activity of all synthetic
PG partial structures was not inhibited by anti-TLR2, whereas


Fig. 2 TNF-a inducing activity from HMC stimulated by different
synthetic PG fragments.


Fig. 3 CD14 dependency of immunostimulation by synthetic peptidogly-
can partial structures.


the activity of PG was completely suppressed by anti-TLR2. These
synthetic PG fragments were also not active in TLR2 transfected
HEK293 cell (data not shown).


From the present study, tetra- and octasaccharide PG fragments
were excluded from the TLR2 ligand. So far, we have clarified that
partial structures having the typical peptidoglycan structure are
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Fig. 4 Involvement of TLR2 in TNF-a inducing activity of synthetic
Peptidoglycan partial structures in HMC.


not recognized by TLR2. We, however, think it is still possible that
natural PGs associated with a lipid moiety would be the TLR2
ligands. Mycobacterium PG (BCG-PG) is covalently bound to
mycolic acid via arabinogalactan. Gram-positive PG is physically
associated with lipoteichoic acids. In fact, the biological activity
of various 6-O-acylated MDP proved to be different from that
of MDP.23,24 Recently, 6-O-acyl-MDP derivatives were found to
activate TLR2 and TLR4 on human dendritic cells as is the case
with BCG-PG, although MDP expressed no ability to activate
TLRs.25 Synthetic studies of peptidoglycan partial structures are
still in progress for identification of the structure that is sensed
through TLR2.


Recently, the intracellular protein Nod2 was identified as a
cellular receptor for MDP, and the above partial structures
containing tetra- and octasaccharide T–2P2 and O–2P4 also
showed Nod2 dependent immunostimulatory activity, whereas
only glycan chains T and O did not.26 In these PG fragments,
MDP showed more potent activity than T–2P2 and O–2P4. We
also observed the effect of a structural difference, that is the
peptide length connecting the monosaccharide, with the same
assay system previously reported,26 as shown in Fig. 5. MDP also
showed the most potent activity in the fragments, monosaccharide
with dipeptide (MDP), tripeptide (M–3P), and tetrapeptide (M–
4P). These results suggest that once the PG fragments enter a
cell, Nod2 recognizes PG structures containing the MDP moiety.
However, outside cells, TLR2 or other recognition proteins would
recognize rather longer or lipophilic PG fragments, and this fact


Fig. 5 Stimulation of Nod2 by PG fragments. HEK293T cells were
transfected with Nod2 (Nod2) or vector control (−), and the indicated
amount of each compound was added to the cells and the ability of each
compound to activate NF-jB was determined.


might lead to the result that the sPG having longer glycan chains
have stronger activity than MDP. As in a case of human soluble
peptidoglycan recognition protein (hPGRP-S), it did not clearly
bind MDP, M–3P, M–4P and T–2P2 but T–3P2 and T–4P2, and
the binding constant of T–3P2 was approximately 70 times higher
than that of T–4P2.27


In conclusion, we have synthesized various PG fragments,
which include monosaccharide, disaccharide, tetrasaccharide and
octasaccharide with a series of peptide chains from di- to
pentapeptide. For the synthesis of a longer glycan, we developed
a sequencial glycosylation method and succeeded in extending
the glycan chain to hexadecasaccharide. With these PG partial
structures in hand, we observed the biological activity of the
compounds to estimate the recognition mechanism of PG in
the innate immune system. In the assay of immunostimulation
activity, TLR2 did not recognize the PG fragments, but Nod2
showed recognition ability for the PG fragments containing
the MDP moiety. We have also been using the PG fragments
for clarifying the recognized structure of other PG recognition
proteins such as hPGRP-S.27 It was also shown that hPGRP-L
recognizes M–3P as a minimal structure to hydrolyze the fragments
at the linkage between muramic acid and L-Ala.28 PG, therefore,
proved to be a multifunctional immunopotentiator. Since PG and
its fragments derived from natural PG may be contaminated
with other immunostimulating components, the precise action
mechanism of PG will be solved by using structural definite
synthetic specimens.


Experimental


NMR spectra were measured with Varian INOVA-600, Varian
UNITY-600, JEOL JNM-LA500, and JEOL JNM-GSX 400
spectrometers. The chemical shifts in CDCl3 are given in d
values from tetramethylsilane as an internal standard. For the
measurement in D2O and CD3OD, the HDO signal (4.66 ppm
at 35 ◦C) and CD3OH (4.76 ppm) were used as a reference,
respectively. Mass spectra were obtained on a PerSeptive Biosys-
tem MarinerTM Biospectrometry Workstation or a PerSeptive
Biosystem Voyager Elite XL (MALDI-TOF-MS, Matrix: a-
Cyano-4-hydroxycinnamic acid). Specific rotations were measured
on a Perkin-Elmer 241 polarimeter. HPLC analysis was carried
out with CLASS-VP system by the SHIMADZU CORPORA-
TION. Elemental analyses were performed with a Yanaco CHN
corder MT-3, MT-5 and MT-6. Silica-gel column chromatography
was carried out using a Kieselgel 60 (Merck, 0.040–0.063 mm) at
medium pressure (2–4 kg cm−2). Dry CH2Cl2, THF, DMF, toluene,
and benzene were purchased from Kanto Chemicals, Tokyo. Dis-
tilled water used for HPLC and lyophilization was purchased from
Otsuka (Tokyo, Japan) or prepared by a combination of Tolay Pure
LV-308 (Tolay) and GSL-200 (Advantec, Tokyo, Japan). Molecu-
lar Sieves (MS) 4A was activated by heating at 250 ◦C in vacuo for
3 h. Tetrakis (triphenylphosphine) Palladium (0) was prepared just
before use. All other commercially obtained materials were used
as received. [Ir(cod)(MePh2P)2]PF6 activated with H2 was used
for isomerization of the 1-O-allyl group to the 1-O-(1-propenyl)
group as [Ir(cod)(H)(MePh2P)2]PF6. The activation was carried
out as follows. A solution of [Ir(cod)(MePh2P)2]PF6 in THF was
degassed and then the iridium complex was activated with H2 for
30 min. H2 in the reaction vessel was then replaced with N2 and
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the solution was used for the isomerization. The lactic acid moiety
is designated Lac in the NMR measurement.


The high resolution mass spectra of the final compounds were
obtained on an Electro Spray Ionization Fourier Transform Ion
Cyclotron Resonance (ESI FT-ICR) mass spectrometer, APEX II
(Bruker Daltonics, Billerica, USA). The Instrument is equipped
with a 7 T actively shielded magnet and an Apollo ion source.
For the positive ion spectra samples (∼10 ng ll−1) the lyophilized
substances were dissolved in a 30 : 10 (v/v) mixture of water and
acetonitrile adjusted with acetic acid to pH 3.0. The samples were
sprayed at a flow rate of 2 lL min−1. The capillary entrance voltage
was set to 3.8 kV, and drying gas temperature to 150 ◦C. For
the interpretation of the plural samples, the positive or negative
ion mass spectra obtained were charge deconvoluted and mass
numbers refer to neutral molecules.


Allyl 6-O-benzyl-4-O-(3-O-benzyl-4,6-O-benzylidene-2-deoxy-2-
(2,2,2-trichloroethoxycarbonylamino)-b-D-glucopyranosyl)-3-O-
((R)-1-(ethoxycarbonyl)ethyl)-2-deoxy-2-(2,2,2-trichloroethoxy-
carbonylamino)-a-D-glucopyranoside 4


To a mixture of the imidate 2 (26.0 g, 38 mmol), the acceptor 3
(17.0 g, 30 mmol), and MS4A in dry CH2Cl2 (300 mL) at −15 ◦C
was added TMSOTf (340 lL, 3.0 mmol). After being stirred at
the same temperature for 10 min, the reaction was quenched with
chilled saturated aqueous NaHCO3 (30 mL), and the mixture was
extracted with CHCl3 (250 mL). The organic layer was washed
with NaHCO3 (60 mL) and brine (60 mL), dried over Na2SO4,
and concentrated in vacuo. The residue was purified by silica-gel
flash chromatography (600 g, toluene : EtOAc = 10 : 1) to give 4
as a pale yellow solid (29.0 g, 88%).


ESI-TOF-MS (positive) m/z 1119.2 [M + Na]+; 1H NMR
(400 MHz, CDCl3) d = 7.45–7.29 (15H, m, (C6H5)–CH2–),
5.85–5.78 (1H, m, –CH2–CH=CH2), 5.57 (1H, s, Ph–CH=),
5.28–5.13 (3H, m, H-1, –CH2–CH=CH2), 4.89–4.59 (10H, m,
CCl3–CH2–OCO–, CH3–CH2–OCO–, Ph–CH2–), 4.43–4.39 (1H,
m, H-6′), 4.26–4.04 (5H, m, Lac-aH, Ph–CH2–, H-1′, –CH2–
CH=CH2), 3.98–3,93 (2H, m, –CH2–CH=CH2, H-3), 3.77–3.56
(6H, m, H-2, H-4, H-4′, H-6, H-6′), 3.43–3.41 (2H, m, H-2′, H-
5), 3.25–3.21 (2H, m, H-3, H-5′), 1.34–1.25 (6H, m, Lac-CH3,
CH3–CH2–OCO). Found: C, 51.42; H, 4.90; N, 2.60. Calcd for
C47H54Cl6N2O15: C, 51.33; H, 4,95; N, 2.55%.


1-Propenyl 2-acetylamino-6-O-benzyl-4-O (2-acetylamino-3-O-
benzyl-4,6-O-benzylidene-2-deoxy-b-D-glucopyranosyl-3-O-((R)-
1-(ethoxycarbonyl)ethyl)-2-deoxy-a-D-glucopyranoside 9


To a solution of 4 (2.1 g, 1.9 mmol) in AcOH (2.5 mL) was added
Zn–Cu (prepared from 5.6 g of Zn) and the mixture was stirred
at room temperature for 4 h. The insoluble materials were filtered
off and the filtrate was concentrated in vacuo. The residual solvent
was removed by coevaporation with toluene (10 mL) The residue
was dissolved in pyridine (40 mL) and acetic anhydride (42 mL)
and the solution was stirred at room temperature. After 1 day,
the solution was removed by concentration with toluene (10 mL).
The residue was purified by silica-gel flash chromatography (150 g,
CHCl3 : acetone = 7 : 1) to give 2,2′-N,N-diacetyl-disaccharide as
a white solid (1.1 g, 69%). ESI-TOF-MS (positive) m/z 832.4 [M +
Na]+;1H-NMR 500 MHz, CDCl3 d = 7.53–7.15(m, 15 H, C6H5–


CH2–), 5.87–5.82(m, 1H, –CH2–CH=CH2), 5.58(s, 1H, C6H5–
CH–), 5.31–5.13 (m, 3H, H1, –CH2–CH=CH2), 4.89–4.82(m,
2H, C6H5–CH2–), 4.66–4.60 (m, 2H, CH3–CH2–O–CO–), 4.45–
4.34(m, 3H, C6H5–CH2–, H6′), 4.26–4.12(m, 2H, H1′, Lac-aH),
4.08–4.06(m, 2H, –CH2–CH=CH2), 3.96–3.92 (m, 2H, –CH2–
CH=CH2, H3), 3.78–3.44 (m, 9H, H2, H4, H6, H3′, H4′, H6′),
3.32–3.29 (m, 1H, H5′), 2.01 (s, 3H, –NH–CO–CH3), 1.74 (s, 3H, –
NH–CO–CH3), 1.74–1.26 (m, 6H, Lac-CH3, CH3–CH2–O–CO–).


To a solution of the 2,2′-N,N-diacetyl-disaccharide (100 mg,
0.12 mmol) in dry THF (2.5 mL) was added H2-activated
[Ir(cod)(MePh2P)2]PF6 (3.1 mg, 3.6 × 10−3 mmol) in dry THF
(1 mL). After being stirred under an argon atmosphere at room
temperature for 7 h, the reaction mixture was quenched with sat-
urated aqueous NaHCO3 (20 mL) and the mixture was extracted
with AcOEt (30 mL × 2). The organic layer was washed with
sat. NaHCO3 aq (30 mL) and brine (30 mL), dried over Na2SO4,
and concentrated in vacuo. The residue was purified by silica-gel
flash chromatography (5 g, CHCl3 : acetone = 7 : 1) to give 9 as
a white solid (100 mg, 99%). ESI-TOF-MS (positive) m/z 832.4
[M + Na]+;1H-NMR 500 MHz, CDCl3 d = 7.53–7.14(m, 15 H,
C6H5–CH2–), 6.10 (d, J = 12.2 Hz, 1H, –CH=CH–CH3), 5.59(s,
1H, C6H5–CH–), 5.51 (d, J = 1.0 Hz, 1H, H1), 5.08–5.05(m, 1H,
–CH=CH–CH3), 4.89–4.82(dd, J = 12.6 Hz, 2H, C6H5–CH2–),
4.66–4.62 (m, 2H, CH3–CH2–O–CO–), 4.44–4.32(m, 3H, C6H5–
CH2-, H6′), 4.24–4.15(m,2H, H1′, Lac-aH), 3.96 (t, J = 9.l Hz,
1H, H3), 3.78–3.43 (m,9H, H2, H4, H5,H6, H2′, H3′, H4′, H6′),
3.30–3.29 (m,1H, H5′), 2.00 (s, 3H, –NH–CO–CH3), 1.52 (d, J =
6.9 Hz, 3H, –CH=CH–CH3), 1.73 (s, 3H, –NH–CO–CH3), 1.37–
1.26 (m, 6H, Lac-CH3, CH3–CH2–O–CO–).


Protected disaccharide tripeptide 10: (R=L-Ala-D-
isoGln-L-Lys(Z)–OBn)


To a solution of 9 (110 mg, 0.13 mmol) in dioxane : THF : H2O
(2 : 4 : 1, 4.0 mL) was added LiOH (19 mg, 0.79 mmol) and
stirred at room temperature for 1 h. The solution was neutralized
with Dowex H+ (Dowex 50W × 8 200–400 mesh H form,
DowChemicals) and then applied to an HP-20 column (2 cm ×
20 cm). Organic and inorganic salts were removed by elution with
H2O (160 mL), then eluted with MeOH and concentrated in vacuo
to give a disaccharide with a free lactic acid moiety as a white
solid (105 mg, quant.). ESI-TOF-MS (positive) m/z 805.4 [M +
H]+;1H-NMR (500 MHz, CDCl3) d = 7.48–7.23(m, 15 H, C6H5–
CH2–), 6.13 (d, J = 10.5 Hz, 1H, –CH=CH–CH3), 5.64(s, 1H,
C6H5–CH–), 5.43 (d, J = 3.1 Hz, 1H, H1), 5.06–5.02(m, 1H,
–CH=CH–CH3), 4.87–4.79(m, 2H, C6H5–CH2–), 4.64–4.56 (m,
3H, C6H5–CH2-, H6′, Lac-aH), 4.31–4.28(m, 1H, H1′), 4.07–3.49
(m, 11H, H2, H3, H4, H5,H6, H2′, H3′, H4′, H6′), 3.30–3.29 (m,
1H, H5′), 1.98 (s, 3H, –NH–CO–CH3), 1.87 (s, 3H, –NH-CO-
CH3), 1.50 (d, J = 1.5 Hz, 3H, –CH=CH-CH3), 1.38 (d, J =
6.9 Hz, 3H, Lac-CH3).


To a solution of the above disaccharide (105 mg, 0.13 mmol)
in dry DMF : CH2Cl2 (1 : 1, 4.0 mL) was added HOBt
(24 mg, 0.18 mmol) and DIPC (2.8 × 10−2 mL, 0.18 mmol) and
stirred under an argon atmosphere at room temperature for 1 h.
To a solution of HCl·H-L-Ala-D-isoGln-L-Lys(Z)–OBn (71 mg,
0.12 mmol) in dry DMF : CH2Cl2 (1 : 1, 4.0 mL) was added
Et3N (1.6 × 10−2 mL, 0.12 mmol) and the above mixture, and the
reaction mixture was stirred under an argon atmosphere at room
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temperature overnight. The reaction mixture was concentrated
in vacuo and the residue was dissolved in CHCl3 (50 mL). The
CHCl3 solution was washed with 10% aqueous citric acid (50 mL),
saturated aqueous NaHCO3 (80 mL) and brine (80 mL), dried over
Na2SO4, and concentrated in vacuo. The residue was purified by
silica-gel flash chromatography (50 g, CHCl3 : MeOH = 10 : 1) to
give 10 as a white solid (138 mg, 87%). ESI-TOF-MS (positive) m/z
1378.7 [M + Na]+;1H-NMR (500 MHz, CDCl3) d = 7.48–7.23(m,
25 H, C6H5–CH2–), 6.13 (d, J = 12.0 Hz, 1H, –CH=CH–CH3),
5.61(s, 1H, C6H5–CH–), 5.36 (d, J = 3.5 Hz, 1H, H1), 5.22–
5.09(m, 6H, –CH=CH–CH3, C6H5–CH2–, C6H5–CH2–OCO–),
4.89–4.87(d, J = 11.5 Hz, 1H, C6H5–CH2–), 4.73–4.61 (m, 3H,
C6H5–CH2–), 4.54–4.23 (m, 5H, H6′, Lac-aH, Lys-aH, Gln-aH,
Ala-aH), 4.23–3.93(m, 2H, H1′, H3), 3.84–3.56(m,8H, H2, H4,
H5,H6, H2′, H4′, H6′), 3.40–3.31 (m, 2H, H3′, H5′), 3.18–3.07
(m,2H, Lys-eCH2), 2.42–2.28 (m, 2H, Gln-cCH2), 2.25–2.20 (m,
2H, Gln-bCH2), 1.97 (s, 3H, –NH–CO–CH3), 1.90 (s, 3H, –NH–
CO–CH3), 1.80–1.57 (m, 4H, Lys-bCH2, Lys-d CH2), 1.55–1.35
(m, 4H, Lys-cCH2, Ala-CH3), 1.28–1.12 (m, 6H, –CH=CH–CH3,
Lac-CH3).


Disaccharide tripeptide 11


A solution of 10 (2.8 mg, 2.1 × 10−3 mmol) in TFA : CH2Cl2 (1 :
4, 0.5 mL) was stirred at 0 ◦C for 1.5 h. The reaction mixture
was quenched with saturated aqueous NaHCO3 (20 mL) and the
mixture was extracted with AcOEt (50 mL). The organic layer was
washed with saturated aqueous NaHCO3 (20 mL) and dried over
Na2SO4, and concentrated in vacuo. The residue was purified by
silica-gel flash chromatography (5 g, CHCl3 : MeOH = 8 : 1) to give
1-liberated disaccharide as a white solid (1.1 mg, 44%). ESI-TOF-
MS (positive) m/z 1250.7 [M + Na]+;1H-NMR (500 MHz, CDCl3)
d = 7.28–7.17(m, 25 H, C6H5–CH2–), 5.17(d, J = 3.5 Hz, 1H, H1),
5.07–4.81(m, 4H, C6H5–CH2–, C6H5–CH2–OCO–), 4.56–4.42 (m,
8H, C6H5–CH2–, H6′), 4.30–4.18 (m, 5H, Lac-aH, Lys-aH, Gln-
aH, Ala-aH, H1′), 3.97–3.95(m, 1H, H3), 3.80–3.32(m,12H, H2,
H4, H5, H6, H2′, H3′, H4′, H5′, H6′,), 3.12–2.96 (t, J = 6.8 Hz,
2H, Lys-eCH2), 2.26–2.22 (m, 2H, Gln-cCH2), 2.10–2.06 (m, 2H,
Gln-bCH2), 1.85 (s, 3H, –NH–CO–CH3), 1.78 (s, 3H, –NH–CO–
CH3), 1.73–1.50 (m, 4H, Lys-bCH2, Lys-dCH2), 1.37–1.33 (m, 8H,
Lys-cCH2, Ala-CH3, Lac-CH3).


To a solution of the 1-librarated disaccharide (1.1 mg, 9.0 ×
10−4 mmol) in acetic acid (2.0 mL) was added palladium hydroxide
(2.0 mg, 1.4 × 10−2 mmol) in acetic acid (1.0 mL), and the mixture
was stirred under H2 (20 atm) at room temperature overnight.
The Pd catalyst was removed by filtration and the filtrate was
concentrated in vacuo to give 11 as a white solid (0.5 mg, 68%). ESI-
TOF-MS (positive) m/z 824.4 [M + Na]+. HRMS-ESI FT-ICR
(positive): (M) calcd for C33H57N7O17, 823.381; found, 823.393.


Disaccharide 1-O-trichloroacetimidate 12


To a degassed solution of 4 (3.0 g, 2.7 mmol) in dry THF (6 mL)
was added [Ir(cod)(MePh2P)2]PF6 (23 mg, 0.027 mmol) activated
with H2. After being stirred under a nitrogen atmosphere at room
temperature for 1 h, the solution of [Ir(cod)(MePh2P)2]PF6 (23 mg,
0.027 mmol) activated with H2 in dry THF (3 mL) was added. After
being stirred under a nitrogen atmosphere at room temperature
for 1 h, iodine (690 mg, 2.7 mmol) and water (10 mL) were added


and the reaction mixture was stirred for additional 10 min. To
the reaction mixture was rapidly added aqueous Na2S2O3 (5%,
100 ml). The mixture was then extracted with EtOAc (50 mL). The
organic layer was washed with aqueous Na2S2O3 (5%, 50 mL ×
2), aqueous sat. NaHCO3 (100 mL × 2), brine (50 mL), dried over
Na2SO4 and then concentrated in vacuo. The residue was purified
by silica-gel flash chromatography (180 g, toluene : EtOAc = 4 :
1) to give 1-liberated-disaccharide as a pale yellow solid (2.72 g,
93%).


[a]23
D = + 8.4 (c 1.00, CHCl3); ESI-MS (positive) m/z = 1079.0


[M + Na]+; 1H NMR (400 MHz, CDCl3) d = 7.54–7.27 (m, 15H,
(C6H5)–CH2–), 5.60 (br.s, 1H, H-1), 5.57 (s, 1H, Ph–CH=), 4.89–
4.60 (m, 8H, CCl3–CH2–OCO–, CH3–CH2–OCO–, Ph–CH2–),
4.43–4.39 (m, 1H, H-6′′′), 4.31–3.91 (m, 4H, Ph–CH2–, H-1′, Lac-
aH), 3.95–3.91 (m, 1H, H-3), 3.82–3.63 (m, 6H, H-2, H-4, H-6,
H-4′, H-6′), 3.43–3.41 (m, 2H, H-2′, H-5), 3.22–3.21 (m, 2H, H-
3′, H-5′), 1.35–1.27 (m, 6H, Lac-Me, CH3–CH2–OCO). Found:
C, 51.68; H, 5.33; N, 2.35. Calcd for C44H50Cl6N2O15: C, 51.24; H,
5.12; N, 2.54%.


To a solution of 1-liberated-disaccharide (2.72 g, 2.56 mmol)
in dry CH2Cl2 (6 mL) at rt were added Cs2CO3 (417 mg,
1.28 mmol) and CCl3CN (3.7 mL, 25.6 mmol). After being stirred
for 1 h, insoluble materials were filtered off through celite and
concentrated. The residue was lyophilized from benzene to give
12 as a pale yellow solid (3.04 g), which was used for subsequent
glycosylation without purification.


4′-O-Deprotected-disaccharide 13


To a solution of 4 (1.5 g, 1.36 mmol) and trimethylamine-borane
(150 mg, 2.05 mmol) in dry CH3CN (13 mL) at 0 ◦C was added
boron trifluoride diethyl etherate (960 mg, 6.80 mmol) dropwise
and the mixture was stirred at rt for 30 min. The reaction was then
quenched with ice and saturated aqueous NaHCO3 (100 mL) and
the mixture was extracted with EtOAc (100 mL × 2). The organic
layer was washed with aqueous 10% citric acid (15 mL × 4),
saturated aqueous NaHCO3 (150 mL), and brine (100 mL), dried
over Na2SO4, and concentrated in vacuo. The residue was purified
by silica-gel flash chromatography (180 g, toluene : AcOEt = 4 :
1) to give 13 as a colorless solid (1.13 g, 73%).


[a]23
D = + 25.6 (c 1.00, CHCl3); ESI-TOF-MS (positive) m/z =


1121.6 [M + Na]+; 1H NMR (400 MHz, CDCl3) d = 7.43–7.27
(15H, m, (C6H5)–CH2–), 5.85–5.79 (1H, m, –CH2–CH=CH2),
5.26–5.13 (3H, m, –CH2–CH=CH2, H-1), 4.86–4.50 (9H, m,
CCl3–CH2–OCO–, CH3–CH2–OCO–, Ph–CH2–), 4.33–4.04 (5H,
m, Ph–CH2–, Lac-aH, H-1′, –CH2–CH=CH2), 3.97–3.57 (10H,
m, –CH2–CH=CH2, H-3, H-4, H-6, H-3′, H-4′, H-6′), 3.46–3.36
(2H, m, H-2′, H-5), 3.27–3.23 (1H, m, H-5′), 1.29–1,20 (6H, m,
Lac-CH3, CH3–CH2–OCO). Found: C, 51.68; H, 5.33; N, 2.35.
Calcd for C47H56Cl6N2O15: C, 51.24; H, 5.12; N, 2.54%.


Fully protected tetrasaccharide 14


To a mixture of the imidate 12 (2.7 g, 38 mmol), the acceptor 13
(1.65 g, 30 mmol), and MS4A in dry CH2Cl2 (75 mL) at −15 ◦C
was added TMSOTf (18 lL, 0.15 mmol). After being stirred at
the same temperature for 10 min, the reaction was quenched with
ice cold saturated aqueous NaHCO3 (100 mL), and the mixture
was extracted with CHCl3 (100 mL). The organic layer was washed
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with NaHCO3 (60 mL × 2) and brine (60 mL), dried over Na2SO4,
and concentrated in vacuo. The residue was purified by silica-gel
flash chromatography (300 g, toluene : EtOAc = 6 : 1) to give 14
as a pale yellow solid (2.33 g, 79%).


[a]D
23 = − 1.7 (c 1.00, CHCl3); ESI-TOF-MS (positive) m/z =


2159.0 [M + Na]+; 1H NMR (400 MHz, CDCl3) d = 7.51–7.27
(30H, m, (C6H5)–CH2–), 5.86–5.76 (1H, m, –CH2–CH=CH2),
5.56 (1H, s, Ph–CH=), 5.25–4.98 (4H, m, –CH2–CH=CH2, Ph–
CH2–, H-1), 4.88–4.33 (17H, m, CCl3–CH2–OCO–, CH3–CH2–
OCO–, Ph–CH2–), 4.32–3.90 (12H, m, Ph–CH2–, Lac-aH, H-1′′,
H-1′′, H-1′′′, H-6′′′, –CH2–CH=CH2), 3.87–3.01 (24H, m, Ph–
CH2–, H-2, H-3, H-4, H-5, H-6, H-2′, H-3′, H-4′, H-5′, H-6′,
H-2′′, H-3′′, H-4′′, H-5′′, H-6′′, H-2′′′, H-3′′′, H-4′′′, H-5′′′, H-6′′′),
1.32–1,27 (12H, m, Lac-CH3, CH3–CH2–OCO).


Tetrasaccharide 1-O-trichloroacetimidate 15


To a degassed solution of 14 (5.4 g, 2.5 mmol) in dry THF
(50 mL) was added H2 activated (30 min) [Ir(cod)(MePh2P)2]PF6


(100 mg, 0.12 mmol) in dry THF (3 mL). After being stirred
under a nitrogen atmosphere at room temperature for 1 h, iodine
(1.26 g, 5.0 mmol) and water (10 mL) were added and the reaction
mixture was stirred for additional 10 min. To the reaction mixture
was added rapidly aqueous Na2S2O3 (5%, 150 ml). The mixture
was then extracted with EtOAc (100 mL). The organic layer was
washed with aqueous Na2S2O3 (5%, 100 mL × 2), aqueous sat.
NaHCO3 (100 mL × 2) and brine (50 mL) then dried over Na2SO4


and concentrated in vacuo. The residue was purified by silica-gel
flash chromatography (300 g, toluene : EtOAc = 4 : 1) to give
1-liberated tetrasaccharide as a pale yellow solid (4.3 g, 81%).


[a]D
23 = − 11.0 (c 1.00, CHCl3); ESI-TOF-MS (positive) m/z =


2119.7 [M + Na]+; 1H NMR (400 MHz, CDCl3) d = 7.62–7.27
(30H, m, (C6H5)–CH2–), 5.62 (1H, br.s, H-1), 5.56 (1H, s, Ph–
CH=), 5.11 (1H, d, J = 12,2 Hz, Ph–CH2–), 4.87–4.46 (19H,
m, CCl3–CH2–OCO–, CH3–CH2–OCO–, Ph–CH2–, H-1′′, H-6′′′),
4.31–3.12 (7H, m, Ph–CH2–, H-1′, H-1′′′, Lac-aH), 3.96–3.44
(19H, m, Ph–CH2–, H-2, H-3, H-4, H-5, H-6, H-2′, H-4′, H-
6′, H-3′′, H-4′′, H-5′′, H-6′′, H-2′′′, H-4′′′, H-6′′′), 3.36–3.18 (5H,
m, H-3′, H-5′, H-2′′, H-3′′′, H-5′′′). 1.36–1,25 (12H, m, Lac-CH3,
CH3–CH2–OCO).


To a solution of 1-liberated tetrasaccharide (4.3 g, 2.0 mmol) in
dry CH2Cl2 (20 mL) at rt were added Cs2CO3 (325 mg, 1.0 mmol)
and CCl3CN (2.0 mL, 20.0 mmol). After being stirred for 1 h,
insoluble materials were filtered off through celite and the filtrate
was concentrated. The residue was lyophilized from benzene to
give 15 as a pale yellow solid (3.8 g), which was used for subsequent
glycosylation without purification.


4′′′-O-Deprotected-tetrasaccharide 16


To a solution of 14 (1.9 g, 0.89 mmol) and trimethylamine-borane
(128 mg, 1.77 mmol) in dry CH3CN (36 mL) at rt was added
boron trifluoride diethyl etherate (461 lL, 3.56 mmol) diluted
with CH3CN (1.4 mL) dropwise and the mixture was stirred at rt
for 1 h. The reaction was then quenched with saturated aqueous
NaHCO3 (50 mL) and the mixture was extracted with EtOAc
(100 mL). The organic layer was washed with aqueous 10% citric
acid (150 mL × 4), saturated aqueous NaHCO3 (150 mL), and
brine (100 mL), dried over Na2SO4, and concentrated in vacuo.


The residue was purified by silica-gel flash chromatography (200 g,
toluene : AcOEt = 4 : 1) to give 16 as a colorless solid (1.4 g, 74%).


[a]D
23 = − 24.3 (c 1.00, CHCl3); ESI-TOF-MS (positive) m/z


2161.4 [M + Na]+; 1H NMR (400 MHz, CDCl3) d = 7.43–7.28
(30H, m, (C6H5)–CH2–), 5.86–5.80 (1H, m, –CH2–CH=CH2),
5.28–5.11 (1H, m, –CH2–CH=CH2), 5.57 (1H, d, J = 12,2 Hz, Ph–
CH2–), 4.88–4.50 (19H, m, CCl3–CH2–OCO–, CH3–CH2–OCO–,
Ph–CH2–), 4.45–3.86 (14H, m, Ph–CH2–, CCl3–CH2–OCO–, H-
1, H-1′, H-1′′, H-1′′′, Lac-aH, –CH2–CH=CH2), 3.83–2.84 (24H,
m, H-2, H-3, H-4, H-5, H-6, for each four pyranose), 1.31–1,24
(12H, m, Lac-Me, CH3–CH2–OCO).


Fully-protected octasachharide 17


To a mixture of the imidate 15 (3.8 g, 1.7 mmol), the acceptor 16
(2.4 g, 1.1 mmol), and MS4A in dry CH2Cl2 (112 mL) at −15 ◦C
was added TMSOTf (13 lL, 0.11 mmol). After being stirred at
the same temperature for 10 min, the reaction was quenched with
chilled saturated aqueous NaHCO3 (100 mL), and CHCl3 (50 mL)
was added. The organic layer was washed with NaHCO3 (60 mL ×
2) and brine (60 mL), dried over Na2SO4, and concentrated in
vacuo. The residue was purified by silica-gel flash chromatography
(300 g, toluene : EtOAc = 5 : 1) to give 17 as a pale yellow solid
(3.2 g, 70%).


[a] D
23 = − 20.2 (c 1.00, CHCl3); MALDI-TOF-MS (positive)


m/z = 4253.42 [M + Na]+; Found: C, 50.68; H, 4.96; N, 2.70.
Calcd for C179H204Cl24N8O57·1H2O: C, 50.60; H, 4.81; N, 2.63%.


Octasaccharide 1-O-trichloroacetoimidate 18


To a degassed solution of 17 (300 mg, 0.071 mmol) in dry THF
(2 mL) was added [Ir(cod)(MePh2P)2]PF6 (6 mg, 0.007 mmol)
activated with H2 in THF (3 mL). After being stirred under
nitrogen atmosphere at room temperature for 1 h, iodine (35 mg,
0.142 mmol) and water (0.5 mL) were added and the reaction
mixture was stirred for additional 10 min. To the reaction mixture
was added rapidly aqueous Na2S2O3 (5%, 10 ml). The mixture
was then extracted with EtOAc (20 mL). The organic layer was
washed with aqueous Na2S2O3 (5%, 10 mL × 2), aqueous sat.
NaHCO3 (50 mL × 2), and brine (20 mL, dried over Na2SO4,
and then concentrated in vacuo. The residue was purified by silica-
gel flash chromatography (20 g, toluene : EtOAc = 5 : 1) to give
1-liberated-octasaccharide as a pale yellow solid (260 mg, 88%).


MALDI-TOF-MS (positive) m/z = 4213.8 [M + Na]+.
To a solution of 1-liberated-octasaccharide (260 mg,


0.062 mmol) in dry CH2Cl2 (1.2 mL) at rt were added Cs2CO3


(4 mg, 0.62 mmol) and CCl3CN (62 lL, 0.62 mmol). After being
stirred for 1 h, insoluble materials were filtered off through celite
and the filtrate was concentrated. The residue was lyophilized from
benzene to give 18 as a pale yellow solid (240 mg).


4-O-Deprotected octasaccharide 19


To a solution of 17 (100 mg, 0.023 mmol) and trimethylamine-
borane (5.4 mg, 0.026 mmol) in dry CH3CN (4.8 mL) at 0 ◦C
was added boron trifluoride diethyl etherate (9.6 lL, 0.071 mmol)
in dry CH3CN (28 lL) dropwise and the mixture was stirred
at rt for 1 h. The reaction was then quenched with saturated
aqueous NaHCO3 (5 mL) and the mixture was extracted with
EtOAc (10 mL). The organic layer was washed with aqueous 10%


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 232–242 | 239







citric acid (15 mL × 4), saturated aqueous NaHCO3 (15 mL),
and brine (10 mL), dried over Na2SO4, and concentrated in vacuo.
The residue was purified by silica-gel flash chromatography (10 g,
toluene : AcOEt = 4 : 1) to give 19 as a colorless solid (85 mg,
85%).


MALDI-TOF-MS (positive) m/z = 4255.00 [M + Na]+.


Hexadecasaccharide 20


To a mixture of the imidate 18 (85 mg, 0.02 mmol), the acceptor 19
(240 mg, 0.05 mmol), and MS4A in dry CH2Cl2 (3 mL) at −15 ◦C
was added TMSOTf (0.4 mg, 2.0 lmol). After being stirred at the
same temperature for 10 min, the reaction was quenched with ice
cold saturated aqueous NaHCO3 (5 mL), and the mixture was
added with CHCl3 (5 mL). The organic layer was washed with
NaHCO3 (5 mL × 2) and brine (5 mL), dried over Na2SO4, and
concentrated in vacuo. The residue was purified by silica-gel flash
chromatography (80 g, toluene : EtOAc = 4 : 1) to give 20 as a
pale yellow solid (87 mg, 56%).


MALDI-TOF-MS (positive) m/z 8427.3 [M + Na]+


2-N-Acetyl-tetrasaccharide 21


To a solution of 14 (1.05 g, 0.46 mmol) in AcOH (10 mL) was added
Zn–Cu (prepared from 1 g of Zn), and the mixture was stirred at
rt for 1 h. The insoluble materials were filtered off and the filtrate
was concentrated in vacuo. The residual solvent was removed by
coevaporation with toluene (5 mL × 3). The crude product was
dissolved in pyridine (7 mL) and acetic anhydrate (7 mL) and the
solution was stirred at rt. After 30 min, the solution was removed
by concentration in vacuo. The residual solvent was removed by
coevaporation with toluene (5 mL × 3). The residue was purified
by silica-gel flash chromatography (80 g, CH3Cl : acetone = 3 : 1)
to give 21 as a white solid (750 mg, quant.).


[a]D
23 = − 7.4 (c 1.00, CHCl3); ESI-TOF-MS (positive) m/z =


1609.2 [M + H]+, 1631.6 [M + Na]+.


2-N-Acetyl-octasacchride 22


To a solution of 17 (1.0 g, 0.23 mmol) in AcOH (15 mL) was
added Zn–Cu (prepared from 2 g of Zn), and the mixture was
stirred at rt for 1 h. The insoluble materials were filtered off and
the filtrate was concentrated in vacuo. The residual solvent was
removed by coevaporation with toluene (5 mL × 3). The crude
product was dissolved in pyridine (15 mL) and acetic anhydrate
(16 mL) and the solution was stirred at rt. After 30 min, the
solution was concentrated in vacuo. The residual solvent was
removed by coevaporation with toluene (5 mL x3). The residue
was purified by silica-gel flash chromatography (80 g, CH3Cl :
acetone = 3 : 1) to give 22 as a white solid (600 mg, 83%).


ESI-TOF-MS (positive) m/z = 3183.71 [M + Na]+.


Tetrasaccharide with librareted carboxylic acid 23


To a solution of 21 (180 mg, 0.11 mmol) in dioxane : THF : H2O
(2 : 4 : 1, 1.2 mL) was added LiOH (28 mg, 0.66 mmol) and stirred
at rt for 1 h. The solution was neutralized with Dowex H+(Dowex
50 W × 8 200–400 mesh H form, DowChemicals) and then applied
to an HP-20 column (2 cm × 40 cm). Organic and inorganic salts


were removed by elution with H2O (300 mL), then eluted with
MeOH to give 23 as a white solid (170 mg, quant.).


ESI-TOF-MS (positive) m/z = 1575.1 [M + Na]+.


Octasaccharide with liberated carboxylic acid 24


To a solution of 22 (28 mg, 9.0 lmol) in dioxane : THF : H2O (2 :
4 : 1, 4 mL) was added LiOH (3 mg, 0.073 mmol) and stirred at
rt for 1 h. The solution was neutralized with Dowex H+(Dowex
50W-X8 200–400 mesh H form, DowChemicals) and then applied
to HP-20 column (2 cm × 40 cm). Organic and inorganic salts were
removed by elution with H2O (300 mL), then eluted with MeOH
to give 24 as a white solid (28 mg, quant.).


MALDI-TOF-MS (positive) m/z = 3115.26 [M + Na]+.


Protected tetrasaccharide dipeptide 25


To a solution of 23 (122 mg, 0.078 mmol, HCl·H-L-Ala-D-
Glu(OBn)–NH2 (83 mg, 0.24 mmol), and HOBt (33.5 mg,
0.25 mmol) in CH2Cl2(14 mL) were added WSCI·HCl (37 mg,
0.25 mmol) and triethylamine (48 lL, 0.47 mmol) at 0 ◦C and the
mixture was stirred at rt overnight. The mixture was diluted with
AcOEt and insoluble materials were filtered off. The filtrate was
concentrated and the residue was dissolved in CHCl3. The CHCl3


solution was washed with citric acid (1 M, 20 mL), H2O(20 mL),
saturated aqueous NaHCO3 (20 mL), and brine (20 mL). The
organic layer was dried over Na2SO4 and concentrated in vacuo.
The residue was purified by silica-gel flash chromatography (20 g,
CHCl3 : MeOH = 20 : 1) to give 25 as a white solid (143 mg, 86%).


ESI-TOF-MS (positive) m/z = 2153.52 [M + Na]+;1H NMR
(500 MHz, CDCl3) d = 7.52–7.15 (40H, m), 5.58 (1H, m), 5.57
(1H, s), 5.56–5.07 (6H, m), 4.86 (1H, d, J = 12.3 Hz), 4.83 (1H,
d, J = 3.7 Hz), 4.74 (1H. dd, J = 12.1 Hz), 4.66–4.57 (4H, m),
4.35–4.24 (8H, m), 4.09–3.92 (6H, m), 3.83–3.59 (12H, m), 3.53–
3.43 (10H, m), 3.39–3.35 (1H, m), 3.34–3.20 (1H, m), 2.56–2.41
(4H, m), 2.17–2.03 (7H, m), 1.93 (3H, s), 1.88 (3H, s), 1.73 (3H,
s), 1.57–1.53 (3H, m), 1.43 (1H, d, J = 6.9 Hz), 1.37–1.33 (3H,
m), 1.26 (1H, m). Found: C, 62.03; H, 6.63; N, 6.38. Calcd for
C113H138N10O31·3H20: C, 62.08; H, 6.64; N, 6.41%.


Proteced tetrasaccharide tripeptide 26. ESI-TOF-MS (posi-
tive) m/z = 1330.49 [M + 2H]2+, tetrapeptide 27 ESI-TOF-MS
(positive) m/z = 1400.53 [M + 2H]2+, pentapeptide 28 ESI-
TOF-MS (positive) m/z = 1471.47 [M + 2H2+], octasaccharide
dipeptide 29 ESI-TOF-MS (positive) m/z = 4228.27 [M + Na]+


were synthesized in a manner similar to 25.


Tetrasaccharide 39. To a solution of 23 (50 mg, 0.032 mmol)
in acetic acid (3 mL) was added palladium hydroxide on carbon
(100 mg) in acetic acid(1 mL) and the mixture was stirred under
H2 (10 atm) for one day. The Pd catalyst was removed by filtration
and the filtrate was concentrated. The residue was purified with
LH-20 column by elution with MeOH to give 39 as a white solid
(7.3 mg, 22%). MALDI-TOF-MS (negative) m/z = 1015.9 [M –
H]−.


Tetrasaccharide dipeptide 32. To a degassed solution of
25 (300 mg, 0.071 mmol) in dry THF (2 mL) was
[Ir(cod)(MePh2P)2]PF6 (6 mg, 0.007 mmol) activated with H2


in dry THF (3 mL). The solution was stirred under a nitrogen
atmosphere at rt for 1 h, iodine (35 mg, 0.142 mmol) and water
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(0.5 mL) were added and the reaction mixture was stirred for
additional 10 min. The reaction was quenched by the addition of
aqueous Na2S2O3 (5%, 10 ml). The mixture was then extracted
with EtOAc (20 mL). The organic layer was washed with aqueous
Na2S2O3 (5%, 10 mL × 2), aqueous sat. NaHCO3 (50 mL × 2), and
brine (20 mL), dried over Na2SO4, and then concentrated in vacuo.
The residue was purified by silica-gel flash chromatography (20 g,
toluene : EtOAc = 5 : 1) to give 1-liberated-tetrasaccharide as a
pale yellow solid (260 mg, 88%). ESI-TOF-MS (positive) m/z =
2113.6 [M + Na]+.


To a solution of the above 1-liberated-tetrasaccharide (86 mg,
0.04 mmol) in acetic acid (3 mL) was added palladium hydroxide
on carbon (100 mg) in acetic acid(1 mL) and the mixture was
stirred under H2 (20 atm) for one day. The Pd catalyst was removed
by filtration and the filtrate was concentrated and lyophilized from
H2O to give 32 (T–2P2) as a white solid (39 mg, 70%). ESI-TOF-
MS (negative) m/z = 685.3 [M – 2H]2−; HRMS-ESI FT-ICR
(negative): (M) calcd for C54H88N10O31, 1372.561; found, 1372.555;
1H NMR (600 MHz, D2O): d = 5.16–5.15 (d, J = 3.0 Hz, 1H,
H-1), 4.46–4.42 (m, 3H), 4.36–4.32 (m, 2H), 4.30–4.27 (m, 2H,
iGln-a-CH), 4.26–4.19 (m, 2H), 3.86–3.30 (m, 24H), 2.31 (m, 4H,
iGln-c-CH2), 2.12–2.03 (m, 4H, iGln-b-CH2), 1.96–1.95 (s, 12H,
NHC(O)CH3 × 4), 1.37–1.35 (m, 6H, Ala-b-CH3), 1.31–1.28 (m,
6H, Lac-b-CH3).


Tetrasaccharide tripeptide 33. To a solution of 27 (95 mg,
0.036 mmol) in AcOH (3 mL) was added palladium hydroxide
(100 mg) in AcOH and stirred under H2 (20 atm) for 1 day. The
reaction was monitored by TLC analysis and the hydrogenolysis
was continued until deprotection was completed. The Pd catalyst
was filtered off by celite and the filtrate was concentrated.
The residue was lyophilized from acetonitrile-H2O to give 33
(39 mg, 50%) as a white powder. ESI-TOF-MS (negative) m/z =
834.5 [M – 2H]2−; HRMS-ESI FT-ICR (negative): (M) calcd for
C69H118N14O33, 1670.798; found, 1670.817; 1H NMR (500 MHz,
D2O): d = 4.86–4.80 (m, 1H, H-1) 4.46–4.40 (m, 3H), 4.36–4.05
(m, 8H, Lac-a-CH, Ala-a-CH, iGln-a-CH, Lys-a-CH), 3.86–3.30
(m, 26H), 3.00–2.90 (t, J = 11.4, 4H, Lys-e-CH2), 2.37–2.31 (t,
J = 9.5, 4H, iGln-c-CH2), 2.09–2.0 (m, 4H, iGln-b-CH2), 2.02–
1.81 (m, 18H, NHC(O)CH3 × 4, Lys-b-CH × 2, Lys-d -CH ×
2), 1.78–1.69 (m, 2H, Lys-d -CH × 2), 1.58–1.70 (m, 4H, Lys-c-
CH2 × 2), 1.61–1.4 (m, 2H, Propyl CH3–CH2), 1.40–1.35 (m, 6H,
Ala-b-CH3), 1.31–1.28 (m, 6H, Lac-b-CH3), 0.85–0.80 (t, J = 9.3,
3H, Propyl CH3).


Tetrasaccharide tetrapeptide 35 and tetrasaccharide pentapep-
tide 37 was synthesized from 27 in a manner similar to the synthesis
of 33


35. ESI-TOF-MS (negative) m/z = 905.1 [M – 2H]2−; HRMS-
ESI FT-ICR (negative): (M) calcd for C75H128N16O35, 1812.873;
found, 1812.896; 1H NMR (500 MHz, D2O): d = 4.86–4.80 (m,
1H, H-1), 4.46–4.40 (m, 3H), 4.36–3.95 (m, 10H, Lac-a-CH, Ala-
a-CH, D-iGln-a-CH, Lys-a-CH), 3.86–3.30 (m, 26H), 3.00–2.90
(t, J = 7.5, 4H, Lys-e-CH2), 2.40–2.31 (t, 4H, iGln-c-CH2), 2.09–
1.82 (m, 22H, iGln-b-CH2 × 2, NHC(O)CH3 × 4, Lys-b-CH2 ×
2, Lys-d -CH × 2), 1.78–1.4 (m, 8H, Lys-d -CH × 2, Lys-c-CH2 ×
2, Propyl CH3–CH2), 1.40–1.22 (m, 12H, Ala-b-CH3 × 4, Lac-b-
CH3 × 2), 0.85–0.80 (m, 3H, Propyl CH3).


37. ESI-TOF-MS (negative) m/z = 976.64 [M – 2H]2−; HRMS-
ESI FT-ICR (negative): (M) calcd for C81H138N18O37, 1954.947;


found, 1954.939; 1H NMR (500 MHz, D2O): d = 4.86–4.80 (m,
1H, H-1), 4.46–4.40 (m, 3H), 4.36–4.0 (m, 12H, Lac-a-CH, Ala-a-
CH, iGln-a-CH, Lys-a-CH), 3.86–3.30 (m, 26H), 2.95–2.91 (t, J =
7.5, 4H, Lys-e-CH2), 2.40–2.31 (t, J = 7.0, 4H, iGln-c-CH2), 2.09–
1.82 (m, 22H, iGln-b-CH2 × 2, NHC(O)CH3 × 4, Lys-b-CH2 ×
2, Lys-d -CH × 2), 1.78–1.4 (m, 8H, Lys-d -CH × 2, Lys-c-CH2 ×
2, Propyl CH3–CH2), 1.40–1.22 (m, 12H, Ala-b-CH3 × 6, Lac-b-
CH3 × 2), 0.85–0.80 (m, 3H, Propyl CH3).


N-Acetylated tetrasaccharide tripeptide 34. To a solution of
33 (5 mg, 0.025 mmol) in methanol (0.5 mL) were added TEA
(10 lL) and Ac2O (5 lL). After being stirred for 2 h, the
mixture was concentrated and the residue was lyophilized from
acetonitrile/H2O to give 34 (5.13 mg, 98%) as white powder.
ESI-TOF-MS (negative) m/z = 876.4 [M – 2H]2−; HRMS-ESI
FT-ICR (negative): (M) calcd for C73H122N14O35, 1754.820; found,
1754.848; 1H NMR (500 MHz, D2O): d = 4.86–4.80 (m, 1H, H-
1), 4.46–4.40 (m, 3H), 4.36–4.05 (m, 8H, Lac-a-CH, Ala-a-CH,
iGln-a-CH, Lys-a-CH), 3.86–3.30 (m, 26H), 3.10–3.02 (m, 4H,
Lys-e-CH2), 2.37–2.31 (t, J = 9.5, 4H, iGln-c-CH2), 2.09–2.0 (m,
4H, iGln-b-CH2), 2.02–1.81 (m, 22H, NHC(O)CH3 × 4, Lys-e-
NHC(O)CH3 × 2, Lys-b-CH × 2, Lys-d-CH × 2), 1.78–1.4 (m,
8H, Lys-d -CH × 2, Lys-c-CH2 × 2, Propyl CH3–CH2), 1.40–1.35
(m, 6H, Ala-b-CH3), 1.31–1.24 (m, 6H, Lac-b-CH3), 0.85–0.80 (t,
J = 9.3, 3H, Propyl CH3).


N-Acetylated tetrasaccharide tetrapeptide 36 and N-acetylated
tetrasaccharide pentapeptide 38 were synthesized from compound
35 (5 mg, 0.025 mmol) in a manner similar to the preparation of 33.


36. ESI-TOF-MS (negative) m/z = 947.5 [M–2H]2−; HRMS-
ESI FT-ICR (negative): (M) calcd for C79H132N16O37, 1812.873;
found, 1812.896; 1H NMR (500 MHz, D2O): d = 4.86–4.80 (m,
1H, H-1) 4.46–4.40 (m, 3H), 4.40–4.08 (m, 10H, Lac-a-CH, Ala-
a-CH, D-iGln-a-CH, Lys-a-CH), 3.90–3.30 (m, 26H), 3.10–3.02
(m, 4H, Lys-e-CH2), 2.39–2.18 (m, 4H, iGln-c-CH2), 2.09–1.40
(m, 34H, iGln-b-CH2, NHC(O)CH3 × 4, Lys-e-NHC(O)CH3 ×
2, Lys-b-CH2 × 2, Lys-d -CH2 × 2, Lys-d -CH × 2, Lys-c-CH2 ×
2, Propyl CH3–CH2), 1.40–1.22 (m, 12H, Ala-b-CH3 × 4, Lac-b-
CH3 × 2), 0.85–0.80 (t, J = 9.3, 3H, Propyl CH3).


38. ESI-TOF-MS (negative) m/z = 1018.5 [M – 2H]2−; HRMS-
ESI FT-ICR (negative): (M) calcd for C85H142N18O39, 2038.968;
found, 2038.962; 1H NMR (500 MHz, D2O): d = 4.86–4.80 (m,
1H, H-1), 4.46–4.40 (m, 3H), 4.40–4.0 (m, 14H, Lac-a-CH, Ala-
a-CH, D-iGln-a-CH, Lys-a-CH), 3.90–3.30 (m, 26H), 3.10–3.02
(m, 4H, Lys-e-CH2), 2.39–2.30 (m, 4H, iGln-c-CH2), 2.09–1.40
(m, 34H, iGln-b-CH2, NHC(O)CH3 × 4, Lys-e-NHC(O)CH3 ×
2, Lys-b-CH2 × 2, Lys-d -CH2 × 2, Lys-d -CH × 2, Lys-c-CH2 ×
2, Propyl CH3–CH2), 1.40–1.20 (m, 18H, Ala-b-CH3 × 6, Lac-b-
CH3 × 2), 0.85–0.79 (t, J = 7.5, 3H, Propyl CH3).


Octasaccharide dipeptide 40. To a solution of 29 (140 mg,
0.033 mmol) in acetic acid (3 mL) was added palladium hydroxide
on carbon (140 mg) in acetic acid(1 mL) and the mixture was
stirred under H2 (20 atm) for one day. The Pd catalyst was removed
by filtration and the filtrate was concentrated. The residue was
lyophilized from H2O to give 40 as a white solid (74 mg, 70%).
MALDI-TOF-MS (negative) m/z = 2767.63 [M – H]−; HRMS-
ESI FT-ICR (negative): (M) calcd for C111H180N20O61, 2769.159;
found, 2769.157; 1H NMR (600 MHz, D2O) d = 4.94–4.88 (m,
1H), 4.54–4.46 (m, 4H), 4.43–4.24 (m, 16H), 3.94–3.34 (m, 53H),
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2.40–2.30 (m, 8H, c-Gln-CH2 × 4), 2.19–2.09 (m, 4H, iGln-
b−CHH × 4), 2.06–1.90 (m, 28H, NHC(O)CH3 × 8, iGln-
b−CHH × 4), 1.44–1.34 (m, 24H, Ala-b-CH3 × 4, Lac-b-CH3 ×
4).


Octasaccharide 41. Compound 41 was synthesized from com-
pound 24 in a manner similar to the preparation of 40.


HRMS-ESI FT-ICR (negative): (M) calcd for C79H128N8O49,
1972.777; found, 1972.773; 1H NMR (600 MHz, D2O) d = 5.23–
5.21 (m, 1H), 4.54–4.46 (m, 4H), 4.43–3.92 (m, 56H), 1.99–2.10 (m,
24H, NHC(O)CH3 × 8), 1.21–1.40 (m, 12H, Lac-b-CH3, CH3–
CH2–OCO × 4); 13C NMR (150 MHz, D2O) d = 182.1, 181.4,
174.8, 174.5, 174.4, 174.2, 105.5, 102.2, 100.1, 79.9, 79.1, 78.8,
77.4, 76.1, 75.8, 75.3, 78.2, 74.9, 73.4, 72.0, 71.3, 70.3, 69.7, 61.2,
60.5, 59.6, 56.1, 55.4, 54.6, 54.3, 22.3, 22.0, 21.6, 18.4.


Stimulation of human mononuclear cells (MNC)


MNC were isolated from heparinized blood of healthy adult
donors by Ficoll-Isopaque density gradient centrifugation.29 Iso-
lated MNC were washed in PBS and cultured in RPMI 1640
containing 10% human pooled serum, 100 U ml−1 penicillin and
100 lg ml−1 streptomycin (Biochrom, Berlin, Germany). Cells (1 ×
106/ml) were stimulated in duplicates with various amounts of
sPG (kind gift from Prof. U. Zähringer, Research Center Borstel,
Borstel, Germany), synthetic peptidoglycan fragments or LPS
from S. enterica serovar friedenau (kind gift from Prof. H. Brade,
Research Center Borstel, Borstel, Germany). In blocking experi-
ments, cells were preincubated for 30 min with 10 lg ml−1 of the
anti-CD14 mAb MEM-18,30 the LPS antagonist compound 406,
or the anti-TLR2 mAb clone 2392 (Genentech, CA, USA). After
4 h, supernatants were collected and the content of TNF-a was
quantified by ELISA (Biosource).
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A tandem ring-opening–cyclization reaction of cyclopropanes with imines in the presence of 5 mol% of
scandium triflate was developed for the highly diastereoselective synthesis of multisubstituted
pyrrolidines.


Introduction


Pyrrolidines are very important five-membered heterocycles
because of their frequent occurrence in biologically active
compounds,1 as well as their utilities as valuable synthetic
intermediates2 or organocatalysts.3 Of the synthetic methods
developed, [3 + 2] dipolar cycloaddition of azomethine ylides with
activated alkenes is one of the most convenient and efficient ways.4


The reaction of monoactivated cyclopropanes5,6 with imines is also
developed.7–8 Nakamura et al. described the thermal [3 + 2] cy-
cloaddition reactions of highly activated methylenecyclopropanes
with imines to produce pyrrolidine derivatives.7 Recently, Carreira
et al.8a,8d pioneered a reaction of cyclopropanes with imines
promoted by MgI2, providing easy access to spiro[pyrrolidin-3,3′-
oxindoles]. Using stoichiometric MgI2, Lautens and coworkers
extended successfully the cyclopropanes to methylenecyclopropyl
amides and developed a good method for the synthesis of five-
and six-membered heterocyclic compounds.8b Olsson described
an iodide-promoted three-component synthesis of disubstituted
pyrrolidines.8c In our study on the synthesis and applications of
cyclopropanes,9 we found that the imines could directly attack
the 1,1-cyclopropane carboxylic esters to form tetrasubstituted
pyrrolidines stereoselectively in the presence of Lewis acid. In this
paper, we wish to report the results in details.10


Results and discussion


Initially, an attempt to use stoichiometric magnesium iodide to
promote the cycloaddition of electron-deficient cyclopropane 1a
and imine 2a failed (Scheme 1). Although the cyclopropane disap-
peared in ca. 6 hours in THF, only a trace amount of the annulation
adduct with poor stereoselectivity was observed. Replacing the
solvent with CH2Cl2 did not give the desired product. Fortunately,
we found that this reaction could be catalyzed very well by using
5 mol% of Sc(OTf)3 instead of MgI2. In this case, the annulation
reaction of diethyl 2-phenyl-1,1-cyclopropane dicarboxylates with
2a gave pyrrolidine 3a in 60% yield in CH2Cl2 at room temperature.


State Key Laboratory of Organometallic Chemistry, Shanghai Institute of
Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Lu, Shanghai,
200032, China. E-mail: tangy@mail.sioc.ac.cn; Fax: +86 21 5492 5078
† Electronic supplementary information (ESI) available: Spectral data,
1H and 13C NMR spectra for all new compounds and stereochemical
assignments. See DOI: 10.1039/b512195g


Scheme 1


To further improve the yield and the diastereoselectivity, several
Lewis acids were optimized. As shown in Table 1, Yb(OTf)3,


Table 1 Effects of Lewis acids on the annulation reactiona


Entry R LA Drb Conversion (%)b


1 Ph Sc(OTf)3 1 : 1 60c


2 Ph Yb(OTf)3 — Trace
3 Ph Ga(OTf)3 — Trace
4 Ph In(OTf)3 — 36
5 Ph Mg(ClO4)2 — Trace
6 Ph Ni(ClO4)2 — 45
7 Ph Cu(ClO4)2 — Trace
8 Ph Zn(ClO4)2 — Trace
9 Ph AlCl3 — Trace


10d Ph Sc(OTf)3 1.5 : 1 100
11d Ph Yb(OTf)3 1.8 : 1 29
12d Ph Ga(OTf)3 1.8 : 1 30
13d Ph In(OTf)3 1.7 : 1 87
14d Ph Ni(ClO4)2 — 0
15d Ph Mg(ClO4)2 — 0
16d Ph Cu(ClO4)2 1.7 : 1 25
17d Ph Zn(ClO4)2 1.2 : 1 10
18d Ph FeCl3 2.1 : 1 49
19d ,e Ph Sc(OTf)3 1 : 1 77
20d , f Ph Sc(OTf)3 1.3 : 1 54
21d Ts Sc(OTf)3 — 0
22d Bn Sc(OTf)3 24 : 1 85


a 10 mol% of Lewis acid. b Determined by 1H NMR. c Isolated yield. d 4 Å
molecular sieves were added. e In toluene. f In diethyl ether.
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Ga(OTf)3, Mg(ClO4)2, Cu(ClO4)2, Zn(ClO4)2 and AlCl3 could
not catalyze this reaction well and only a trace amount of the
desired product was observed (Entries 2, 3, 5 and 7–9). In(OTf)3


and Ni(ClO4)2 gave moderate yields in CH2Cl2 (Entries 4 and 6).
Noticeably, the conversion of this reaction could be improved
to 100% using Sc(OTf)3 as a catalyst in the presence of 4 Å
molecular sieves (Entry 10). Under these conditions, In(OTf)3 also
promoted this reaction well to give pyrrolidine in 87% conversion
(Entry 13). Solvent effects were also examined and we found
that THF, EtOAc, EtOH and CH3CN did not work. Diethyl
ether and toluene gave good yields (Entries 19–20) and CH2Cl2


proved to be the optimal solvent. The substituents on nitrogen
of imine 2 influenced the reaction strongly (Entries 10, 21–22).
N-Tosyl imine was not a good substrate. Compared with the N-
phenyl imine, N-benzyl gave the optimal results in both yield and
diastereoselectivity in our screened conditions.


Having established the feasibility and optimal conditions for the
cycloaddition reaction, we surveyed the scope of the imines and
cyclopropanes. The imines were synthesized via a condensation
between amines and aldehydes with a ratio of 1 : 1 in the presence of
4 Å MS, followed by filtering off the molecular sieves and concen-
tration. They were used directly without further purification. As
shown in Table 2, the reaction of cyclopropane dicarboxylates with
imines gave good to high yields with high diastereoselectivities. The
ratio of cis-isomer to trans-isomer ranged from 8 : 1 to 30 : 1. It is
noteworthy that both electron-rich and electron-deficient imines
proceeded well. For instance, 3,4-methylenedioxybenzylaldimine
gave the desired product in 94% yield and 4-methoxycarbonyl
benzylaldimine afforded the corresponding pyrrolidine in 52%
yield, both with high diastereoselectivities. Compared with para-
substituted benzylaldimine, the ortho-substituted one was less
active (Entries 7–8) probably due to the steric hindrance. N-benzyl
isobutyraldimine didn’t work in this condition.


Table 2 Reaction of cyclopropanes with iminesa


Entry R1 R2 R3 3 Drb Yield (%)c


1 Styryl Me Ph b 9 : 1 91
2 Styryl Me 4-FC6H4 c 10 : 1 94
3 Styryl Me 4-ClC6H4 d 11 : 1 92
4 Styryl Me 4-BrC6H4 e 10 : 1 71
5d Styryl Me 4-MeO2CC6H4 f 12 : 1 52e


6d Styryl Me 4-MeC6H4 g 8 : 1 86
7 Styryl Me 4-MeOC6H4 h 9 : 1 86
8 Styryl Me 2-MeOC6H4 i 10 : 1 59
9 Styryl Me 2,4-Cl2C6H4 j 30 : 1 59


10 Styryl Me 3,4-
Methylenedioxylphenyl


k 10 : 1 94


11f Vinyl Me 4-ClC6H4 l 6 : 1 92
12d Phenyl Et 4-ClC6H4 m 24 : 1 85
13f H Et 4-ClC6H4 n >99 : 1 42
14d Phenyl Me 4-ClC6H4 o 30 : 1 98e


a Reaction conditions: 0.25 mmol scale, 5 mol% of scandium triflate, 2 :
1 = 0.3 : 0.25 (mmol : mmol), rt. b dr = cis : trans, determined by 1H
NMR. c Isolated yield. d 10 mol% of Sc(OTf)3 used.


e At 40 ◦C. f 20 mol%
of Sc(OTf)3 used.


Various 2-substituted 1,1-cyclopropane carboxylates proved to
be good substrates for the present cycloaddition. For example, the
reaction of both 2-vinyl- and 2-phenyl-1,1-cyclopropanes with 4-
chlorobenzylaldimne proceeded well to provide the pyrrolidines
in 92% and 85% yields, respectively (Entries 11 and 12). The
cyclopropane with substituent at 3-position, such as diethyl 2-
ethyl-3-styrylcyclopropane-1,1-dicarboxylate, was inactive in this
reaction.


Considering that the imine is readily available from aldehyde
and amine, we tried a three-component reaction and found that the
one-pot reaction by combination of the aldehyde (1.2 equivalent)
and the benzyl amine (1.2 equiv.) in CH2Cl2 in the presence
of 4 Å molecular sieves and 5 mol% of Sc(OTf)3, followed by
addition of cyclopropane 1b (1.0 equiv.) in 0.5 mL of CH2Cl2


worked well to give the pyrrolidine in good yields with low to high
diastereoselectivities, providing an efficient access to pyrrolidines
(Scheme 2).


Scheme 2


The relative configurations of the adducts were assigned by 1H–
1H NOESY as shown in Scheme 3.


Scheme 3


The mechanism6 for this cycloaddition is proposed as in
Scheme 4. A possible path is that the imine SN2 attacks the
cyclopropane directly in the assistance of Sc(OTf)3 to form an
iminium-enolate zwitterionic intermediate, which cyclizes imme-
diately to afford the pyrrolidine. In this case, cis-isomer is produced
preferably due to the steric hindrance between R1 and R2. This


Scheme 4
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is consistent with the stereochemistry produced. This mechanism
can also explain that N-sulfonyl imine was inactive in this reaction.


In summary, we have developed an efficient method for the
diastereoselective synthesis of multisubstituted pyrrolidines via a
Lewis acid-catalyzed annulation reaction of cyclopropanes with
imines. Noticeably, a corresponding three-component one-pot
reaction, directly from aldehydes, amines and cyclopropanes, has
proved to work well. The readily available starting material, high
selectivity as well as high yield make this protocol potentially
useful in organic synthesis. Efforts to develop its asymmetric
version are in progress in our laboratory.


Experimental


All reactions were carried out under a nitrogen atmosphere. All
of dialkyl 1,1-cyclopropanediesters11 and their derivates12 were
synthesized according to the literature. The N-benzyl imines were
synthesized via condensation of the corresponding aldehydes and
benzyl amine.13 MS 4 Å was powdered and vacuum activated at
250 ◦C before use.


General procedure


To an oven-dried reaction tube was sequentially added Sc(OTf)3


(6.2 mg, 0.0125 mmol, 5 mol%), MS 4 Å (250 mg), cyclopropane
(0.25 mmol in 1.5 mL of CH2Cl2) and imine (0.30 mmol in
1.0 mL of CH2Cl2). The resulting solution was further stirred at
25 ◦C. After the reaction was complete (monitored by TLC), the
mixture was filtered rapidly through a glass funnel with a thin layer
of silica gel, washed with CH2Cl2. The filtrate was concentrated
and the residue was purified by flash column chromatography to
afford the desired product.


General procedure for three-component reaction


To an oven-dried reaction tube was sequentially added MS 4 Å
(250 mg), benzylamine and aldehyde in CH2Cl2 (2 mL) under
stirring at 25 ◦C. The resulting suspension was stirred for 30 min
and Sc(OTf)3 (6.2 mg, 0.0125 mmol, 5 mol%) and cyclopropane
(0.25 mmol in 0.5 mL of CH2Cl2) were added. The resulting
mixture was further stirred at 25 ◦C for the desired time and
filtered rapidly through a glass funnel with a thin layer of silica
gel, washed with CH2Cl2. The filtrate was concentrated and the
residue was purified by flash column chromatography to afford
the desired product.


All compounds gave satisfactory spectral data (1H NMR, 13C
NMR, IR, LRMS, HRMS, elemental analysis). Spectral data for
representative compound 3b: colorless oil (91% yield). 1H NMR
(300 MHz, CDCl3): d 7.44 (d, J = 6.9 Hz, 1H), 7.31–7.07 (m, 13H),
6.55 (d, J = 16.2 Hz, 1H), 6.16 (dd, J = 11.4, 15.9 Hz, 1H), 4.67 (s,
1H), 3.83 (d, J = 14.1 Hz, 1H), 3.70 (s, 3H), 3.64 (d, J = 14.1 Hz,
1H), 3.42–3.34 (m, 1H), 3.06 (s, 3H), 2.81 (dd, JAB = 13.5 Hz, JAX


= 10.8 Hz, 1H), 2.25 (dd, JAB = 13.5 Hz, JBX = 6.6 Hz, 1H); 13C
NMR (75 MHz, CDCl3): d 171.96, 169.55, 139.24, 136.87, 136.51,
131.98, 131.66, 129.82, 128.84, 128.41, 127.75, 127.70, 127.54,
127.44, 126.73, 126.34, 70.54, 63.95, 63.92, 54.07, 52.77, 51.96,
39.23; LRMS-ESI: 456.1 (M + H)+; IR (thin film, cm−1): 3027,
2951, 2830, 1733, 967, 755, 699; HRMS-ESI: Exact mass calcd for
C29H30NO4 [M + H]+, 456.2169. Found 456.2167.
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Six-membered photochemical cyclisations of 2-iodo-N-(2-arylethyl)imidazoles proceeded
regioselectively in higher yields than the equivalent tin hydride-mediated reactions. The decrease in
yield of cyclisation products, 5,6-dihydroimidazo[2,1-a]isoquinolines containing strongly deactivating
substituents on the aryl ring confirmed the electrophilic nature of the r-imidazol-2-yl radicals. The
seven-membered cyclisation was only successful under photochemical conditions, as radical reduction
occurred with tin hydride. Nitration of 5,6-dihydroimidazo[2,1-a]isoquinoline with nitric/sulfuric acid
occurred at the 2- and 8-positions.


Introduction


The use of tributyltin hydride (Bu3SnH) and azobisisobutyronitrile
(AIBN) has become commonplace in the synthesis of fused
aromatics by intramolecular aromatic substitution of aryl and
heteroaryl radicals.1–9 Less toxic and more expensive silanes and
germanes have been used as substitutes for Bu3SnH.7–10 The reac-
tions have attracted mechanistic interest, because an “oxidative”
re-aromatisation occurs in the presence of the “reductant” metal
hydride.11–12 It is now perceived that upon radical addition, the
generated intermediate p-cyclohexadienyl radical surrenders a
hydrogen atom due to abstraction by the azo-initiator and/or
derived radical to give the aromatic product. A non-chain reaction
requiring more than stoichiometric amounts and sometimes large
excesses of azo-initiator in order to form adequate yields of
rearomatised product may be the outcome.11 The AIBN derived 2-
cyano-2-propyl radical can also be trapped by the relatively long-
lived p-cyclohexadienyl radical.2a,11–12 Further, there are serious
toxicity concerns associated with using Bu3SnH, as well as
problems of separation of tin residues from organic products,13


disposal of the wastes and reduction of the intermediate carbon-
centered radicals by Bu3SnH. These many disadvantages associ-
ated with the metal hydride/azo-initiator mediated reactions make
the search for alternative methodologies synthetically important.
Recent alternatives were reported by Harrowven and co-workers
including intramolecular aryl radical cyclisations onto pyridine
mediated by sodium cobalt(I) salophen5 and samarium(II) iodide
(SmI2)–HMPA in THF.7 Tanaka and co-workers showed that
in the absence of i-PrOH, rearomatised products were obtained
from intramolecular arylations mediated by SmI2–HMPA in THF
rather than spirocycles and/or reduced cine-cyclised products.14


Nevertheless, the simplest and most environmentally friendly
protocol has to be the simple generation of the r-aryl or
heteroaryl radical by UV-induced homolytic cleavage of an aryl
halide with subsequent intramolecular substitution onto a nearby
aromatic ring. Metal hydride–AIBN seems to have superseded
the photochemical reaction, although there are mostly older
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reports of preparative examples of the latter.6,15–19 In recent times,
Park and co-workers have extensively studied photocyclisations
of aryl and pyridyl radicals onto aromatics, and reported several
synthetically useful examples.18–19 As part of our studies towards
new bioreductive polycyclic diazoles,20 we were interested in
cyclising the imidazol-2-yl radicals 2 onto the aromatic ring of N-
(x-arylalkyl) substituents to give tricyclic [2,1-a] fused heterocycles
3 (Scheme 1). The following paper demonstrates that for the
present aromatic substitutions, UV-mediated radical cyclisations
give higher yields and allow for simpler work up procedures than
the Bu3SnH method. Some reports add tin radical sources to pho-
tochemical substitutions,1b,7 however in our case this was not nec-
essary. Generation of the radical at the imidazole-2-position was
chosen, because cyclisation of aryl radicals is non-regioselective,
as substitution can occur onto either the 2- or 5-position of the im-
idazole ring.8 We thus report the first examples of intramolecular
homolytic aromatic substitutions of imidazole radicals, although
there are two examples of intermolecular reactions.11,21 In the
photolysis, as well as Bu3SnH–AIBN-mediated reactions, r-
imidazol-2-yl radicals 2 and p-cyclohexadienyl radicals can be
assumed to be the reaction intermediates, as laser flash photolysis
has been used to detect and characterize analogous intermediates
in photocyclisations onto aromatics of 2-halopyridinium salts and
2-halo-N-pyridinylbenzamides.19


The 2- and 5-nitroimidazoles (free imidazole numbering) are
well known bioreductive compounds that are used to selectively
target anaerobic diseases, and hypoxic tumours.22 However, ali-
cyclic fused nitroimidazoles are less known cytotoxins with only
limited patent information available on such compounds.23a There-
fore, attempts at nitrating tricyclic diazoles 3b, 3d–f (Scheme 1)
with the aim of forming bioreductive compounds, 2 or 3-nitro-
5,6-dihydroimidazo[2,1-a]isoquinolines 4 are also described.


Results and discussion


Radical cyclisations of the imidazole-2-yl radicals 2a–g


Bu3SnH–AIBN-mediated reactions. The conditions for the
Bu3SnH–AIBN procedure were optimised for the six-membered
radical cyclisation of the imidazol-2-yl radical 2b generated
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Scheme 1


from bromide 1b in acetonitrile. As with previous homolytic
aromatic substitutions using Bu3SnH–AIBN,11,12 an excess of
AIBN (3.0 equivalents) was required giving cyclised product, 5,6-
dihydroimidazo[2,1-a]isoquinoline 3b in 35% yield with the prod-
uct of Bu3SnH reduction of 2b, 1-(2-phenylethyl)-1H-imidazole
5b obtained in 26% yield (Scheme 2, method A in Table 1). The
poor mass balance in Bu3SnH–AIBN reactions can be primarily
attributed to the cumbersome work up procedure, which required
up to 20 washes with hexane of the acidic imidazolium salts
solution in order to eliminate tin halide residues. During the
course of our studies, Harrowven and Guy reported an improved
procedure for removal of tin residues using KF–silica as the
stationary chromatographic phase,13 which has improved isolation
of diazoles in other Bu3SnH-mediated reactions performed in
our group (radical cyclisations using benzimidazole substrates
to be published). However, for the present work, we wanted to


Scheme 2


completely avoid the use of metal hydride radical sources, and
this was achieved using the photochemical initiated cyclisations
discussed in the next section.


Table 1 Reactions of halides 1a–l


Products (% yields)b


Starting material (SM) Methoda Cyclised Reduced Recovered SM


1b A 3b (35) 5b (26) 1b (0)
1a A 3a (0) 5a (45) 1a (0)
1c A 3c (0) 5c (65) 1c (0)
1d A 3d (32) 5d (19) 1d (0)
1e A 3e (20) 5e (31) 1e (0)
1j A 3f (21) 5f (51) 1j (0)
1b B 3b (10) 5b (0) 1b (60)
1g B 3b (70) 5b (0) 1g (7)
1g C 3b (0) 5b (0) 1g (100)
5b B 3b (0) — 5b (100)
1g D 3b (61) 5b (0) 1g (14)
1g E 3b (0) 5b (0) 1g (97)
1f B 3a (0) 5a (45) 1f (5)
1k B 3a (0) 5a (0) 1k (100)
1h B 3c (48) 5c (0) 1h (10)
1i B 3e (66) 5e (0) 1i (13)
1j B 3f (53) 5f (0) 1j (15)
1l B 3g (32) — 1l (36)


a The methods used were as follows: A. Bu3SnH (1.2 equiv., 51 mM) and AIBN (3.0 equiv.) in acetonitrile were added over 8 h to SM (17 mM) in
acetonitrile under reflux and heated under reflux for a further 1 h. B. SM (20 mM) in acetonitrile (purged with N2) was irradiated at 254 nm for 4–10 h
(refer to the Experimental section). C. SM (20 mM) in acetonitrile (purged with N2) was irradiated at 366 nm for 15 h. D. SM (20 mM) in acetonitrile
(purged with O2) was irradiated at 254 nm for 4 h. E. SM (20 mM) and benzophenone (5.3 equiv.) in acetonitrile (purged with N2) were irradiated at
254 nm for 10 h. b Yields quoted are of the pure isolated compounds after column chromatography.
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Using the same conditions as for Bu3SnH-mediated cyclisation
of 1b, attempted 5-membered and 7-membered cyclisations of
bromides 1a and 1c gave only reduction products 5a and 5c in
45 and 65% isolated yield, respectively.


Six-membered cyclisations of substrates containing electron-
withdrawing substituents were attempted, in order to deactivate
the fused aryl ring towards the subsequent nitration. 4-Fluoro
1d, 4-chloro 1e and 4-trifluoromethyl (–CF3) 1j substituted pre-
cursors gave tricyclic products 3d (32%), 3e (20%) and 3f (21%),
respectively in lower yield than the radical precursor containing
no aryl substituent 1b. Significant amounts of the respective
reduced products 5d (19%), 5e (31%) and 5f (51%) were also given
(Scheme 2). This procedure should now be compared with the
equivalent photochemical reaction (method B).


Photochemical initiated reactions


In pursuit of higher yields of the six-membered cyclisation product
3b and simpler work up procedures, we irradiated 1b in acetonitrile
for 10 h at 254 nm generated from mercury lamps using a Rayonet
photochemical reactor. This resulted in the isolation of 3b in 10%
yield with 60% unaltered 1b recovered. It seemed that the C–Br
bond is too strong for rapid photochemical generation of r-radical
2b, however we were encouraged by the lack of reduced product.
The photochemical reaction was repeated using iodide precursor
1g resulting in isolation of 3b in 70% yield after only 4 h of
irradiation with 7% recovery of unaltered 1g (method B in Table 1).
This represented a vast improvement on the Bu3SnH–AIBN-
mediated reaction for the following reasons; (i) elimination and
disposal of toxic tin residues was completely avoided, (ii) there was
no need for hazardous azo-initiators, (iii) syringe pump addition of
initiators was no longer required and thus shorter reaction times
were achieved, (iv) a simpler work up procedure allowing good
recovery of cyclised product (improved mass-balance) and (v) no
competitive reduction of 2b occurred.


Iodide precursors for photochemical reactions were generally
prepared in good and comparable yields to bromide precursors
for the Bu3SnH–AIBN reactions by alkylation of 2-iodo-1H-
imidazole rather than 2-bromo-1H-imidazole (refer to the Exper-
imental section). Although, there was no competitive reduction
in our six- and seven-membered photochemical cyclisations,
slow degradation of 3b–c and 3e–g to unidentified products
was observed with prolonged irradiation at 254 nm (monitored
by thin-layer chromatography, TLC) and the probable reversal
of the homolytic scission by combination of the imidazol-2-yl
radicals with released I• led to recovery of starting material (5–
36%). Reaction solutions turned brown after irradiation, and
crude product solutions appeared purple upon elution on column
chromatography indicating the presence of molecular iodine.
However, optimisation of yields by dilution of the reaction solution
was not carried out, as this would lessen the amount of recovered
product. The photolysis of 1g and 5b at the longer wavelengths
of 366 nm (method C) and 254 nm, respectively, gave no reaction
after 15 h of irradiation.


Irradiation of an oxygenated solution of 1g at 254 nm led to a
decrease in yield of 3b to 61% (method D) and the cyclisation of
1g could not be sensitised by benzophenone (method E). D’Auria
and co-workers observed that intermolecular photoarylations of
halogenothiophenes and 4(5)-nitro-2-iodoimidazoles also could


not be sensitised, and concluded that higher energy excited triplet
states may be involved in the rupture of the C–I bond.21 We
cannot rule out subtle mechanistic differences in our various
photochemical annulations, however most evidence supports the
formation of radical intermediates. Further, the presence of
residual oxygen may be advantageous, as it may be involved in
the rearomatisation of p-cyclohexadienyl radical intermediates 7
(Scheme 3). However, dehydrogenation of radicals 7 by the former
imidazole halogen atom substituent to give HI or HBr and tricyclic
aromatic products is the major source of rearomatisation in UV-
initiated reactions.17,19


Attempts at the 5-membered cyclisation of radical 2a gener-
ated from iodide 1f under photochemical conditions (method
B) resulted in only radical reduction to 1-benzyl-1H-imidazole
5a. The formation of reduction product 5a is further evidence
for intermediate 2a, and a radical-mediated mechanism in the
photochemical initiated reactions. The result may be explained in
terms of strain, as proposed by Bowman and co-workers for the
lack of an anticipated 5-exo-trig cyclisation of a phenyl radical
onto the 5-position of imidazole-4-methylcarboxylate using either
Bu3SnH or tributylgermanium hydride (Bu3GeH) as initiators.8


However, Park and co-workers have reported the formation of the
same ring system, 5H-imidazo[5,1-a]isoindole in 40% yield from
the photochemical cyclisation of N-(o-chlorobenzyl)imidazole.18


Thus it is likely that any strain arguments only apply to the
formation of imidazo[2,1-a]isoindole 3a, and not 5-membered
cyclisations onto the imidazole-5-position. Failed 5-membered
cyclisations may also indicate that such processes are more akin
to proceed via 5-endo-trig rather than 5-exo-trig.7 However, the
low mass balance from the 5-membered photochemical reaction
(50%) is probably due to degradation of substrate and/or products
to unidentified intractable material. There are several successful
literature 5-membered photochemical cyclisations using aromatic
chloride radical precursors.16a,17b–19a 1-Benzyl-2-chloroimidazole
1k was thus irradiated at 254 nm in acetonitrile and 2 M
hydrochloric acid solution.18 It was anticipated that in the photo-
excited state the C–Cl bond may be weakened through co-
ordination of the electrophilic chlorine atom with the phenyl
ring or by Grimshaw’s proposed homolysis assisted by radical
complexation.17 The 2-chloro substituent may be held in closer
proximity to the tethered phenyl ring in 1k containing methylene
rather than for 2-halo substituents in precursors containing
ethylene connectors.19 However, only unaltered 1k was recovered
from both attempted reactions.


The superiority of the photochemical method was however
demonstrated with the seven-membered cyclisation16b to give
6,7-dihydro-5H-imidazo[2,1-a][2]benzazepine 3c in 48% yield via
irradiation of iodide 1h (10% recovered) at 254 nm for 6 h.
Bu3SnH–AIBN reaction of bromide 1c gave only the reduced
compound 1-(3-phenylpropyl)-1H-imidazole 5c (Table 1). The
absence of 5c as a product from the photochemical reaction
confirmed that a 1,5-hydrogen atom abstraction from the benzylic
position was not occurring, and that the cause of the reduction in
the Bu3SnH-mediated reaction was the slower cyclisation of 2c in
comparison to the intermolecular reduction by Bu3SnH. Jones and
Fiumana found that the indol-2-yl radical will undergo a similar
seven-membered cyclisation onto a phenyl ring, but as Bu3SnH
was used, significant reduction also occurred.3d Higher isolated
yields of 3c were not obtained because of degradation of 3c to
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Scheme 3


unidentifiable products with prolonged exposure to UV-light at
254 nm (as indicated by TLC).


Mechanism of the six-membered cyclisation


The six-membered cyclisation was further investigated using
4-aryl substituents on the 2-halo-1-(2-arylethyl)-1H-imidazole
substrates. The formation of 3b may conceivably occur via an initial
5-exo-trig followed by a rearrangement to the six-membered ring
or 6-exo/endo-trig of the imidazol-2-yl radical 2b (Scheme 3). The
yield of 9-chloro-5–6-dihydroimidazo[2, 1-a]isoquinoline 3e was
much improved using method B in comparison to the Bu3SnH–
AIBN procedure (method A) giving 3e in 66% yield with 13%
unaltered 1i. In order to deactivate the aryl ring towards nitration,
and allow for selective nitration at the diazole-2 or 3-positions
(see nitration discussion), iodide 1j containing a 4-trifluoromethyl
substituent on the aryl ring was irradiated at 254 nm giving cyclised
product 3f in 53% yield. Thus, iodide 1j gave the lowest yield of
cyclised product of all the aryl halide-containing substrates. This is
in line with the electrophilic character of the imidazol-2-yl radical
due to the inductive electron-withdrawing effect of the adjacent
nitrogen atoms11 creating a slower cyclisation for 2f compared to 2b
and 2d–e, since the CF3 substituent is more strongly deactivating
(inductively electron-withdrawing) than the 4-fluoro and chloro
substituents. The photolysis of iodide 1l yielded least cyclised


product (3g given in 32% yield), which is indicative of the strong
electron-withdrawing nature of the nitro group (NO2). For the
photochemical reactions, this provides further support for a homo-
lysis mechanism, and the formation of r-imidazole radicals 2.


Therefore, all Bu3SnH–AIBN and photochemical mediated
cyclisations were selective giving only the 9-aryl substituted
isomeric products 3d–g, and no 8-substituted tricyclic products
8. The location of the aryl substituent at the 9- rather than the 8-
position of 3d–g was ascertained by careful NMR analysis (refer
to the Experimental section). For example the location of the 10-
H of 3f was obtained from its down field location, as a singlet
at 8.31 ppm in the 1H NMR spectrum. This signal did not give
any NOE enhancement. The HMQC, 1H-13C NMR 2D spectra
allowed us to assign the 10-CH at 121–124 ppm for 3b, 3e–f. The
10-CH appeared relatively up field in 3d at 110.2–110.5 ppm, and
the magnitude of C–F couplings allowed us to assign all aromatic
signals. The preparation of 3g and nitration to 4e (see nitration
discussion, Scheme 4) allowed us to confirm that the aryl-NO2


substituent in 3g and 4e is at the 9-position, since 4e is the isomer
of 4a.


The 5-exo-trig cyclisations give spirocycles 6a and 6b, which
would rearrange to tricyclic cyclohexadienyl radicals 7a and 7b
respectively. Oxidative rearomatisation of 7a would give tricyclic
products 3b, 3d–g, while oxidation of 7b would give the isomeric
products 8 (Scheme 3). The rearrangements of 6a to 7a and 6b to 7b
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Scheme 4


would involve 1,2-aryl (neophyl rearrangement) and 1,4-aryl shifts
respectively,24 and such rearrangements are thermodynamically
favoured since more stable ring-enlarged conjugated tertiary
cyclohexadienyl radicals 7a and 7b are formed. The absence of
isomeric products 8 from all our six-membered cyclisations would
support 5-exo- and 6-exo/endo pathways via intermediates 7a and
not 7b. However, we believe that the latter direct six-membered
cyclisation is more likely since rearrangement pathways via 6a–
b are most favoured at low tin hydride concentrations (i.e. the
photochemical reaction), and such spirocyclic intermediates were
not observed in flash photolysis studies of six-membered radical
cyclisations of r-pyridyl and aryl radicals onto aromatic rings.19


Further support for the 6-exo/endo pathway is provided by the
lack of a five-membered cyclisation for imidazol-2-yl radical 2a.


Nitration of tricyclic diazoles 3b, 3d–g


1-Methylimidazoles usually give a mixture of 4 and 5-nitro
isomers upon nitration under electrophilic aromatic substitution
conditions with the 4-isomer predominating.25 However, it was not
clear from the literature, where the substitution of the nitro group
would occur upon treatment of tricyclic diazoles 3b, 3d–g with
mixtures of concentrated nitric and sulfuric acid. The resultant
2 or 3-nitro-5,6-dihydroimidazo[2,1-a]isoquinolines would be of
interest, because of their conjugated ring system possibly leading
to lower reductive potentials than commercially available 1-alkyl-
2(5)-nitroimidazole antibiotics (more stable radical anion would
be formed upon single-electron reductive activation). Reductive
potentials are known to influence the cytotoxicity and selectivity
of bioreductive compounds.20,22


All nitration reactions gave only one product with the 2-position
of the diazole ring found to be the most easily nitrated (Scheme 4).
However nitration occurred at the 8-position as well as the 2-
position for 3b, 3d and 3e giving 2,8-dinitro compounds 4a (50%),
4b (70%) and 4c (70%), respectively. Thus activation of the 8-
position through p-conjugation of the adjacent 9-fluoro- and
chloro-substituents is significant. Deactivation of the aryl ring
was achieved with CF3 and NO2 substituents leading to selective
nitration at the 2-position of 3f and 3g giving 2-nitro and 2,9-
dinitro compounds 4d (68%) and 4e (50%) respectively. Compound
4e is an isomer of 4a, and was required to confirm that the nitration
of 3b had resulted in the NO2 substituent being located at the 8-
rather than the 9-position of 4a.


The location of the NO2 substituent at the 2-position rather
than the 3-position was ascertained using literature chemical
shifts for 4- and 5-nitro-1-alkylimidazoles.26 13C NMR spectra of
compounds 4a–e all contained CH at 123–125 ppm assigned to the
3-CH, which is of similar chemical shift magnitude to the 5-CH of


1-alkyl-4-nitroimidazoles, since the equivalent 5-nitro isomer has
4-CH at 132–133 ppm. Confirmation of assignments was obtained
using NOE irradiation at 8.62 ppm for the 3-CH of 4b, which gave
the required enhancement at 4.36–4.39 ppm for the NCH2 of the
fused six-membered ring.


Conclusions


Six-membered cyclisations of 2-iodo-N-(2-arylethyl)imidazoles
1g, 1i–j at 254 nm gave higher yields of 5,6-dihydroimidazo[2,1-
a]isoquinolines 3b, 3e–f than the equivalent radical cyclisations us-
ing 2-bromo(iodo)-N-(2-arylethyl)imidazoles 1b, 1e and 1j under
Bu3SnH–AIBN-mediated conditions. All Bu3SnH–AIBN reac-
tions gave a considerable amount of radical reduction products 5b,
5d–f, and the ratio of reduced/cyclised products increased for sub-
strates containing inductively electron withdrawing substituents at
the 4-position of the aryl ring (e.g. Cl and CF3). Yields of cyclised
product were also considerably less in photochemical reactions
of substrates containing 4-aryl deactivating substituents 1j and 1l
(CF3 and NO2, respectively) leading to the recovery of increasing
amounts of unaltered starting material. This is rationalised in
terms of slow cyclisation of an electrophilic r-imidazol-2-yl radical
onto a deactivated aromatic ring. The formation of 9-substituted
tricyclic imidazoles from the six-membered cyclisations inferred
that a 6-exo/endo cyclisation is the most likely route for formation
of tricyclic products.


A rare example of a seven-membered photochemical homolytic
aromatic substitution is provided by the conversion of 2-iodo-
1-(3-phenylpropyl)imidazole 1h into 6,7-dihydro-5H-imidazo[2,1-
a][2]benzazepine 3c. The equivalent Bu3SnH–AIBN-mediated
reaction gave only reduced product 5c. Attempted five-membered
cyclisations of 1-benzyl-2-halo-1H-imidazoles 1a, 1f and 1k under
both photochemical and Bu3SnH–AIBN-mediated conditions
gave only radical reduction product 5a or recovery of starting
material for the irradiation of the 2-chloro substrate 1k at 254 nm.


Although yields for the photochemical reactions could not be
improved, because of decomposition of products over prolonged
irradiation times, yields were always substantially greater than
the equivalent Bu3SnH method. The photochemical method
circumvents the use of toxic and hazardous initiators and allowed
a simpler work-up procedure. Thus, it is possible that this method
may be applicable to other intramolecular aromatic substitution
reactions of r-aryl and heteroaryl radicals previously carried out
using Bu3SnH–AIBN.


Nitration of unsubstituted 3b and 9-fluoro 3d and chloro 3e
substituted tricyclic diazoles occurred at 2 and 8-positions. Deac-
tivation of the fused aryl moiety in 3f and 3g by 9-trifluoromethyl
and nitro substituents allowed selective nitration at the 2-position.
Future work in our group will attempt preparations of 3-nitro-5,6-
dihydroimidazo[2,1-a]isoquinolines in order to compare reductive
and cytotoxicity properties with the 2-nitroisomers prepared in
this paper.


Experimental


General


Materials. All chemicals were obtained from Aldrich, except
AIBN, which was obtained from DuPont Chemical Solution
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Enterprise, and was re-crystallized using methanol before use.
Monitoring of reactions by thin later chromatography (TLC) was
performed using aluminium backed plates coated with silica gel
(Merck Kieselgel 60 F254). Column chromatography using silica
gel was carried out using Merck Kiesel 60 H silica.


Measurements. Melting points were measured on a Stuart
Scientific melting point apparatus SMP3. Elemental analysis was
carried out on a Perkin-Elmer 2400 Series II analyser. IR spectra
were acquired using a Perkin-Elmer Spec 1 with ATR attached.


All 1H and 13C NMR spectra were recorded at 400 and 100 MHz
respectively using a Jeol GXFT 400 MHz instrument equipped
with a DEC AXP 300 computer work station. Chemical shifts
are given in parts per million (ppm) and J values are in Hz. NMR
assignments were supported by NOE difference spectra (400 MHz)
and heteronuclear multiple-quantum correlation (HMQC) 1H–13C
2D spectra for compounds 3b, 3f, 3g and 4b. HMQC 1H–13C 2D
spectra were also carried out on compounds 1l, 3c, 3d, 4c, 4d and
5f.


Low and high resolution electron impact (EI) and chemical
ionisation (CI) mass spectra were obtained on a Micro Mass
GTC spectrometer. EPSRC National Mass Spectrometry Service
carried out low resolution EI on the Micromass Quattro II triple
quadrupole instrument and high-resolution mass spectrometry on
the Finnigan MAT 900 XLT in CI mode for compounds 1l, 3g and
4a–d.


Synthesis of radical precursors. 2-Bromo-1H-imidazole, 2-
chloro-1H-imidazole and 2-iodo-1H-imidazole were prepared us-
ing literature procedures.27 Radical precursors 1a–k were prepared
in mostly good to excellent yields of 59–93% (apart from 1j
prepared in 27% yield) by appropriate alkylation of the 2-halo-1H-
imidazoles with x-arylalkyl bromide using the procedure given for
1a as a representative example. Radical precursor 1l was prepared
differently, because 1-(2-bromoethyl)-4-nitrobenzene was found to
readily eliminate in the presence of sodium hydride to give 1-nitro-
4-vinylbenzene.


1-Benzyl-2-bromo-1H-imidazole (1a). 2-Bromo-1H-imidazole
(0.20 g, 1.36 mmol), sodium hydride (0.04 g, 1.63 mmol) in THF
(15 ml) were stirred at reflux for 1 h under a nitrogen atmosphere.
Benzyl bromide (0.26 ml, 2.18 mmol) was added and stirred at
reflux for a further 3 h. The solution was filtered and evaporated
to dryness to yield a residue, which was purified by column
chromatography using silica as absorbent with gradient elution
of hexane–ethyl acetate–methanol to yield the title compound 1a
(0.27 g, 84%) as a colourless oil. Spectroscopic data were consistent
with the literature.28


2-Bromo-1-(2-phenylethyl)-1H-imidazole (1b). 2-Bromo-1H-
imidazole (0.50 g, 3.40 mmol), sodium hydride (0.10 g, 4.08 mmol)
and (2-bromoethyl)benzene (0.74 ml, 5.44 mmol) in THF (40 ml)
gave the title compound 1b (0.53 g, 62%) as a cream solid; Rf 0.56
(1 : 1 hexane–ethyl acetate), mp 99–101 ◦C; (found: C, 52.3; H, 4.6;
N, 11.1. C11H11N2Br requires C, 52.6; H, 4.4; N, 11.1%); mmax/cm−1


3099, 1603, 1497, 1460, 1276, 1167, 1113, 913; dH (CDCl3) 3.00–
3.03 (2 H, t, J 7.3, CH2Ph), 4.11–4.15 (2 H, t, J 7.3, NCH2), 6.78
(1 H, s, Im-5-H), 6.94 (1 H, s, Im-4-H), 7.24–7.31 (5 H, m, Ph–
H); dC (CDCl3) 36.8 (CH2Ph), 49.1 (NCH2), 119.1 (Im-2-C), 121.9
(Im-5-CH), 126.9 (CH), 128.7–129.6 (CH), 136.9 (Ph-1-C); m/z
(EI) 250 (M+, 3%), 171 (100), 105 (52), 91 (85).


2-Bromo-1-(3-phenylpropyl)-1H-imidazole (1c). 2-Bromo-1H-
imidazole (0.16 g, 1.09 mmol), sodium hydride (0.03 g, 1.33 mmol)
and 3-(bromopropyl)benzene (0.26 ml, 1.74 mmol) in THF (15 ml)
gave title compound 1c (0.27 g, 93%) as a colourless oil; Rf 0.54
(1 : 1 hexane–ethyl acetate), (found: C, 54.0; H, 4.8; N, 10.6.
C12H13N2Br requires C, 54.4; H, 4.9; N, 10.6%); mmax/cm−11603,
1468, 1434, 1348, 1265, 1101, 908; dH (CDCl3) 2.04–2.13 (2 H, m,
2′-CH2), 2.62–2.66 (2 H, t, J 7.6, CH2Ph), 3.89–3.93 (2 H, t, J
7.1, NCH2), 6.95 (1 H, s, Im-5-H), 7.01 (1 H, s, Im-4-H), 7.16–
7.32 (5 H, m, Ph–H); dC (CDCl3) 31.6 (2′-CH2Ph), 32.4 (CH2Ph),
47.0 (NCH2), 119.4 (Im-2-C), 121.8 (Im-5-CH), 126.2 (CH), 128.2
(CH), 128.6 (CH), 129.9 (CH), 140.1 (Ph-1-C); m/z (EI) 266 (2),
264 (M+, 3%), 186 (17), 185 (100), 162 (30), 160 (31), 157 (14), 117
(29), 91 (50), 81 (28), 77 (15)


2-Bromo-1-[2-(4-fluorophenyl)ethyl]-1H -imidazole (1d). 2-
Bromo-1H-imidazole (0.50 g, 3.40 mmol), sodium hydride
(0.10 g, 4.08 mmol) and 1-(2-bromoethyl)-4-fluorobenzene (1.10 g,
5.44 mmol) in THF (40 ml) gave title compound 1d (0.78 g, 86%) as
a cream solid; Rf 0.46 (1 : 1 hexane–ethyl acetate), mp 80–82 ◦C;
mmax/cm−1 3099, 1601, 1509, 1464, 1279, 1220, 914; dH (CDCl3)
2.99–3.02 (2 H, t, J 7.1, CH2Ar), 4.10–4.14 (2 H, t, J 7.1, NCH2),
6.76–6.77 (1 H, d, J 1.5, Im-5-H), 6.96–7.05 (5 H, m, Ar–H); dC


(CDCl3) 36.0 (CH2Ar), 49.1 (NCH2), 115.5–115.7 (d, JC–F 21.1,
Ar-3,5-CH), 119.2 (Im-2-C), 121.9 (Im-5-CH), 129.8 (Im-4-CH),
130.2–130.3 (d, JC–F 9.0, Ar-2,6-CH), 132.6 (Ar-1-C), 160.7–163.7
(d, JC–F 243.9, Ar-4-C); m/z (EI) 268.0016 (5%, M+, C11H10N2BrF
requires M+ 268.0011), 189 (100), 109 (98).


2-Bromo-1-[2-(4-chlorophenyl)ethyl]-1H -imidazole (1e). 2-
Bromo-1H-imidazole (0.38 g, 2.59 mmol), sodium hydride (0.07 g,
2.90 mmol) and 1-(2-bromoethyl)-4-chlorobenzene (0.57 g,
4.13 mmol) in THF (30 ml) gave title compound 1e (0.52 g, 71%) as
a yellow oil; Rf 0.66 (1 : 1 hexane–ethyl acetate); mmax/cm−1 1598,
1492, 1467, 1434, 1267, 1092, 1015, 908; dH (CDCl3) 2.98–3.02
(2 H, t, J 7.3, CH2Ar), 4.11–4.14 (2 H, t, J 7.3 Hz, NCH2), 6.77
(1 H, s, Im-5-H), 6.96 (1 H, s, Im-4-H), 6.99–7.01 (2 H, d, J 8.3,
Ar–H), 7.25–7.27 (2 H, d, J 8.3, Ar–H); dC (CDCl3) 36.2 (CH2Ar),
48.9 (NCH2), 119.1 (Im-2-C), 122.0 (Im-5-CH), 128.9 (CH), 129.8
(CH), 130.1 (CH), 132.7 (C), 135.3 (C); m/z 283.9714 (2%, M+,
C11H10N2BrCl requires M+ 283.9716), 286 (22), 284 (14), 205 (100),
160 (6), 158 (8), 139 (3), 138 (2), 127 (5), 125 (92), 103 (2).


1-Benzyl-2-iodo-1H-imidazole (1f). 2-Iodo-1H-imidazole (0.35 g,
1.81 mmol), sodium hydride (0.05 g, 2.08 mmol) and benzyl
bromide (0.26 ml, 2.17 mmol) in THF (25 ml) gave title compound
1f (0.30 g, 59%) as a cream solid; Rf 0.44 (1 : 1 hexane–ethyl
acetate), mp 99–100 ◦C (lit.,29 99–101 ◦C), (found: C, 42.4; H, 3.4;
N, 9.8. C10H9N2I requires C, 42.4; H, 3.2; N, 9.9%). Spectroscopic
data were consistent with the literature.29


2-Iodo-1-(2-phenylethyl)-1H-imidazole (1g). 2-Iodo-1H-imi-
dazole (0.40 g, 2.06 mmol), sodium hydride (0.06 g, 2.47 mmol)
and (2-bromoethyl)benzene (0.45 ml, 3.30 mmol) in THF (25 ml)
gave title compound 1g (0.51 g, 83%) as a cream solid; Rf 0.66 (ethyl
acetate), mp 99–101 ◦C, (found: C, 44.1; H, 3.5; N, 9.0. C11H11N2I
requires C, 44.3; H, 3.7; N, 9.4%); mmax/cm−1 1587, 1490, 1450,
1420, 1263, 1090, 1057, 933, 910; dH (CDCl3) 3.00–3.04 (2 H, t, J
7.3, CH2Ph), 4.10–4.14 (2 H, t, J 7.3, NCH2), 6.87 (1 H, s, Im-5-H),
7.04 (1 H, s, Im-4-H), 7.09–7.10 (2 H, d, J 6.8, Ph–H), 7.25–7.32
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(3 H, m, Ph–H); dC (CDCl3) 37.2 (CH2Ph), 50.9 (NCH2), 89.7 (Im-
2-C), 123.0 (Im-5-CH), 127.0 (CH), 128.7 (CH), 132.4 (CH), 136.9
(Ph-1-C); m/z (EI) 297.9962 (14%, M+, C11H11N2I requires M+


297.9967), 207 (63), 172 (100), 171 (78), 170 (49), 156 (72), 126
(77), 105 (56), 104 (29), 103 (26), 91 (78).


2-Iodo-1-(3-phenylpropyl)-1H-imidazole (1h). 2-Iodo-1H-imi-
dazole (0.38 g, 1.96 mmol), sodium hydride (0.06 g, 2.45 mmol)
and 3-(bromopropyl)benzene (0.51 ml, 3.33 mmol) in THF (25 ml)
gave title compound 1h (0.51 g, 83%) as a cream solid; Rf 0.53 (ethyl
acetate), mp 97–99 ◦C, (found: C, 46.4; H, 4.3; N, 9.0. C12H13N2I
requires C, 46.2; H, 4.2; N, 9.0%); mmax/cm−1 1603, 1453, 1423,
1264, 1096, 908; dH (CDCl3) 2.06–2.14 (2 H, m, 2′-CH2Ph), 2.63–
2.67 (2 H, t, J 7.8, CH2Ph), 3.88–3.92 (2 H, t, J 7.3, NCH2), 7.01 (1
H, s, Im-5-H), 7.09 (1 H, s, Im-4-H), 7.17–7.32 (5 H, m, Ph–H); dC


(CDCl3) 31.9 (2′-CH2Ph), 32.5 (CH2Ph), 48.9 (NCH2), 90.0 (Im-2-
C), 122.8 (Im-5-CH), 126.3 (CH), 128.3 (CH), 128.6 (CH), 132.60
(CH), 140.2 (Ph-1-C); m/z (EI) 312 (8%), 208 (69), 185 (100), 127
(95), 117 (79), 91 (97).


1-[2-(4-Chlorophenyl)ethyl]-2-iodo-1H-imidazole (1i). 2-Iodo-
1H-imidazole (0.50 g, 2.57 mmol), sodium hydride (0.07 g,
3.08 mmol) and 1-(2-bromoethyl)-4-chlorobenzene (0.85 g,
3.87 mmol) in THF (35 cm3) gave title compound 1i (0.53 g, 62%)
as a yellow oil; Rf 0.72 (ethyl acetate); mmax/cm−1 1597, 1491, 1458,
1423, 1265, 1090, 1015, 907; dH (CDCl3) 2.96–3.00 (2 H, t, J 7.1,
CH2Ar), 4.06–4.10 (2 H, t, J 7.1, NCH2), 6.83 (1 H, s, Im-5-H),
7.00–7.03 (2 H, d, J 8.2, Ar–H), 7.03 (1H, s, Im-4-H), 7.24–7.25
(2 H, d, J 8.2, Ar–H); dC (CDCl3) 36.6 (CH2Ar), 50.8 (NCH2), 89.9
(Im-2-C), 123.1 (Im-5-CH), 129.0 (CH), 130.0 (CH), 132.7 (CH),
133.0 (C), 135.3 (C); m/z (EI) 331.9576 (24%, M+, C11H10N2ClI
requires M+ 331.9577), 207 (60), 206 (10), 205 (100), 204 (15), 170
(24), 169 (13), 127 (24), 125 (82), 103 (20).


2-Iodo-1-{2-[4-(trifluoromethyl)phenyl]ethyl}-1H-imidazole (1j).
2-Iodo-1H-imidazole (0.37 g, 1.91 mmol), sodium hydride (0.06 g,
2.29 mmol) and 1-(2-bromoethyl)-4-(trifluoromethyl)benzene
(0.72 g, 2.86 mmol) in THF (35 ml) gave title compound 1j (0.19 g,
27%) as a yellow oil; Rf 0.50 (ethyl acetate); mmax/cm−1 1619, 1459,
1424, 1323, 1162, 1009, 1065, 1018; dH (CDCl3) 3.07–3.11 (2 H,
J 7.3, CH2Ar), 4.13–4.16 (2 H, t, J 7.3, NCH2), 6.87 (1 H, s, Im-
5-H), 7.05 (1 H, s, Im-4-H), 7.19–7.21 (2 H, d, J 8.3, Ar-2,6-H),
7.54–7.56 (2 H, d, J 8.3, Ar-3,5-H); dC (CDCl3) 36.9 (CH2Ar),
50.3 (NCH2), 89.8 (Im-2-C), 122.9 (Im-5-CH), 125.6 (CH), 129.1
(CH), 132.6 (CH), 140.9 (C); m/z (CI) 366.9912 (100%, M + H+,
C12H11N2F3I requires M + H+ 366.9919), 346 (14).


1-Benzyl-2-chloro-1H-imidazole (1k). 2-Chloro-1H-imidazole
(0.14 g, 1.37 mmol), sodium hydride (0.04 g, 1.50 mmol) and
benzyl bromide (0.16 ml, 1.37 mmol) in THF (20 ml) gave title
compound 1k (0.22 g, 84%) as a colourless oil; Rf 0.61 (1 : 1
hexane–ethyl acetate); mmax/cm−1 1471, 1454, 1437, 1388, 1362,
1272, 1105, 910; dH (CDCl3) 5.07 (2 H, s, CH2), 6.87 (1 H, s, Im-
5-H), 6.95 (1H, s, Im-4-H), 7.13–7.15 (2 H, m, Ph–H), 7.30–7.35
(3 H, m, Ph–H); dC (CDCl3) 50.3 (CH2), 121.2 (Im-5-CH), 127.4
(Im-4-CH), 128.4 (CH), 128.6 (CH), 129.1 (CH), 132.3 (C), 135.5
(C); m/z (EI) 194 (30), 192.0449 (88%, M+, C10H9N2Cl requires M+


192.0454) 92 (100), 91 (92), 65 (31).


2-Iodo-1-[2-(4-nitrophenyl)ethyl]-1H-imidazole (1l). 2-Iodo-1H-
imidazole (0.67 g, 3.45 mmol) and potassium carbonate (0.48 g,


3.45 mmol) in DMF (80 ml) were stirred at reflux for 30 min.
1-(2-Bromoethyl)-4-nitrobenzene (0.42 g, 6.90 mmol) was added
and stirred at reflux for a further 2 h. The solution was filtered and
evaporated to dryness to yield a residue, which was purified by
column chromatography using silica as absorbent with gradient
elution of hexane–ethyl acetate–methanol to yield title compound
1l (0.46 g, 39%) as a yellow oil; Rf 0.44 (ethyl acetate); mmax/cm−1


1600, 1513 (NO2), 1424, 1343 (NO2), 1264, 1095; dH (CDCl3) 3.12–
3.16 (2 H, t, J 7.1, CH2Ar), 4.15–4.19 (2 H, t, J 7.1, NCH2),
6.84 (1 H, s, Im-5-H), 7.04 (1 H, s, Im-4-H), 7.23–7.25 (2 H, d,
J 8.5, Ar-2,6-H), 8.13–8.15 (2 H, d, J 8.5, Ar-3,5-H); dC (CDCl3)
37.1 (CH2Ar), 50.1 (NCH2), 90.0 (Im-2-C), 123.0 (Im-5-CH),
124.1 (Ar-3,5-CH), 129.9 (Ar-2,6-CH), 133.0 (Im-4-CH), 144.6
(C), 147.3 (C); m/z (CI) 343.9895 (66%, M + H+, C11H11N3O2I
requires M + H+ 343.9890), 314 (16), 216 (16), 188 (33), 186 (18),
91 (100).


General procedure for Bu3SnH-mediated radical cyclisations
(method A)


Attempted synthesis of 5H-imidazo[2,1-a]isoindole (3a)23b using
method A. Bu3SnH (0.67 ml, 2.53 mmol) and AIBN (1.04 g,
6.33 mmol) in acetonitrile (50 ml) was added over 8 h via syringe
pump to 1a (0.50 g, 2.11 mmol) in acetonitrile (125 ml) at reflux
under a nitrogen atmosphere. The solution was stirred at reflux for
a further 1 h, cooled to ambient temperature and evaporated to
dryness. Hydrochloric acid (4 M, 30 ml) was added, and the acidic
solution washed with hexane (20 × 30 ml). The aqueous solution
was basified with saturated sodium carbonate solution (40 ml),
extracted with dichloromethane (3 × 70 ml) and dried (MgSO4).
The organic extracts were evaporated to dryness to yield a brown
residue, which was purified by column chromatography using silica
gel as absorbent with gradient elution of hexane and ethyl acetate
as eluent to yield 1-benzyl-1H-imidazole 5a (0.15 g, 45%) as white
needles; mp 70–72 ◦C (mp30 70–72 ◦C), (found: C, 75.9; H, 6.3; N,
17.5. C10H10N2 requires C, 75.9; H, 6.3; N, 17.7%); spectroscopic
data were consistent with the literature.30


5,6-Dihydroimidazo[2,1-a]isoquinoline (3b)23c using method A.
Bu3SnH (0.32 ml, 1.20 mmol), AIBN (0.49 g, 2.99 mmol) in
acetonitrile (24 ml) and 1b (0.25 g, 1.00 mmol) in acetonitrile
(60 ml) gave title compound 3b (0.06 g, 35%) and 1-(2-phenylethyl)-
1H-imidazole (0.04 g, 26%) in order of elution after column
chromatography.


3b, yellow oil; Rf 0.30 (ethyl acetate); mmax/cm−1 1499, 1471,
1452, 1327, 1282, 1099; dH (CDCl3) 3.14–3.17 (2 H, t, J 6.8,
CH2Ar), 4.15–4.19 (2 H, t, J 6.8, NCH2), 6.94 (1 H, s, 3-H),
7.15 (1 H, s, 2-H), 7.22–7.36 (3 H, m, Ar–H), 8.03 (1 H, d, J 7.8,
10-H); NOE irradiation at dH 8.03 led to enhancement at dH 7.22–
7.36; dC (CDCl3) 28.5 (CH2Ar), 43.4 (NCH2), 119.3 (3-CH), 123.5
(10-CH), 126.6 (6a-C), 127.6 (CH), 127.8 (CH), 128.4 (CH), 128.6
(CH), 132.5 (10a-C), 144.0 (10b-C); m/z (EI) 170.0846 (100%, M+,
C11H10N2 requires M+ 170.0844), 169 (60), 168 (57), 128 (16).


1-(2-Phenylethyl)-1H-imidazole (5b). yellow oil, Rf 0.50 (1 : 4
methanol–ethyl acetate); spectroscopic data were consistent with
the literature.31


Attempted synthesis of 6,7-dihydro-5H-imidazo[2,1-a][2]benz-
azepine (3c)23c using method A. Bu3SnH (0.54 ml, 2.04 mmol),
AIBN (0.84 g, 5.09 mmol) in acetonitrile (40 ml) and 1c (0.45 g,
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1.70 mmol) in acetonitrile (102 ml) gave 1-(3-phenylpropyl)-
1H-imidazole 5c (0.19 g, 65%) as a yellow oil; Rf 0.50 (1 : 4
methanol–ethyl acetate); spectroscopic data were consistent with
the literature.31


9-Fluoro-5,6-dihydroimidazo[2,1-a]isoquinoline (3d) using method
A. Bu3SnH (0.77 ml, 2.90 mmol), AIBN (1.20 g, 7.26 mmol) in
acetonitrile (57 ml) and 1d (0.65 g, 2.42 mmol) in acetonitrile
(145 ml) gave title compound 3d (0.15 g, 32%) and 1-[2-(4-
fluorophenyl)ethyl]-1H-imidazole (0.09 g, 19%) in order of elution
after column chromatography.


3d, yellow oil; Rf 0.44 (ethyl acetate); mmax/cm−1 1615, 1504,
1467, 1449, 1282, 1210, 1168, 872; dH (CDCl3) 3.10–3.13 (2 H, t,
J 6.8, CH2Ar), 4.14–4.18 (2 H, t, J 6.8, NCH2), 6.93–6.97 (2 H,
m, Ar–H), 7.15–7.20 (2 H, m, Ar–H), 8.03 (1 H, m, 10-H); dC


(CDCl3) 27.9 (CH2Ar), 43.4 (NCH2), 110.2–110.5 (d, JC–F 25.1,
10-CH), 114.9–115.2 (d, JC–F 22.0, 8-CH), 119.5 (3-CH), 127.9 (6a-
C), 128.8–128.9 (d, JC–F 10.0, 10a-C), 129.3 (2-CH), 129.3–129.4
(d, J 7.0, 7-CH), 143.4 (10b-C), 161.1–163.5 (d, JC–F 244.8, C–F);
m/z (EI) 188.0750 (72%, M+, C11H9N2F requires M+ 188.0750),
187 (100), 146 (2).


1-[2-(4-Fluorophenyl)ethyl]-1H-imidazole (5d). yellow oil; Rf


0.45 (1 : 4 methanol–ethyl acetate); spectroscopic data were
consistent with the literature.31


9-Chloro-5,6-dihydroimidazo[2,1-a ]isoquinoline (3e) using
method A. Bu3SnH (0.53 ml, 2.02 mmol) and AIBN (0.83 g,
5.04 mmol) in acetonitrile (40 ml) and 1e (0.48 g, 1.68 mmol) in
acetonitrile (100 ml) gave the title compound 3e (0.07 g, 20%) and
1-[2-(4-chlorophenyl)ethyl]-1H-imidazole (0.11 g, 31%) in order
of elution after column chromatography.


3e, white solid; Rf 0.50 (ethyl acetate), mp 63–66 ◦C; mmax/cm−1


1601, 1498, 1456 1426, 1281, 1088; dH (CDCl3) 3.11–3.14 (2 H, t,
J 6.8, CH2Ar), 4.15–4.18 (2 H, t, J 6.8, NCH2), 6.95 (1 H, s, 3-H),
7.05–7.26 (3 H, m, Ar–H), 8.02 (1 H, J 1.5 Hz, 10-H); dC (CDCl3)
28.1 (CH2Ar), 43.2 (NCH2), 119.5 (3-CH), 123.6 (10-CH), 128.2
(CH), 128.7 (C), 129.1 (CH), 129.5 (CH), 130.5 (C), 133.6 (C),
143.1 (10b-C); m/z (EI) 206 (9), 205 (3), 204.0449 (100%, M+,
C11H9N2Cl requires M+ 204.0454), 203 (33).


1-[2-(4-chlorophenyl)ethyl]-1H-imidazole (5e). colourless oil;
Rf 0.52 (1 : 4 methanol–ethyl acetate); spectroscopic data were
consistent with the literature.31


9-(Trifluoromethyl)-5,6-dihydroimidazo[2,1-a]isoquinoline (3f)
using method A. Bu3SnH (0.11 ml, 0.42 mmol) and AIBN (0.18 g,
1.06 mmol) in acetonitrile (8 ml) and 1j (0.13 g, 0.35 mmol)
in acetonitrile (21 ml) gave the title compound 3f (0.02 g, 21%)
and 1-{2-[4-(trifluoromethyl)phenyl]ethyl}-1H-imidazole (0.04 g,
51%) in order of elution after column chromatography, 3f, white
solid, Rf 0.45 (ethyl acetate); mp 130–132 ◦C; mmax/cm−1 1630,
1461, 1324, 1264, 1162, 1103, 1067, 902; dH (CDCl3) 3.20–3.24 (2
H, t, J 6.8, CH2Ar), 4.19–4.23 (2 H, t, J 6.8, NCH2), 6.98 (1 H, s,
3-H), 7.18 (1 H, s, 2-H), 7.34–7.36 (1 H, d, J 7.8, 7-H), 7.50–7.51
(1 H, d, J 7.8, 8-H), 8.31 (1 H, s, 10-H); NOE irradiation at dH


3.20–3.24 led to enhancement at dH 4.19–4.23 and dH 7.34–7.36.
Irradiation at dH 4.19–4.23 led to enhancement at dH 3.20–3.24
and dH 6.98. Irradiation at dH 7.34–7.36 led to an enhancement
at dH 3.20–3.24 and dH 7.50–7.51. Irradiation at dH 8.31 gave no
observed enhancement; dC (CDCl3) 28.5 (CH2Ar), 43.0 (NCH2),
119.6 (3-CH), 120.6 (10-CH), 124.8 (8-CH), 127.8 (6a-C), 128.3


(7-CH), 129.7 (2-CH), 135.9 (10a-C) 143.2 (10b-C), 149.7 (9-C);
m/z (EI) 238.0723 (100%, M+, C12H9N2F3 requires M+ 238.0718),
203 (32), 168 (12).


1-{2-[4-(Trifluoromethyl)phenyl]ethyl}-1H-imidazole (5f).
colourless oil; Rf 0.50 (1 : 4 methanol–ethyl acetate); mmax/cm−1


1619, 1506, 1300, 1162, 1106, 1065, 1019, 906; dH (CDCl3) 3.09–
3.13 (2 H, t, J 6.8, CH2Ar), 4.18–4.21 (2 H, t, J 6.8, NCH2), 6.83 (1
H, s, Im-5-H), 7.05 (1 H, s, Im-4-H), 7.14–7.16 (2 H, d, J 7.8, Ar-
2,6-H), 7.30 (1 H, s, Im-2-H), 7.53–7.55 (2 H, d, J 7.8, Ar-3,5-H);
dC (CDCl3) 37.6 (CH2Ar), 48.0 (NCH2), 118.6 (Im-5-CH), 125.6
(Ar-3,5-CH), 128.9 (Ar-2,6-CH), 129.7 (Im-4-CH), 137.0 (Im-2-
CH), 141.4 (Ar-1-C); m/z (EI) 240.0874 (100%, M+, C12H11N2F3


requires M+ 240.0874), 203 (32), 168 (12).


Information on the photochemical reactor


The photochemical reactions were carried out at 254 and 366 nm
using Rayonet photochemical reactors, RPR-100, encompassing
sixteen mercury lamps.


General procedure for photochemical radical cyclisations
(method B)


5,6-Dihydroimidazo[2,1-a]isoquinoline (3b) using photochemical
reactor. A solution of 1g (0.41 g, 1.37 mmol) in acetonitrile
(70 ml) was degassed with N2 for 20 min in a cylindrical quartz
tube, and irradiated at 254 nm. The reaction was monitored by
TLC, and removed when the starting iodide 1g appeared to be
consumed, in this case after 4 h. The solution was evaporated
to dryness, and 30% sodium carbonate solution (30 ml) added,
and extracted with dichloromethane (2 × 30 ml). The combined
organic extracts dried (MgSO4) and evaporated to dryness to yield
a brown residue, which was purified by column chromatography
using silica gel as absorbent with gradient elution of hexane and
ethyl acetate as eluent to yield the title compound 3b (0.16 g, 70%),
and recovered starting material 1g (0.03 g, 7%).


Method C. The procedure for method B was repeated using 1g
(0.20 g, 0.67 mmol) in acetonitrile (34 ml) degassed with N2 for
20 min in a cylindrical Pyrex tube, and irradiated at 366 nm for
15 h giving recovered starting material 1g (0.20 g, 100%).


Method D. The procedure for method B was repeated using 1g
(0.20 g, 0.67 mmol) in acetonitrile (34 ml) purged with O2 for
20 min in a cylindrical quartz tube, and irradiated at 254 nm for
4 h giving 3b (0.07 g, 61%), and recovered starting material 1g
(0.03 g, 14%) after column chromatography.


Method E. The procedure for method B was repeated using 1g
(0.20 g, 0.67 mmol) and benzophenone (0.61 g, 3.56 mmol) in
acetonitrile (34 ml) degassed with N2 for 20 min in a cylindrical
quartz tube, and irradiated at 254 nm for 10 h giving recovered
starting material 1g (0.19 g, 97%) after column chromatography.


Attempted synthesis of 5H-imidazo[2,1-a]isoindole (3a) using
method B. A solution of 1f (0.20 g, 0.70 mmol) in acetonitrile
(35 ml) was irradiated at 254 nm for 10 h giving 1-benzyl-1H-
imidazole 5a (0.05 g, 45%) and recovered starting material (0.01g,
5%) after column chromatography.


A solution of 1k (0.20 g, 1.03 mmol) in acetonitrile (50 ml)
was irradiated at 254 nm for 10 h, but only unaltered starting
material 1k (0.02 g, 100%) was recovered. The reaction gave
identical results when carried out in 2 M hydrochloric acid
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solution under analogous conditions. Except to isolate 1k from the
acidic solution, the solution was basified with saturated sodium
carbonate solution. Extracted with dichloromethane (3 × 70 ml),
dried (MgSO4), and evaporated to dryness.


6,7-Dihydro-5H-imidazo[2,1-a][2]benzazepine (3c) using method
B. A solution of 1h (0.32 g, 1.02 mmol) in acetonitrile (50 ml) was
irradiated for 6 h giving the title compound 3c (0.09 g, 48%) as a
yellow oil; Rf 0.41 (ethyl acetate); mmax/cm−1 2937, 1528, 1493, 1467,
1451, 1265, 1107, 1022, 915; dH (CDCl3) 2.28–2.31 (2 H, m, 6-CH2),
2.68–2.71 (2 H, t, J 7.1, CH2Ar), 3.87–3.90 (2 H, t, J 6.9, NCH2),
6.99 (1 H, s, 3-H), 7.11 (1 H, s, 2-H), 7.23–7.31 (3 H, m, Ar–H), 8.31
(1 H, d, J 7.3, 11-H); dC (CDCl3) 30.9 (6-CH2), 31.4 (CH2Ar), 44.6
(NCH2), 120.8 (3-CH), 127.2 (CH), 128.2 (CH), 128.6 (CH), 129.1
(CH), 129.3 (CH), 131.3 (7a-C), 138.1 (11a-C), 148.3 (11b-C); m/z
(EI) 184.1000 (100%, M+, C12H12N2 requires M+ 184.1000), 183
(82), 169 (16), 156 (8), 128 (4), and recovered starting material 1h
(0.03 g, 10%) after column chromatography.


9-Chloro-5,6-dihydroimidazo[2,1-a]isoquinoline (3e) using
method B. A solution of 1i (0.32 g, 0.96 mmol) in acetonitrile
(48 ml) was irradiated at 254 nm for 5 h giving the title compound
3e (0.13 g, 66%), and recovered starting material 1i (0.04 g, 13%)
after column chromatography.


9-(Trifluoromethyl)-5,6-dihydroimidazo[2,1-a]isoquinoline (3f)
using method B. A solution of 1j (0.27 g, 0.74 mmol) in
acetonitrile (35 ml) was irradiated at 254 nm for 5 h giving the
title compound 3f (0.09 g, 53%), and recovered starting material
1j (0.04 g, 15%) after column chromatography.


9-Nitro-5,6-dihydroimidazo[2,1-a]isoquinoline (3g) using method
B. A solution of 1l (0.40 g, 1.17 mmol) in acetonitrile (55 ml)
was irradiated at 254 nm for 5 h giving the title compound 3g
(0.08 g, 32%), as a yellow solid; mp 218–220 ◦C; Rf 0.32 (ethyl
acetate); mmax/cm−1 1590, 1514 (NO2), 1499, 1337 (NO2), 1283,
1099, 1050; dH (CDCl3) 3.23–3.27 (2 H, t, J 6.9, CH2Ar), 4.21–
4.25 (2 H, t, J 6.9, NCH2), 6.99 (1 H, s, 3-H), 7.18 (1 H, s, 2-
H), 7.37–7.39 (1 H, d, J 8.4, 7-H), 8.06–8.08 (1 H, dd, J 8.4, J
2.0, 8-H), 8.82–8.83 (1 H, d, J 2.0, 10-H); NOE irradiation at
dH 3.23–3.27 led to enhancement at dH 4.21–4.25 and dH 7.37–
7.39. Irradiation at dH 8.06–8.08 led to enhancement at dH 7.37–
7.39. Irradiation of dH 8.83 gave no observed enhancement; dC


(CDCl3) 28.6 (CH2Ar), 42.7 (NCH2), 118.4 (10-CH), 119.9 (Im-3-
CH), 122.6 (8-CH), 128.4 (6a-C), 128.8 (7-CH), 130.0 (2-CH),
138.8 (10a-C), 142.3 (10b-C), 147.9 (9-C); m/z (CI) 216.0768
(100%, M + H+, C11H10N3O2 requires M + H+ 216.0768), 186
(74), and recovered starting material 1l (0.14 g, 36%) after column
chromatography.


General procedure for nitration


2,8-Dinitro-5,6-dihydroimidazo[2,1-a]isoquinoline (4a). Nitric
acid (0.15 ml, 65%) was added drop-wise to a stirred solution
of 3b (0.04 g, 0.23 mmol) in concentrated sulfuric acid (0.75 ml)
at 0 ◦C. The mixture was stirred at room temperature for 30 min,
poured onto ice-water (2.50 ml) and neutralised with ammonium
hydroxide (1.50 ml, 15 M). The title compound 4a was precipitated
(0.03 g, 50%) as a red solid, mp 230–232 ◦C (from ethanol);
mmax/cm−1 3164, 1528 (NO2), 1336 (NO2), 1307, 1121, 828, 795;
dH {(CD3)2SO} ca. 3.31–3.33 (covered by water in DMSO, 2 H,


CH2Ar), 4.34–4.37 (2 H, t, J 7.1, NCH2), 8.06–8.09 (1 H, d,
J 8.7, 10-H), 8.19–8.22 (1 H, d, J 8.7, 9-H), 8.30 (1 H, s, 7-H), 8.57
(1 H, s, 3-H); dC {(CD3)2SO} 29.0 (CH2Ar), 42.3 (NCH2), 125.2
(CH), 125.3 (CH), 125.9 (CH), 127.1 (CH), 133.0 (C), 138.4 (C),
143.1 (C), 149.5 (C), 150.1 (C); m/z (CI) 261.0618 (31%, M + H+,
C11H9N4O4 requires M + H+ 261.0622), 163 (62), 102 (33), 52 (100).


9-Fluoro-2,8-dinitro-5,6-dihydroimidazo[2,1-a]isoquinoline (4b).
Nitric acid (0.40 ml, 65%), concentrated sulfuric acid (2.20 ml)
and 3d (0.125 g, 0.67 mmol) gave the title compound 4b (0.13 g,
70%) as an orange solid, mp 253–256 ◦C (from ethanol); mmax/cm−1


3121, 1531 (NO2), 1498, 1471, 1358 (NO2), 1338, 1330, 912; dH


{(CD3)2SO} ca. 3.31–3.33 (covered by water in DMSO, 2 H,
CH2Ar), 4.36–4.39 (2 H, t, J 6.8, NCH2), 7.93–7.95 (1 H, d, J
11.7, 10-H), 8.27–8.29 (1 H, d, J 7.8, 7-H), 8.62 (1 H, s, 3-H);
NOE irradiation at dH 4.36–4.39 led to enhancement at dH 8.62.
Irradiation at dH 8.62 led to enhancement at dH 4.36–4.39; dC


{(CD3)2SO} 25.9 (CH2Ar), 43.2 (NCH2), 112.7–112.9 (d, JC–F 23.1
10-CH), 123.2 (3-CH), 126.4 (7-CH), 131.2 (C), 131.6 (C), 136.8
(C), 139.8 (C), 147.1 (10b-C), 152.7–155-3 (d, JC–F 261.0, C–F);
m/z (CI) 296.0791 (100%, M + NH4


+, C11H11N5O4 requires M +
NH4


+ 296.0790), m/z (EI) 278 (M+, 65%), 248 (23), 193 (50), 158
(65), 147 (75), 132 (72), 120 (52).


9-Chloro-2,8-dinitro-5,6-dihydroimidazo[2,1-a]isoquinoline (4c).
Nitric acid (0.1 ml, 65%), concentrated sulfuric acid (0.6 ml) and
3e (0.04 g, 0.19 mmol) gave the title compound 4c (0.04 g, 70%) as a
orange solid, mp 245–247 ◦C (from ethanol); mmax/cm−1 3125, 1531
(NO2), 1351 (NO2), 1121, 1335, 1315, 943, 913; dH {(CD3)2SO} ca.
3.31–3.33 (covered by water in DMSO, 2 H, CH2Ar), 4.34–4.37
(2 H, t, J 6.8, NCH2), 8.09 (1 H, s, 10-H), 8.21 (1 H, s, 7-H),
8.61 (1 H, s, 3-H); dC {(CD3)2SO} 26.2 (CH2Ar), 43.1 (NCH2),
123.7 (3-CH), 124.8 (C), 126.2 (10-CH), 126.5 (7-CH), 130.3 (C),
135.5 (C), 140.2 (10b-C), 147.6 (C), 147.8 (C); m/z (CI) 295.0230
(100%, M + H+, C11H8N4O4Cl requires M + H+ 295.0229), m/z
(EI): 296 (9), 294 (M+, 3), 264 (5), 209 (6), 140 (11), 128 (10), 46
(100).


2-Nitro-9-(trifluoromethyl)-5,6-dihydroimidazo[2,1-a]isoquinoline
(4d). Nitric acid (0.25 ml, 65%), concentrated sulfuric acid
(1.2 ml) and 3f (90 mg, 0.37 mmol) gave the title compound 4d
(0.07 g, 68%) as a orange solid, mp 186–188 ◦C (from ethanol);
mmax/cm−1 3141, 1530 (NO2), 1326 (NO2), 1301, 1165, 1113, 1067,
819, 737; dH {(CD3)2SO} ca. 3.31–3.33 (covered by water in
DMSO, 2 H, CH2Ar), 4.31–4.35 (2 H, t, J 6.8, NCH2), 7.62–7.64
(1 H, d, J 8.7, 7-H), 7.76–7.78 (1 H, d, J 8.7, 8-H), 8.05 (1 H, s,
10-H), 8.53 (1 H, s, 3-H); dC {(CD3)2SO} 27.4 (CH2Ar), 43.2
(NCH2), 120.2 (10-CH), 123.1 (3-CH), 126.3 (C), 126.9 (8-CH),
128.8 (C), 129.1 (C), 130.4 (7-CH), 139.5 (C), 141.7 (C), 147.4
(C); m/z (CI) 301 (22%, M + NH4


+), 284.0642 (67%, M + H+,
C12H9N3O2F3 requires M + H+ 284.0641), 254 (100), 239 (25),
233 (36).


2,9-Dinitro-5,6-dihydroimidazo[2,1-a]isoquinoline (4e). Nitric
acid (0.1 ml, 65%), concentrated sulfuric acid (0.6 ml) and 3g
(0.04 g, 0.19 mmol) gave the title compound 4e (0.03 g, 50%) as
a red solid, mp 204–206 ◦C. mmax/cm−1 1517 (NO2), 1342 (NO2),
1299, 1055, 1051; dH {(CD3)2SO} ca. 3.31–3.33 (covered by water
in DMSO, 2 H, CH2Ar), 4.34–4.37 (2 H, t, J 6.5, NCH2), 7.67–7.69
(1 H, d, J 8.2, 7-H), 8.22–8.24 (1 H, d, J 8.2, 8-H), 8.50 (1 H, s,
3(10)-H), 8.54 (1 H, s, 3(10)-H); dC {(CD3)2SO} 27.6 (CH2Ar),
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43.2 (NCH2), 118.4 (10-CH), 123.1 (8-CH), 124.9 (3-CH), 126.5
(C), 128.3 (C), 130.8 (7-CH), 141.1 (C), 142.3 (C), 147.5 (C).
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Modelling of the first step of the deacylation reaction
of benzylpenicllin in the E. coli TEM1 b-lactamase (with
B3LYP/6-31G + (d)//AM1-CHARMM22 quantum mechan-
ics/molecular mechanics methods) shows that a mechanism
in which Glu166 acts as the base to deprotonate a conserved
water molecule is both energetically and structurally consis-
tent with experimental data; the results may assist the design
of new antibiotics and b-lactamase inhibitors.


Bacterial resistance against antibiotics is a severe and growing
problem in antibacterial therapy.1 b-Lactamases, and particularly
the class A family of these enzymes, are the most common form
of resistance against the very important group of b-lactam antibi-
otics. Breakdown of the b-lactam bond (the defining structural
element of these drugs, indispensable for their antibiotic effect)
happens in two main steps. The first step is acylation of Ser702


by the antibiotic, to form an acylenzyme intermediate. The next
stage is deacylation, in which the acylenzyme (AE) is hydrolysed.
The former b-lactam compound—now cleaved and without any
antibiotic potency—is then released.3 Depending on the antibiotic,
either acylation or deacylation can be the rate-determining step
for the whole enzymic reaction.4 For the widely-studied model b-
lactam antibiotic, benzylpenicillin (which is investigated here), the
kinetic constants of acylation and deacylation are believed to be
similar for the E. coli TEM1 class A enzyme, indicating that both
reaction steps contribute to the overall rate of the reaction.4


Combined quantum mechanics/molecular mechanics (QM/
MM) methods are a good approach to the investigation of
enzyme-catalysed reaction mechanisms. We have recently applied
QM/MM methods to establish the mechanism of acylation of
the TEM1 b-lactamase with benzylpenicillin: the calculations
identified Glu166 as the base.5,6 Here we have applied similar,
well-tested methods to the first step of the proposed deacylation
mechanism, the formation of the tetrahedral intermediate (TI).7


In this deacylation mechanism, Glu166 removes a proton from
a structurally conserved water molecule, activating it for nucle-
ophilic attack on the acylenzyme (AE) (Scheme 1). We find that
Glu166 activates the nucleophile for attack on the carbonyl group
in deacylation, as it does in acylation. The catalytic water molecule
is vital in both steps, either as a ‘proton transfer station’ (in
acylation; it accepts a proton from Ser70 while being deprotonated
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Scheme 1 Deacylation mechanism leading from the acylenzyme (AE)
to the tetrahedral intermediate (TI) and to the cleaved antibiotic. The
reaction processes of the first step, which is modelled here, are marked A
and B, and atom numbers are shown for some important atoms (see text
for details).


by Glu166) or as the nucleophile (in deacylation). A tetrahedral
intermediate (TI) is formed in both steps.


The TI reacts to give the cleaved benzylpenicillin and the free
enzyme. Formation of the TI is likely to be the process with the
highest energy barrier in deacylation, in analogy to acylation.6


In acylation, the AE is formed from the TI by several proton
transfers, which regenerate unprotonated Glu166. These involve
Lys73 and Ser130 as proton shuttle residues, and have relatively
low barriers. The TIs of both reaction steps, and the transition
states for their formation, are structurally similar, and are (as we
show here) stabilized by analogous interactions with the protein.


The starting point for QM/MM modelling of deacylation was
the crystal structure of E166N mutant TEM1 b-lactamase from
E. coli in complex with benzylpenicillin (PDB8 code 1FQG9).
This was altered to regain the wild type. It was relaxed, solvated
and truncated to an 18 Å radius sphere (as described in detail
in ref. 6). QM/MM calculations10 were then performed with the
CHARMM software package (version 27b2).11 In a QM/MM
calculation, it is necessary to select atoms for treatment at the
quantum mechanical level. The QM region in this case was
large (70 atoms, with a charge of −1 in total). It contained the
entire substrate (benzylpenicillin), the catalytic water molecule
and sidechain atoms of Ser70, Lys73, Ser130 and Glu166. The
remainder of the system (3216 water and protein atoms) was
described at the molecular mechanical level by the CHARMM22-
forcefield.12 Structures were optimized (see below) at the semiem-
pirical AM1-CHARMM22 QM/MM level10 Electrostatic, van
der Waals and bonded interactions between the QM and MM
regions are included. The AE (the product of acylation and the
starting geometry for deacylation) was generated by QM/MM
modelling as described in ref. 6. This optimized structure should
be representative of the reaction: no large scale conformational
changes are believed to occur.6 High-level energy corrections
(using hybrid density functional theory) were applied to obtain
more reliable reaction energetics, as described below.13 This
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QM/MM method has been found to perform well, in our studies
of the acylation reaction, and for other enzymes.14 Four hydrogen
(HQ-type) ‘link atoms’15 were introduced to saturate the shells of
QM-atoms covalently bonded to MM-atoms.


We modelled the reaction by calculating potential energy
surfaces, an approach we have shown to be useful in this and
other enzymes.5,6,14 The potential energy surface for TI formation
was calculated by restraining two reaction coordinates. The first
was defined as the distance between the attacking water oxygen
and the ester carbonyl carbon (RA = d[O4:C1), see Scheme 1).
The second coordinate modelled abstraction of a proton from
the catalytic water by Glu166: it was defined as the difference
of the distances between the donating and the accepting oxygen
atoms and the transferring proton (RB = d[O4:H5] − d[O6:H5]),
see Scheme 1). Both reaction coordinates were varied in steps
of 0.1 Å and restrained with a force constant of k = 5000
kcal mol−1 Å−2. At every point of the potential energy surface,
the geometry was optimized (with the adopted basis Newton–
Raphson16 (ABNR) method, to a gradient of 0.01 mol−1 Å−1).
All heavy atoms further than 14 Å from the reaction centre were
harmonically restrained to their relaxed crystal coordinates with
force constants based on model average B-factors.17 All other
atoms were free to move, apart from the restraints applied to the
reaction coordinates. The structure of the protein is thus free to
respond to changes during the reaction. The energy at every grid
point was recalculated, removing any energy contribution from
the reaction coordinate restraints. Finally, quantum mechanical
energy corrections similar to ref. 6 were performed to obtain
the B3LYP/6-31G + (d)//AM1-CHARMM22 surface (for DFT
calculations the Jaguar program was used18). This procedure has
been shown to give results comparable to full ab initio QM/MM


calculations.19 We have shown6 it is important in the b-lactamase
reaction to account for potential shortcomings of AM1, such
as inaccurate basicities.20 The QM/MM method also allows
analysis of changes in electronic distribution during the reaction.
We calculated Mulliken charges of QM atoms at the AM1-
CHARMM22 QM/MM level. While Mulliken atomic charges
have some well-known limitations, changes in charge indicate the
most important electronic changes during the reaction (charges
are quoted in atomic units, i.e. in units of e).


The B3LYP/6-31G + (d)//AM1-CHARMM22 potential en-
ergy surface (Fig. 1a) indicates a concerted reaction mechanism,
i.e. the proton transfer is concerted with nucleophilic attack of
the water molecule on the AE ester. The lowest energy path from
the AE [a0;b0] to the TI [a9;b15] goes approximately through the
middle of the surface with a potential energy barrier of 7.2 kcal
mol−1 (indicated by the energy of the approximate transition
state (TS) at [a1;b8]; the TS is the highest energy point along
the minimum energy path from the AE to the TI). The height
of the barrier for formation of the TI is similar to the barrier
for acylation6 calculated in the same system at the same level
(8.7 kcal mol−1). This is consistent with experimental results that
show that the rates of acylation and deacylation of TEM1 by
benzylpenicillin are of similar magnitude.4 Pure density-functional
theory calculations underestimate barriers for some reactions, in
particular for proton transfer, and hybrid DFT methods such
as B3LYP are also known to give barriers that are too low in
some cases.21 It may be that the barriers calculated here are
a little too low. It should also be remembered that these are
potential energy barriers, not free energy barriers. Zero-point,
proton tunnelling and entropic effects are not included. Non-
chemical steps (e.g. binding, conformational changes, product


Fig. 1 (a) B3LYP/6-31G + (d)//AM1-CHARMM22 potential energy surface for TI formation in deacylation described by reaction coordinates Ra and
Rb (energies are given relative to the acylenzyme (AE) in kcal mol−1; for clarity the reaction coordinates are labelled with the increment numbers and not
with the reaction coordinate values (e.g. ‘0’ is the starting point of a particular coordinate); (b) structure of the TS (point [a1;b8] on the surface) showing
some important hydrogen bonds [(b) was generated using VMD]23.
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release) can also contribute to the overall rate of an enzyme
reaction. The barrier calculated here is consistent with (lower
than) the experimental activation energy of ca. 12 kcal mol−1


for deacylation derived from experiment4 (estimated by transition
state theory22).


In the TS (Fig. 1b), proton abstraction from the water molecule
to Glu166 is almost complete: the distance of the moving proton to
the oxygen of Glu166 (H5–O6) is 1.10 Å (0.99 Å at the TI), whereas
the distance to the water oxygen is 1.40 Å. The distance of the
water oxygen to the carbonyl carbon is decreased from 2.41 Å in
the AE to 2.30 Å at the TS, indicating that the nucleophilic attack
is just beginning. The C1–O4 distance (see Scheme 1) shortens
continuously from the TS to the TI, where it reaches its equilibrium
distance of 1.50 Å.


Analysis of the interaction of the reacting system with the
protein environment can identify key groups involved in stabilizing
transition states and intermediates in enzymes.6,14,18,24 The interac-
tion energies of protein residues in the environment (treated by
molecular mechanics) with the reacting system (treated quantum
mechanically) are calculated for each of the crucial species in the
reaction (AE, TS and TI). Residues that significantly stabilize the
TS or TI relative to the AE are predicted to have a significant effect
on the reaction. These are purely interaction energies, and do not
allow for dielectric shielding, so must not be viewed as estimates
of effects due to mutation, for example. The aim is not to establish
the causes of catalysis (which would require comparison with the
equivalent reaction in solution), but simply to identify strongly
stabilizing interactions within the enzyme.


The TS and TI are stabilized by the same amino acids but
to a different extent. The TI is stabilized by 37 kcal mol−1,
whereas the TS is stabilized by 12 kcal mol−1. The same amino
acids are important in both cases, so we focus here on the TI,
which is stabilized more. Fig. 2a shows the influence of single
residues on the stability of the TI, relative to the AE; those
identified as most important here (see below) were previously
found to contribute in the equivalent step in acylation.6 This
indicates comparable stabilization mechanisms in both reaction
steps, which is reasonable, given that the key processes in acylation
and deacylation are analogous.


The biggest effects (Fig. 2a) are due to several conserved amino
acids, located on the opposite side of the active site to Glu166
(Fig. 2b): Lys234 contributes 15.5 kcal mol−1, Arg244 12 kcal
mol−1 and Arg275 10 kcal mol−1 to the stabilization of the TI (see


Fig. 2a). These charged residues compensate for the electronic
rearrangement at the active site in deacylation. As in acylation,
a proton is transferred to Glu166 during the deacylation step.
The negative charge of the Glu166 carboxylate group is thus
transferred towards these residues. The atomic charges of the
Glu166 carboxylate oxygens in the AE (O6 = −0.66 and O7 =
−0.66; see Scheme 1) are lower in the TI (O6 = −0.47 and O7 =
−0.35), reflecting the protonation of O6. The negative charge in
the TI is mainly on the oxygens of the AE ester group, whose
charges in the TI (O3 = −0.74 and O2 = −0.41) are higher than
they were in the AE (O3 = −0.46 and O2 = −0.26). These atoms
are closer to the positively charged residues and therefore the
electrostatic interaction is improved, which stabilizes the TI. The
TI is further stabilized by the so-called oxyanion hole (by 15 kcal
mol−1, see Fig. 2a). The oxyanion hole is formed by two backbone
peptide bonds (between Met69 and Ser70 and between Gly236
and Ala237; Fig. 2b). The backbone NHs of these two peptide
bonds donate hydrogen bonds to the ester carbonyl oxygen, which
becomes more negatively charged in the TI. These hydrogen bonds
are stronger with the TI (they shorten from 1.67 to 1.79 Å and
from 1.96 to 1.91 Å, respectively; hydrogen bond lengths are
given throughout as H to acceptor distances). Less obvious is
the stabilization of the TI (by 2.1 kcal mol−1 relative to the AE) by
the conserved Asn132. The sidechain carbonyl oxygen of Asn132
accepts a hydrogen bond from Lys73. This stabilizes the positively
charged Lys73 particularly in the TI, in which its salt bridge to
Glu166 has been lost. The increased strength of the Lys73–Asn132
interaction is indicated by a slight shortening of the already very
short hydrogen bond from 1.70 Å in the AE to 1.66 Å in the TI.


In the TS, the negative charge is mostly on the water oxygen
(O4 has a charge of −0.62 in the TS compared to −0.47 in the
AE), and is apparently stabilized by Lys73. Lys73 donates a short
hydrogen bond to the water oxygen with a length of 1.9 Å in the TS
(decreased from 2.4 Å in the AE). Stabilization of the deacylation
TS is likely to be another crucial function of Lys73 (it also has
proton shuttle functions in acylation, see ref. 6 and below), and
is only possible if it is positively charged (it has been suggested
that neutral Lys73 is the base,9,25 but experiments and calculations
support the protonated state).5,6,26 This hydrogen bond is very
likely to lower the barrier and might be the reason why this
transition state structure could not be found in a QM/MM study
using neutral Lys73.27 The importance of Lys73 for deacylation is
demonstrated by experimental studies of a K73 mutant, for which


Fig. 2 (a) Contributions of individual MM residues to the QM/MM energy difference between the tetrahedral intermediate and the acylenzyme (E(TI) −
E(AE)), showing residues that stabilize the TI relative to the AE; (b) structure of the tetrahedral intermediate showing important stabilizing residues.
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decreased deacylation rates were observed.4,28 The importance
for deacylation of Lys73 (in stabilizing the TS) that we find is
consistent with experiment.


Combined with our previous findings for the acylation
mechanism,6 we are now able to present the energy profile for
the whole reaction from the Michaelis complex to the formation
of the TI for deacylation (TI2). The energy profile for the cleavage
of benzylpenicillin by TEM1 to the deacylation TI is shown
in Fig. 3. The potential energy profile indicates the exothermic
character of the enzymic reaction, with an energy decrease from
the substrate complex to the deacylation TI of around 47 kcal
mol−1. This energy change may be overestimated somewhat (e.g.
due to long-range electrostatic interactions), but the profile is
in line with proposals that well-evolved enzymes that catalyse
thermodynamically favourable reactions should have overall de-
scending energy profiles.29 The results indicate that the various
steps in antibiotic breakdown have comparable barriers, with no
step being clearly rate-limiting. The step with the highest barrier
in acylation is formation of the first tetrahedral intermediate, TI1
(TS1 is the transition state for this step, with an energy relative
to the Michaelis complex of 8.7 kcal mol−1). The second process
in acylation forms the acylenzyme (AE), by proton transfer from
Glu166 to the nitrogen of the thiazolidine ring, involving Lys73
and Ser130 as proton shuttle residues.6 This has a slightly lower
barrier (TS2 is 7.1 kcal mol−1 higher in energy than TI1), similar
to the barrier for deacylation (TS3 is 7.2 kcal mol−1 above the AE).
These results suggest that kcat depends on several reaction processes
with similar barriers, instead of one dominant rate-determining
step. Formation of the tetrahedral intermediate is likely to have
the highest barrier in both steps.6


Fig. 3 B3LYP/6-31G + (d)//AM1-CHARMM22 QM/MM energy pro-
file for the cleavage of benzylpenicillin by the TEM1 class A b-lactamase.
MC is the Michaelis (substrate) complex; TS1, TI1, TS2, are transition
states and the tetrahedral intermediate for acylation; TS3 and TI2 are the
transition state and the tetrahedral intermediate for deacylation.


In conclusion, the results here demonstrate how the entire com-
plex sequence of reactions can take place efficiently in the active
site, without major structural rearrangement. They identify all the
catalytic groups and key interactions. The calculated barrier for
formation of the tetrahedral intermediate in deacylation (7.2 kcal
mol−1) is consistent with the experimental reaction rate. The results
provide a structurally detailed mechanism, and complete energy
profile, for the reaction starting from the substrate (Michaelis)
complex, through to formation of the TI for deacylation. The
results show the importance of including (at least key parts of)


the protein environment to obtain reasonable energetics for the
enzyme reaction. The finding here that tetrahedral intermediate
formation has the highest barrier in deacylation is in agreement
with DFT calculations on small models,30 and also QM/MM mod-
elling of the deacylation reaction of a serine protease (elastase).31


The active site of the class A b-lactamase is clearly well adapted
to allow electronic changes during formation of the tetrahedral
intermediate. Firstly, Lys73 stabilizes the transition state by
donating a hydrogen bond to the hydroxide-like water molecule,
lowering the barrier for the deacylation reaction. Secondly, the
enzyme compensates very effectively for the increase of negative
charge on the oxygens of the acylenzyme/tetrahedral intermediate
during the reaction. Stabilization is provided by the charged
amino acids Lys234, Arg244 and Arg275, the residues forming the
oxyanion hole, and Asn132 (all of which are conserved within the
class A b-lactamases). Almost identical stabilization mechanisms
(involving the same residues) are found for the formation of the
tetrahedral intermediate in the acylation step.6 This suggests that
the development of the enzyme’s active site in the evolution has
benefited from the similarity of the tetrahedral intermediates in
both reaction steps. The similarity is based on the initiation of each
reaction step: the abstraction of a proton from the nucleophile by
Glu166, and the relocation of the general base’s negative charge
in the active site to a more central position (to atoms of the
carbonyl group of the b-lactam substrate). The resulting similar
distributions of charges in the active site during the reactions
have allowed an economical optimization of the active site for the
stabilization needed to catalyse both acylation and deacylation.
These detailed insights into the stabilizing interactions of specific
residues could assist the design of new, more stable, antibiotics (e.g.
by creating interactions with crucial amino acid functionalities and
so prevent the stabilizing interactions), which then would ideally
affect acylation and deacylation. This mechanistic knowledge may
therefore be useful in the development of new drugs to overcome
bacterial antibiotic resistance.
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The range of available arene dihydroxylating dioxygenase enzymes, their structure and mechanism, and
recent examples of the application of arene cis-dihydrodiol bioproducts as chiral precursors in the
synthesis of natural and unnatural products and chiral ligands are discussed.


1. Introduction and background


Addition reactions leading to dearomatisation of benzene rings
are generally very slow, due to the significant resonance energy
deficit involved and thermodynamic drive to preserve the aromatic
sextet. This is evident from the current lack of general chemical
methods for controlled dihydroxy addition to monocyclic arenes
(cis-dihydroxylation) without further reaction occurring. Nature
has, however, provided a remarkable family of biocatalysts that
can regulate the activity of dioxygen and address this problem, i.e.
the aromatic dihydroxylating dioxygenases (dioxygenases). These
redox enzymes thus provide two electrons to the mild oxidant
dioxygen (bearing two unpaired electrons), thereby activating and
producing a very strong oxidizing agent linked to a mononuclear
iron centre. Dioxygenases catalyse the incorporation of both
activated dioxygen atoms during cis-dihydroxylation of benzenoid
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substrates, which is the initial step during arene biodegradation
by bacteria. The first unequivocal identification of an arene cis-
dihydrodiol metabolite was reported by Gibson et al. using the
bacterium Pseudomonas putida F1 and benzene as substrate.1


Following from this early study, several hundred different arene
cis-dihydrodiol metabolites have since been isolated2–11 and, ac-
cording to biological activity or identity of nucleotide sequences,
in excess of one hundred arene hydroxylating dioxygenases have
been identified.12 As the arene dihydroxylating dioxygenases were
later found to catalyse both monooxygenase and dioxygenase
reactions, they are more accurately identified as Rieske type non-
heme iron oxygenases.9 Although the term ‘dioxygenase’ is thus
inappropriate in some cases, it is still widely used in the literature,
and this practice is continued herein.


Environmental biodegradation of arenes often involves soil
bacteria, e.g. P. putida, and the initial step is exemplified by
the dioxygenase (DO)-catalysed dihydroxylation of the parent
compound benzene A (R = H) to yield the benzene cis-diol
B (R = H, Scheme 1).1 cis-Diol dehydrogenase (DD) is also
present in these wild-type bacterial cells and can catalyse the
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Scheme 1 Bacterial biodegradation pathways for monosubstituted benzene substrates.


second biodegradation step i.e. dehydrogenation of benzene cis-
dihydrodiol B (R = H) to yield catechol C (R = H). Similarly
the bacterial extradiol catechol dioxygenase (ECDO) or intradiol
catechol dioxygenase (ICDO) enzymes catalyse the ring-opening
reactions of catechol C (R = H) to yield cis,cis-muconic acid D
(R = H, ICDO) or muconic semialdehyde E (R = H, ECDO)
(Scheme 1).13 The first three steps in the prokaryotic arene
biodegradation pathway involve a dearomatisation (A → B),
rearomatisation (B → C), dearomatisation (C → D or E) sequence,
prior to mineralization.


Mono- and poly-cyclic arenes of both anthropogenic and
xenobiotic origins are ubiquitous in the environment. They may
originate from diverse sources including fuel and volatile solvent
evaporation, automotive exhaust emissions, as well as partial com-
bustion of tobacco and other plant materials. Polycyclic aromatic
hydrocarbons (PAHs) containing a sterically hindered bay region,
e.g. benzo[a]pyrene, can often form carcinogenic metabolites in
mammalian systems. This eukaryotic pathway occurs via an ox-
idative dearomatisation step involving monooxygenase-catalysed
epoxidation to yield arene oxides followed by epoxide hydrolase-
catalysed hydrolysis to give the corresponding precarcinogenic
trans-dihydrodiols.


The alternative oxidative dearomatisation routes used by soil
bacteria (prokaryotic metabolism) to biodegrade mono- and poly-
cyclic arenes, initially involving cis-dihydrodiol formation, do
not appear to produce carcinogenic metabolites. As shown in
Scheme 1, the initial step in the biodegradation of most mono-
substituted monocyclic arene ring systems A by bacterial cells,
generally involves facially selective cis-dihydroxylation exclusively
at the 2,3-bond to form a cis-dihydrodiol metabolite B.2–11 This
is exemplified by toluene A (R = Me), the most abundant
anthropogenic hydrocarbon present in the environment, forming
cis-dihydrodiol B (R = Me), the first member of the chiral cis-
dihydrodiol family to be isolated14 (Scheme 1). Unfortunately type
B cis-dihydrodiols (e.g. R = Me), while relatively stable, were
difficult to isolate since they rearomatise rapidly via enzymatic
dehydrogenation into substituted catechol intermediates C (e.g.
R = Me) when wild-type strains are used. cis-Dihydrodiols,
with strong electron-donating groups (e.g. B, R = OMe) are
less stable, i.e. more susceptible to non-enzymatic dehydration
under acidic conditions to give mainly ortho-monophenols H (e.g.
R = OMe).15


cis-Dihydroxylation has also been found to occur exclusively at
the 1,2-(ipso-) bond of nitrobenzene substrates to yield transient
cis-dihydrodiols (e.g. F, R = NO2). Although not isolated, the
involvement of a cis-dihydrodiol intermediate has been inferred
from the formation of the corresponding catechols (e.g. G, from F,
R = NO2), following the spontaneous elimination of nitrous acid
(nitrite).16,17


Metabolite B (R = Me) is the forerunner of a large number
(>300) of isolable chiral arene cis-dihydrodiols.2–11 In the majority
of cases these cis-dihydrodiols were enantiopure (>98% ee), but
to date relatively few types have been used as chiral precursors
in synthesis. This article is written from the perspective of: (i)
providing selection guidelines related to different dioxygenase en-
zyme types, (ii) reviewing alternative mechanisms involved in arene
dihydroxylation, (iii) demonstrating some synthetic applications
of less commonly used arene cis-dihydrodiols, and (iv) predicting
future trends in this area of biotransformation chemistry based on
recent literature reports.


2. Types of dioxygenase enzymes and bacterial
strains used in the production of arene cis-dihydrodiol
metabolites


Dioxygenase enzymes (Rieske-type non-heme iron oxygenases)
present in wild-type bacterial strains have been classified according
to the arene originally used as a carbon source and many
different types (e.g. benzene, toluene, biphenyl, chlorobenzene,
benzoate, phthalate, nitrobenzene, naphthalene, etc.) have been
identified from bacterial sources.12,18 The more widely used types
in biotransformations (and their abbreviations) include benzene
(BDO), toluene (TDO), biphenyl (BPDO), chlorobenzene (CDO),
benzoic acid (BZDO), nitrobenzene (NBDO) and naphthalene
dioxygenase (NDO). Arene cis-dihydrodiol metabolites are gener-
ally present as stable intermediates but these are rapidly removed
in wild-type bacterial strains due to further metabolism (e.g. A →
B → C → D or E → CO2 + H2O, Scheme 1). A wild-type strain of
P. putida (ML2, containing BDO) is exceptional in allowing several
arene cis-dihydrodiols B (R = H, F, Cl, Br, I) to be accumulated
and isolated. This is due to their being poor substrates for the
corresponding benzene diol dehydrogenase (BDD).19


The first successful approaches to the accumulation and
isolation of benzene cis-dihydrodiol metabolites used selected
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whole-cell mutant strains containing TDO but with DD enzymes
blocked (e.g. P. putida 39/D or UV4), NDO (e.g. P. putida
9816/11), BPDO (e.g. Sphingomonas yanoikuyae B8/36), or
BZDO (e.g. P. putida U103 or Alcaligenes eutrophus B9).11,12


The development of whole-cell E. coli recombinant strains ex-
pressing the appropriate encoded dioxygenase genes including
TDO (e.g. E. coli JM109 [pDTG601] or JM109[pKST11]), NDO
(e.g. E. coli JM109[DE3][pDTG141])11 and BPDO (e.g. E. coli
pKF2072)20 and the possibility of using shuffled dioxygenase
genes have become of increasing importance. This approach allows
cis-dihydrodiol metabolites to be intercepted without catechol
formation, and dioxygenases to be engineered to display modified
selectivity and improved efficiency, particularly using site-directed
mutation and directed-evolution methods.


Guidelines for the selection of a suitable dioxygenase to catalyse
a particular arene biotransformation are of relevance to chemists
wishing to utilise this type of biotechnology. Substrate size
and type are obviously an important consideration due to the
constraints imposed by the geometry of the dioxygenase active
site. As a general rule, BDO and TDO enzymes can accommodate
suitably substituted monocyclic arene substrates at the active
site, yielding the corresponding benzene cis-dihydrodiols and do
not accept polycyclic arene substrates larger than naphthalene.
Conversely, NDO or BPDO can accommodate larger carbocyclic
and heterocyclic arenes (di-, tri-, tetra- and penta-cyclic), but few
monocyclic arenes (with the exception of biphenyl analogues)20


have been dihydroxylated using NDO or BPDO. Other dioxyge-
nases have been found to be more selective in specifically targeting
benzene rings bearing carboxylate (BZDO)21,22 or nitro groups
(NBDO).16,17


As discussed earlier, the term Rieske-type non-heme iron oxy-
genases has been proposed to account for their ability to catalyse
different types of oxidation.9 Recent examples reported using TDO
(and in some cases NDO or BPDO) include: (i) dihydroxylation of
cyclic or acyclic conjugated alkenes,23,24 (ii) monohydroxylation at
benzylic or allylic centres,24,25 (iii) monosulfoxidation of alkylaryl
or diaryl sulfides,26,27 (iv) desaturation at allylic or benzylic
positions28,29, and (v) N- and O-dealkylation.6 While the latter
two types of dioxygenase-catalysed oxidation are uncommon, the
possibility of any of the other five types of dioxgenase-catalysed
oxidation (or a combination of either type) occurring during the
biotransformation of substituted arenes, has to be considered.
This Perspective Article aims to provide general guidelines for
predicting the probable products from dioxygenase-catalysed


oxidation and the preferred sequence when tandem oxidations
occur using specific arene substrates and dioxygenases.


3. Types of regio- and chemo-selectivity from
dioxygenase-catalysed oxidation of substituted arenes
to yield arene cis-dihydrodiol metabolites


The most common cis-dihydrodiols are of type B (>50 known
examples), resulting from TDO-catalysed cis-dihydroxylation
of the 2,3-bond of monosubstituted benzene substrates A
(Scheme 1).2–11,30,31 The more polar substrates A, e.g. aniline (R =
NH2), benzoic acid (R = CO2H) and benzene sulfonic acid
(R = SO3H), have not been reported as substrates for TDO.
cis-Dihydroxylation at the 1,2- or 3,4-bonds of monosubstituted
benzene substrates has not been found using TDO, but two types
of dioxygenase-catalysed cis-dihydroxylation at the 1,2 (ipso)-bond
of substrates A to yield type F cis-dihydrodiols, have been reported
with other dioxygenases. Thus, benzoic acid A (R = CO2H) yielded
a stable cis-dihydrodiol of type F (BZDO, R = CO2H),21,22 while
nitrobenzene was postulated to give a transient cis-dihydrodiol
intermediate of type F (NBDO, R = NO2).16,17


The sole example of a cis-dihydrodiol of type I resulting from cis-
dihydroxylation at the 3,4-bond of a monosubstituted benzene was
found using biphenyl as substrate A (R = Ph) and NDO. This type
I cis-dihydrodiol (R = Ph) was isolated as a minor metabolite in
the presence of the more abundant type B (R = Ph) metabolite.32,33


The use of site-directed mutants of NDO caused a major change
in regioselectivity and yielded cis-dihydrodiol I (NDO, R = Ph) as
the major bioproduct.32,33


Regioselectivity observed during TDO-catalysed cis-
dihydroxylation of 1,2- and 1,3-disubstituted benzenes was
often found to be related to the relative size of the substituents
(steric effect). Thus, the more sterically demanding substituent
R had a dominant directing effect over the smaller substituent
R′ (CF3 > SMe > I > Br > Cl ≤ Me > F > H) with cis-
dihydroxylation being regioselective for the proximate C=C bond
yielding an excess of cis-diols of types J (over K) and M (over
N). As TDO did not catalyse cis-dihydroxylation at an ipso-bond,
only cis-diols of type P could be formed using 1,4-disubstituted
benzene substrates.27,34 An alternative type of directing effect
was found using BZDO and NBDO enzymes where the R
group (CO2H or NO2) was totally dominant over R′, possibly
due to H-bonding to the R group at the active site,17 and only
cis-dihydrodiol types L, O and Q were formed.16,17,21,22
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Regioselectivity was also observed in BPDO-catalysed cis-
dihydroxylation of PAHs and their heteroarene analogues where
a strong or exclusive preference was again shown for bonds
proximate to ‘bay’ and ‘fjord’ regions as exemplified by the
formation of cis-dihydrodiols of phenanthrene 1 (bay region),32,33


chrysene 2 (two bay regions),29,35 and benzo[c]phenanthrene 3
(fjord region).36 Further biotransformation of the initial cis-
dihydrodiol 2 using BPDO yielded bis-cis-dihydrodiol 4, the first
member of a new family of metabolites with four chiral centres
resulting from sequential cis-dihydroxylation (tetraoxygenation).29


Sequential TDO-catalysed trioxygenation reactions involving
benzylic hydroxylation then cis-dihydroxylation of alkyl benzene
substrates to yield triols with three new chiral centres e.g. 5 → 6 →
7 (Scheme 2a) has recently been observed.31,37


Similarly sequential sulfoxidation, then cis-dihydroxylation of
alkylarylsulfide substrates to yield cis-diol sulfoxides containing
three new chiral centres, e.g. 9 → 10 → 11 (Scheme 2b), has
been observed.37,38 Competing TDO-catalysed mono- and di-
hydroxylation of alkylbenzene and alkylphenyl sulfide substrates
were also found to occur during some biotransformations. How-
ever, while both benzylic alcohols and sulfoxides, e.g. 6 and 10, were
often good TDO substrates, the corresponding more water-soluble
cis-dihydrodiol metabolites, e.g. 8 and 12, were not. The ability of
dioxygenases to catalyse alkane desaturation reactions yielding
alkenes6 and arenes,24,28,29 has also resulted in a further type of
tandem oxidation sequence involving alkane desaturation then cis-
dihydroxylation, using both dihydro-(TDO)24,28 and tetrahydro-
arene substrates (BPDO).29


With a range of other dioxygenase-catalysed arene oxidation
pathways available in addition to arene cis-dihydroxylation, the
question of “Which dioxygenase-catalysed oxidation pathway is
preferred?” is of relevance in the context of synthetic studies
using whole cell systems. Attempts have recently been made to


rationalise preferences for arene cis-dihydroxylation vs. benzylic
hydroxylation,31,37 arene cis-dihydroxylation vs. sulfoxidation27,38


and arene cis-dihydroxylation vs. alkene dihydroxyation.24 From
these and other studies, a number of general trends were observed:
(i) cis-dihydroxylation of monosubstituted monocyclic arenes
occurs when using BDO, TDO or CDO but is less common when
using NDO or BPDO, (ii) cis-dihydroxylation of disubstituted
monocyclic arenes using TDO is generally slower relative to cis-
dihydroxylation, benzylic hydroxylation, alkylaryl sulfoxidation or
alkene dihydroxylation of monosubstituted arenes, (iii) arene cis-
dihydroxylation of alkylbenzyl sulfides using TDO is much faster
than sulfoxidation, while alkylaryl sulfides prefer the sulfoxidation
pathway, (iv) TDO-catalysed arene cis-dihydroxylation of vinyl-
benzene substrates is faster than alkene dihydroxylation when sub-
stituents are present on the alkene group but slower when they are
present on the arene ring, (v) benzylic hydroxylation, sulfoxidation
and alkene dihydroxylation using benzocyclo-alkanes, -alkenes,
and -hetero analogues as substrates for TDO, are often observed
while arene cis-dihydroxylation is rarely found, (vi) dialkylsulfide
sulfoxidation, allylic hydroxylation and dealkylation are generally
observed only when more facile TDO-catalysed oxidations, e.g.
arene cis-dihydroxylation, are not possible, (vii) desaturation
can be detected indirectly when dihydro- or tetrahydro-arene
substrates are biotransformed via the arene bioproducts to the
corresponding arene cis-dihydrodiols.


TDO-catalysed cis-dihydroxylation of electron-rich aromatic
heterocyclic rings (e.g. thiophene, furan and pyrrole) has been
observed39–44 with the thiophene ring being more extensively
studied. In common with monosubstituted benzene substrates
A, thiophenes (general structures S and W, Scheme 3) are also
planar aromatic rings with large resonance energies i.e. ca. 36 (A)
and 29 kcal mol−1 (S or W), respectively. Similarly, substituted
thiophene rings which are also prevalent in the environment,


Scheme 2 TDO-catalysed mono-,di- and tri-oxygenation pathways for propylbenzene 5 (Scheme 2a) and ethylphenylsulfide 9 (Scheme 2b)
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Scheme 3 Comparison of TDO-catalysed cis-dihydroxylation of mono-
substituted benzene and thiophene rings.


can again be biodegraded via TDO-catalysed dearomatisation
to yield cis-dihydrodiols (Scheme 3). 3-Substituted thiophenes
S yield the corresponding cis-dihydrodiol metabolites Tcis as a
result of oxidation at the 4,5-bond (cf. cis-dihydroxylation of
benzene substrates A at the 2,3-bond to give cis-dihydrodiols B). A
major difference, however, was the ability of cis-dihydrodiols Scis to
isomerise spontaneously to the corresponding trans-dihydrodiols
Ttransvia an undetected acyclic aldehyde isomer.43,44 However, 2-
substituted thiophenes W were not converted into the correspond-
ing cis/trans-dihydrodiols (Xcis/trans Scheme 3) (cf. the absence of
cis-dihydroxylation of benzene substrates A at the 3,4-bond to
yield cis-dihydrodiols I).


Alternative TDO-catalysed S-oxidation pathways for thio-
phenes also resulted in dearomatisation to yield transient thio-
phene sulfoxides (U and Y) which spontaneously racemise and
dimerise to yield bis-sulfoxide cycloadducts (V and Z).44 Biotrans-
formation of 3-phenyl thiophene S (R = Ph) using TDO, indicated
a regioselective preference (3 : 1) for cis-dihydroxylation of the
carbocyclic over the heterocyclic ring.44


To date no cis-dihydrodiol metabolites of monocyclic furan or
pyrrole substrates have been reported. It is highly probable that
they are formed as transient intermediates which spontaneously
open to yield the corresponding acyclic hydroxy-aldehydes or
dehydrate to yield hydroxy-furan or -pyrrole products. Support
for this view is provided by dioxygenase-catalysed oxidation


of bicyclic benzothiophenes and benzofurans to yield isolable
cis-dihydrodiols in both the heterocyclic (e.g. 13 and 14) and
carbocyclic rings (e.g. 16 and 17).37–44 The heterocyclic ring cis-
dihydrodiols proved to be of variable stability with the benzofuran
cis-dihydrodiol 1439,43 being less stable than the corresponding
benzothiophene metabolite 13.41–44 The indole cis-dihydrodiol 15,
being too unstable to detect prior to spontaneous dehydration,
formed indoxyl prior to autoxidation to give indigo dye.45


Configurational instability (cis/trans isomerisation) was found
in the heterocyclic cis-diols 13 and 14 (and presumably cis-diol
15) but not in the carbocyclic analogues 16 and 17. Control of
regioselectivity during cis-dihydroxylation of benzothiophene was
achieved by substitution of methyl groups at C-5 (exclusive cis-
dihydroxylation in the heterocylic ring), and C-3 (proportion of
cis-dihydroxylation in the heterocyclic ring reduced but increased
in the carbocyclic ring).43


It is surprising that, despite the well-established involvement
of cis-dihydrodiol intermediates during dioxygenase-catalysed
oxidations of arenes, with few exceptions (e.g. p-cymene31) virtually
none have been isolated from aromatic natural products (e.g.
alkaloids, coumarins, flavones, hemiterpenes, etc.). This could be
the result of their transient nature and rapid conversion to phenols
and catechols. The stable carbocyclic (18, 19) cis-dihydrodiol
metabolites, and transient heterocyclic analogue (20) recently ob-
tained via BPDO-catalysed oxidation of the parent furoquinoline
alkaloid dictamnine, may thus be forerunners of many other
cis-dihydrodiol metabolites of natural products involved in both
biosynthesis and biodegradation of natural products.46


Electron-poor azabenzene rings, e.g. pyridine, are generally
unproductive substrates for dioxygenases and to date no cis-
dihydrodiol metabolites of monocyclic pyridines have been iso-
lated and characterised. Only alkyl monohydroxylation products
were found when 2- and 3-alkylpyridine substrates were added to a
mutant bacterial strain containing TDO.47 As pyridine metabolites
are likely to be highly unstable, spontaneous dehydration could
occur and might account for the formation of monohydroxylated
pyridines from biotransformations involving dioxygenase en-
zymes e.g. 3-hydroxy-4-methyl pyridine from 4-methyl pyridine48


and 3-hydroxyquinoline from quinoline.49 The monocyclic cis-
dihydrodiols 21 and 22, isolated as stable metabolites of 2-
methylpyridone when using TDO, NDO or BPDO as biocatalysts,
have similar structures to the elusive cis-dihydrodiols of substituted
pyridines.50,51


Indirect evidence for the intermediacy of an unstable substituted
pyridine cis-dihydrodiol 23 (R = Cl) was obtained when bioprod-
uct 24 was isolated as a minor metabolite from TDO-catalysed
oxidation of 2-chloroquinoline.51 Spontaneous hydrolysis of the
postulated pyridine cis-dihydrodiol 23 (R = Cl) could account for
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the presence of compound 24 among the other major metabolites
(25, 26, R = Cl).51 Azanaphthalene substrates in general appear
to be acceptable substrates for dioxygenases to yield carbocyclic
cis-dihydrodiols with heterocyclic phenols also being formed as
minor bioproducts.51–54


In general terms, where polycyclic heteroarene substrates (bi-,
tri- and tetra-cyclic) are biotransformed by dioxygenase enzymes
(e.g. TDO, NDO and BPDO), cis-dihydroxylation will occur
preferentially at a sterically hindered bay-region or fjord-region
bond in a carbocyclic ring rather than at a more accessible bond.
Both benzene rings and electron-rich five-membered heteroarene
rings can be cis-dihydroxylated while electron-deficient azaben-
zene rings are generally resistant.


4. Conformations and configurations of arene
cis-dihydrodiols


Although the parent benzene cis-dihydrodiol derivative B (R =
H) appears to contain a plane of symmetry, in fact the diene
moiety can adopt one of two enantiomeric helical conformations
(enantiomeric M and P conformers) that rapidly interconvert
via bond rotation. The chirality of cis-dihydrodiol derivatives of
monosubstituted benzene substrates, e.g. B (R = Me), is thus due
to both the M/P diene helicity and the presence of R/S stereogenic
centres. Thus cis-dihydrodiols of this type can in principle exist
as diastereoisomers (e.g. 1S, 2R, M or 1S, 2R, P, R = Me,
Fig. 1). While the concept of M/P diene helicity in cis-dihydrodiol
metabolites was recognised at an early stage through circular
dichroism (CD) spectroscopy studies,55 in the majority of sub-
sequent papers this stereochemical feature has been overlooked.


Fig. 1 Diastereoisomeric M and P conformations of cis-dihydrodiol B.


Recent studies56 have shown that diastereoisomeric preferences
for cis-dihydrodiol metabolites of both mono- and di-substituted
benzene substrates exist in both the crystalline state (from X-
ray crystallography), in solution (from experimental circular


dichroism spectra, CD) and in the gas phase (from DFT calculated
CD spectra).56 Thus, X-ray crystallography has shown from six
examples that there is a strong preference for the M conformation
for most cis-dihydrodiols of type B (e.g. R = F or Br) in the
crystalline phase56 which could be due to steric repulsion between
R group and the proximate OH group (on C-2) and/or hydrogen
bonding interactions.


The equilibrium between the M and P diene conformers in cis-
dihydrodiols of monosubstituted benzenes B in the solution or
gaseous phase is however strongly dependent on the intramolec-
ular OH–OH, OH–p and OH–F hydrogen bonding patterns. The
OH group nearest to substituent R (on C-2) in the majority of
similar type B cis-dihydrodiols (e.g. R = Me) appeared to prefer
a pseudoequatorial conformation and a P diene conformation in
solution (Fig. 1). cis-Dihydrodiol B (R = CF3) was exceptional
as the proximate OH group was pseudoaxial with an M diene
configuration primarily due to a strong intramolecular OH–F
hydrogen-bond (Fig. 1). It should be noted that cis-dihydrodiols B
may show either a positive or a negative long-wavelength Cotton
effect in the experimental CD spectra, depending on the conformer
population and the nature of substituent R.56


Methods used for the determination of absolute configuration of
the cis-dihydrodiol metabolites also include X-ray crystallographic
analysis of cis-dihydrodiols from substituted benzene substrates
(e.g. from bromobenzene)56 using the anomalous dispersion
method. The ability to replace vinylic halogen substituents on
the cis-dihydrodiol moiety (R or R′ e.g. Br or I) has also been used
as a stereochemical correlation method for assignment of absolute
configuration.27,30,33


Enantiopurity values for cis-dihydrodiol derivatives of both
mono- and poly-cyclic arenes have been determined directly
by chiral stationary phase HPLC, when both enantiomers
are available.27,34 The enantiomeric excess (ee) values of cis-
dihydrodiols of monocyclic arenes have also been determined
indirectly by: (i) GC-MS analysis of the corresponding n-
butylboronate derivatives on a chiral stationary phase GC column
(where both enantiomers are available),57 (ii) NMR analysis
following formation of cycloadducts using Cookson’s dienophile
(4-phenyl-1,2,4-triazoline-3,5-dione) followed by diesterification
using (R)- and (S)-(a)-methoxy-a-(trifluoromethyl)phenylacetyl
chloride (where one or both enantiomers are present),30,58 and
(iii) NMR analysis after formation of a boronate derivative
by reaction with (R)- and (S)-2-(1-methoxyethyl)phenyl boronic
acids (where one or both enantiomers are present).27,29,59 Using
a combination of these methods for enantiopurity determination
of cis-dihydrodiols, the following trends were observed: (a) cis-
dihydrodiols of all monosubstituted, 1,2-disubstituted and 1,3-
disubstituted benzene substrates formed using TDO biocatalysis
are enantiopure (>98% ee) except for those having only the
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smallest substituents present i.e. F atoms, (b) cis-dihydrodiols of
1,4-disubstituted benzene substrates formed using TDO biocatal-
ysis had ee values that varied depending on the relative sizes of
substituents, (c) cis/trans-dihydrodiol metabolites isolated from
TDO-catalysed dihydroxylation of thiophene or furan rings were
found to have variable ee values (10–>98%) possibly due to partial
racemisation via the acyclic aldehyde or ketone intermediates.


5. Dioxygenase active site structure and mechanism
for dioxygenase-catalysed arene cis-dihydroxylation to
yield arene cis-dihydrodiols


The dioxygenase system consists of three components, which form
an electron transfer chain: an NADH-dependent flavoprotein
reductase,60 a ferredoxin containing two [2Fe2S] Rieske iron–
sulfur clusters61 and an a3b3 Rieske oxygenase containing both
a [2Fe2S] Rieske iron–sulfur cluster and a mononuclear iron(II)
centre in the enzyme active site.62–64 (Scheme 4).


Scheme 4 Electron transport chain in NDO.


On the basis of sequence alignments of the oxygenase a subunit,
the Rieske dioxygenases have been grouped into four major
clusters: (i) NDO, (ii) TDO/BPDO, (iii) BZDO and (iv) phthalate
dioxygenase.12,18


Recent crystallographic studies on Rieske dioxygenases have
provided insights into possible catalytic mechanisms for cis-
dihydrodiol formation. The active site of NDO contains a hy-
drophobic pocket with a mononuclear iron(II) centre, co-ordinated
by His-208, His-213, and a bidentate Asp-362 (the 2-His-1-
carboxylate motif).65 The mononuclear iron(II) centre is positioned
12 Å from the [2Fe2S] cluster of another subunit in the a3b3


oxygenase domain, which delivers two electrons to the dioxygenase
active site during each turnover.65 The original crystal structure
contained an indole hydroperoxide ligand, ligated to the iron(II)
centre, with the indole ring positioned at about 4 Å from the iron(II)
centre,66 possibly indicating the existence of a hydroperoxide
intermediate in the catalytic mechanism. Structure determination
of the ternary complexes with substrates (naphthalene or indole)
and dioxygen have shown that dioxygen is bound side-on to the
iron(II) centre, an unusual binding mode for dioxygen, and that the
aryl substrate is positioned 4.3 Å from the iron(II) centre, beyond
the bound oxygen.67


Single turnover studies of the NDO reaction have shown that
turnover requires reduced enzyme and bound substrate, and that
the mono-nuclear iron(II) centre and one Rieske [2Fe2S] cluster
are oxidised during turnover, resulting in iron(III) at the end of
the catalytic cycle.68 Q-band ENDOR studies of NDO using
2H-naphthalene have shown that the iron(II)-substrate distance
shifts from 4.4 to 5.0 Å upon reduction of the [2Fe2S] cluster,


implying that a conformational change occurs upon reduction,
that may be significant during the catalytic cycle.69 Structures
of other Rieske dioxygenases have been determined recently.12,64


The structure of a Comamonas NBDO is similar to that of
the NDO enzyme,65 with the exception of an active site Asn-
258 residue, which forms a hydrogen bond to the nitro group
of the substrate, and appears to be important in determining
substrate specificity and regioselectivity.17 The structure of a
Pseudomonas fluorescens cumene dioxygenase shows an extended
substrate binding site, into which a biphenyl substrate has been
modelled.70 The structure of 2-oxoquinoline 8-mono-oxygenase,
which catalyses the hydroxylation of 2-oxoquinoline, is similar
to that of NDO.71 Structure determination of the oxidised and
reduced enzyme showed a significant conformation change around
the active site, suggesting that electron transfer from the [2Fe2S]
cluster leads to this change, which in turn initiates the catalytic
cycle.71


There is no clear consensus on the catalytic mechanism for cis-
dihydroxylation. The involvement of [2Fe2S] iron-sulfur clusters
implies that single electron transfer events are involved in the
catalytic cycle. Scheme 5 shows that the catalytic cycle commences
with a one electron reduction of Fe(III) to Fe(II) upon substrate
binding and finishes with the iron cofactor in the + 3 oxidation
state.68 The observation of monooxygenase activity with certain
substrates,72 as noted elsewhere in this article, suggests that arene
cis-dihydroxylation is not a concerted process, and that high-valent
iron-oxo intermediates may be involved in mono-hydroxylation.
It has been observed that hydrogen peroxide is released by NDO
if benzene is used as substrate, which suggests that dioxygen
is activated via reduction to superoxide, which in this case is
uncoupled from substrate hydroxylation and is further reduced
to peroxide.73 Wolfe et al. have suggested that O–O bond cleavage
occurs first, to give an O=Fe(V)–OH intermediate which could
effect dihydroxylation (Scheme 5, path A) in a fashion similar to
the dihydroxylation of alkenes by OsO4.68


A recent theoretical study of possible mechanisms for the
NDO-catalysed arene cis-dihydroxylation reaction has reported an
activation energy barrier of 26.5 kcal mol−1 for the formation of an
O=Fe(V)–OH intermediate, which is rather high for the enzyme-
catalysed reaction.74 A lower energy pathway (Eact 17.5 kcal mol−1)
involves the Fe(III)–OOH moiety acting as an electrophilic oxygen
species, to form an epoxide (arene oxide) intermediate (Scheme 5,
path B). Heterolytic C–O bond cleavage of this epoxide would form
a carbocation, to which the second hydroxyl group is delivered
suprafacially.


A third possible mechanism involves the formation of a hy-
droperoxide radical intermediate followed by O–O bond cleavage
and delivery of a second oxygen atom from an iron(V)-oxo species
(Scheme 5, path C). Calculations upon this pathway yielded
an activation energy of about 18 kcal mol−1 for hydroperoxide
formation, but the subsequent O–O cleavage of such an interme-
diate was found to proceed through a high energy barrier.74 If
mechanism B is operating, then one might expect to observe some
arene oxide byproducts (obtainable by chemoenzymatic synthesis
from the corresponding cis-dihydrodiols)75 in cis-dihydrodiol
formation which are not observed. One would also expect electron-
withdrawing substrates, that would destabilise a carbocation, to be
strongly disfavoured. The ability of Rieske dioxygenases to process
electron-deficient aromatics (e.g. type A arenes, R = NO2) would
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Scheme 5 Possible catalytic mechanisms for dioxygenase-catalysed arene cis-dihydroxylation.


not support mechanism B. Recent 2H-labelling studies on the
hydroxylation of indene by NDO are consistent with a substrate
radical intermediate.that can rotate prior to hydroxylation by
an active oxygen species.25 Stabilisation of a substrate radical
intermediate by formation of an organometallic iron species
(Scheme 5, path C) has precedent in the chemical literature,76


but requires close contact of the substrate with the iron cofactor.
Further mechanistic or fast kinetic studies are needed to evaluate
the merits of these mechanistic possibilities.


Synthetic applications of arene cis-dihydrodiols


A rapid growth in the use of arene cis-dihydrodiols as chiral
precursors for multi-step target synthesis has occurred since the
pioneering work of Ley et al.77 in 1987 and synthetic applications
up to 2001 have been covered extensively in earlier reviews.2–11 A
major objective of this article is to highlight some of the more
important recent applications and to identify relevant areas with
potential for future development.


Despite the large numbers of cis-dihydrodiols of type BS


(Scheme 2) that have been reported (>50), only a small number
have actually been used in synthesis (e.g. R = H, Cl, Br, I and Me).
The earlier difficulty of accessing the majority of known benzene
cis-dihydrodiols, and the relatively high cost of the small number of
commercially available diols, has clearly been an inhibiting factor.
Other limitations have been the unavailability of the unnatural
cis-dihydrodiol regioisomers (e.g. F and I) and enantiomers of all
regioisomers.


The earliest chemoenzymatic method to circumvent this lim-
itation involved hydrogenolysis of an iodine atom from the cis-


dihydrodiol metabolites of ortho-, meta- and para-substituted
iodobenzene substrates to yield either the unnatural regioisomer
IR (R1 = R3 = H), its enantiomer IS (R2 = R3 = H) or a mixture
of enantiomers diol BS/BR (R1 = R2 = H) of the natural cis-
dihydrodiol (Scheme 6).78


While this approach produced an unnatural regioisomer (IR)
and two unnatural enantiomers (IS and BR), in some cases
the isolated yields from the substituted iodobenzene substrates
were relatively low (e.g. from meta-iodobenzene), a mixture of
enantiomers was produced (BS/BR, R2 = R3 = H, Scheme 6), and
cis-dihydrodiols of type F were not produced (Scheme 1).


An alternative approach, based on a monosubstituted benzene
cis-dihydrodiol BS, (R = alkyl) and involving a three-step synthesis
and reduction of benzene dioxide intermediates, similar to that
used to synthesise the corresponding trans-dihydrodiol analogues
of compounds BS and IS,79 has recently been developed.80 This
provides an alternative route to cis-diol IS and a new route to the
previously unavailable regioisomer FS (Scheme 7).


Earlier approaches to obtaining the reverse enantiomer
BR have involved the cis-diol dehydrogenase-catalysed kinetic
resolution of enantiomeric mixtures BR/BS obtained by di-
rect biotransformation (e.g. of fluorobenzene) or by bio-
transformation/hydrogenolysis of para-substituted iodobenzene
substrates.78,81 The recent observation57 that CBDO-catalysed cis-
dihydroxylation of several monosubstituted benzene substrates
bearing a nitrile group A (R = CN, CH2CN, CH=CHCN) can
yield both enantiomers BR/BS (66–95% ee) is potentially very
significant. While direct kinetic resolution of cis-dihydrodiols has
been utilised using dehydrogenase enzymes, a tandem kinetic
resolution process involving cis-dihydroxylation of such nitriles
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Scheme 6 Chemoenzymatic synthesis of unnatural benzene cis-dihydrodiols BR, IR and IS.


Scheme 7 Chemoenzymatic synthesis of unnatural benzene cis-dihydrodiols FS and IS.


followed by stereoselective hydrolysis using nitrilase or amidase
enzymes could in principle provide an alternative route to the
unnatural cis-dihydrodiol enantiomers.


The recent study using CBDO57 shows the potential of
molecular biology methods to develop new recombinant strains
containing a dioxygenase enzyme with the ability to yield both
cis-dihydrodiol enantiomers. With the availability of cis-diol de-
hydrogenase enzymes having enantiocomplementary preferences
e.g. benzene diol dehydrogenase, (BDD favouring BR)19 and
naphthalene diol dehydrogenase (NDD favouring BS),37,81 it may
also be possible to develop new recombinant strains containing (a)
a dioxygenase that produces both enantiomers (BR/BS) and (b) an
appropriate diol dehydrogenase to selectively remove either enan-
tiomer. Ultimately it may also be possible to produce the unnatural
enantiopure cis-dihydrodiols of types BR, IS, IR, FS and FR directly.


Benzene cis-dihydrodiol metabolites have been used to syn-
thesise a wide range of natural and related unnatural products
including alkaloids, carbohydrates, hemiterpenes, steroids and
miscellaneous plant and marine metabolites. Within the limited
scope of this article, it is impossible to do justice to the many
elegant multi-step synthetic studies based on cis-dihydrodiol
precursors. However, as the majority of these earlier multi-step
syntheses have been discussed in reviews covering the literature
up to 2001,2–11 our focus will be on more recent studies. Some
representative structures of recently synthesised natural products,
unnatural analogues and the sections derived from their cis-
dihydrodiol precursors are presented (blue).


The most widely used type BS cis-dihydrodiol precursors for
the synthesis of natural products have been those derived from
chlorobenzene (R = Cl), bromobenzene (R = Br), and toluene
(R = Me).82 These chiral precursors continue to be extensively
used and recent natural product target molecules synthesised
include the macrolide (−)-cladospolide A, (27,11 steps from diol


BS, R = Cl),83 the marine metabolite (−)-ent-bengamide E (28,11
steps from diol BS, R = Br),84 the b-carboline analogue of the
Amaryllidaceae alkaloid 7-deoxypancratistatin (29,12 steps from
diol BS, R = Br),85 the sesquiterpene (−)-hirsutene (30,14 steps
from diol BS, R = Br),86 and the 6C-methyl-D-mannoses (31 and
32, 7 steps from diol BS, R = Me).87


On account of its easier halogen substitution reactions, the cis-
dihydrodiol derived from iodobenzene (BS, R = I) is arguably the
most versatile and useful of the four monohalogenated diols BS


(R = F, Cl, Br, I). Due to its lower stability and earlier commercial
unavailability, its application in synthesis remains to be fully
exploited. The reports on the synthesis of four carbasugars (33–36,
4–11 steps from diol BS, R = I)88 and of 6,6-difluoroshikimic acid
(37, 9 steps from diol BS, R = I)89 is indicative of the increasing
interest in this particularly useful bioproduct.


Recent studies also demonstrate the first synthetic applications
of cis-dihydrodiols derived from disubstituted monocyclic arenes
and polycyclic arenes or heteroarenes and of different dioxygenase
types. These include the use of achiral diol 38 as precursor of a
furanone strawberry flavour compound (39, 2 steps),90 enantiopure
diol 40 to yield alkaloid narciclasine (41, 11 steps),91 and a scalemic
mixture of diol 42 to give 7-deoxypancratistatin (43, 13 steps).91


The bicyclic arene, naphthalene, has been used in the production
of the styryllactone, (+)-goniodiol (44, 11 steps from diol 45).92


Similarly, the parent furoquinoline alkaloid, dictamnine, a
tricyclic heteroarene, yielded the enantiopure cis-dihydrodiol 18
which was in turn used as a synthetic precursor of several
furoquinoline alkaloids including 7-isopentenyl-c-fagarine (46,
3 steps from diol 18).46 The application of directed evolution
methods in the production of compound 39 in high yield (ca.
20 g l−1) from the cis-dihydrodiol 38,90 is a good example of the
potential of this type of biotechnology in the manufacture of high-
value compounds for the fine chemicals and food industry.
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The application of enantiopure cis-dihydrodiols as a new
type of chiral pool molecule remains to be developed in the
context of catalytic asymmetric synthesis. Preliminary work from
our laboratories93 has already indicated that a new range of
chiral bipyridine ligands can be synthesised from cis-dihydrodiols
including compounds 47 and 48 derived from 2-chloroquinoline51


and 2-chloro-6-phenyl pyridine respectively. Chiral bipyridines of
general structures 49 and 50 were readily synthesised (3 steps)
from cis-diols 47 and 48, respectively. The potential of enantiopure
bipyridine compounds 49 as chiral ligands has already been
realised in asymmetric allylic hydroxylation, cyclopropanation and
allylation reactions, to yield products often having high ee values
(>98%).93


6. Conclusion


The primary objectives of this article are to provide information
on the ever-increasing range of dioxygenase biocatalysts and
cis-dihydrodiol bioproducts currently available for synthetic ap-
plications. While a universally acceptable mechanism for arene
cis-dihydroxylation has not yet been agreed upon, alternative
mechanistic proposals have been presented. With the major
advances that have recently been made in molecular biology, the
construction of new designer dioxygenases capable of producing
cis-diols having unnatural configurations and regioisomers, and
in improved yields, is now possible. Applications are expected
to continue in the areas of new and improved synthetic routes
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to increasingly complex biologically active natural products, e.g.
morphine and vinblastine, using a wider range of monocyclic arene
cis-dihydrodiol precursors. Further realisation of the full potential
of the cis-dihydrodiols of polycyclic arenes and heteroarenes in the
context of new chiral ligands of value in the catalytic production
of single enantiomer pharmaceuticals via chemical asymmetric
synthesis, is anticipated.
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cis-Fused [6,8], [6,7], [6,6] and [6,5] ring systems containing a cyclohexadiene ring unit, a
cycloenone ring and a quaternary carbon at the ring junction were obtained in only two steps from
[Cr(CO)3(g6-p-methoxyphenyl oxazoline)]. The sequence proceeds via diastereoselective addition of
three C-substituents across an arene double bond, followed by allylation and ring closing metathesis
(RCM). RAMP-hydrazone and (R)-isopropyloxazoline were used as chiral auxiliaries to provide, after
removal of the auxiliaries, the enantiomerically highly enriched [6,7] cis-fused system.


Introduction


The regio- and stereocontrolled addition of substituents across
an arene double bond is an efficient route to alicyclic synthetic
building blocks containing unmasked functionalities, new carbon–
carbon bonds and new stereogenic centers.1 Our research in this
area has focused on Cr(CO)3(arene) complexes.2 Coordination
to the electron withdrawing Cr(CO)3 fragment enables the direct
attack of the exo face of the arene by nucleophiles.3 Subsequent
alkylation of the anionic cyclohexadienyl complex intermediate
at the metal center and reductive elimination gives a trans
cyclohexadiene.4 Depending on the nature of the electrophile
and the substituents on the arene, the reductive elimination
can be preceded by migratory CO insertion. In such a case,
enolate chemistry allows the stereospecific introduction of a third
substituent (Scheme 1).5


Scheme 1


Nucleophilic addition proceeds with generally high regioselec-
tivity. Resonance donor substituents direct meta,6 while bulky sub-
stituents and acceptor substituents direct para.7 Finally, functional
groups that can efficiently coordinate the incoming organolithium
reagent direct ortho.8


Diasteromerically- or enantiomerically enriched products are
accessible from arenes bearing chiral auxiliaries as substituents,9


from planar chiral arene complexes,10 from complexes containing
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a chiral ligand at the metal center,11 or by using chiral nucleophiles
to attack prochiral complexes.12


These methods have found applications in the synthesis of
natural products and other molecules of interest.13,14


In a preliminary communication of this work we have shown
that the Cr-mediated dearomatisation sequence could be com-
bined with ring closing metathesis to access cis-fused ring systems
bearing a Me group at one ring junction.15 The structural unit of a
cis-fused ring system with an angular Me group at the ring junction
is frequently encountered in natural products.16 Here we provide
a more detailed account of this work, including the synthesis of
highly enantiomerically enriched [6,7] ring systems.


Results and discussion


We chose the readily available complex [Cr(CO)3(g6-p-methoxy-
phenyloxazoline)] (1)8b as substrate for our initial studies because
of the useful and varied functional groups that are implicit in
the arene. In situ generated vinyllithium was the first nucleophile
tested. Selective ortho-addition took place presumably because
coordination of the reagent to the lone pair of the oxazoline
precedes C–C-bond formation. This addition was followed by Cr
alkylation with MeI in the presence of [NBu4][Br],17 migratory CO
insertion and acetyl migration to the less substituted terminus of
the cyclohexadienyl ligand (reductive elimination) to give the cor-
responding cyclohexadiene. The quaternary center was generated
via enolate formation and diastereoselective introduction of the
angular Me group from the less hindered face. The overall yield of
88% in this transformation that involves a dearomatisation with
the chemo-, regio- and diastereoselective formation of three C–C
bonds and two stereogenic centers attests to the high efficiency of
this procedure (Scheme 2).


Next, with a second enolate formation and allylation it was
possible to obtain diene 3.18 RCM for seven-membered ring
formation with the first generation ruthenium carbene complex 8
was sluggish and yields obtained were generally below 40%. This
result can be explained by the formation of a stable 7-membered
chelate that sequesters the catalyst.19 Fortunately, the use of the
more reactive catalyst 920 circumvented this problem and the [6,7]
bicyclic system 4 was obtained in an excellent 88% yield.
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Scheme 2


The same procedure was used to synthesize cis-fused [6,8]
bicyclic compound 7. Starting with allyllithium in place of
vinyllithium afforded 5 in 88% yield. Allylation afforded diene 6.
In this case RCM with ruthenium catalyst 8 proceeded smoothly
giving the [6,8]-cis-fused 7 quantitatively (Scheme 2). Access to
[6,6] and [6,5] fused rings was investigated next. The most straight-
forward strategy would involve the use of a vinyl halide as elec-
trophile in the dearomatisation sequence. However, alkylation–
carbonylation of the anionic [Cr(CO)3(cyclohexadienyl)] complex
intermediate starts with an SN2 process and halides bound to
an sp2 C-fragment are therefore not suitable electrophiles for
this reaction.21 Moreover, attempts to use acyl electrophiles (acid
halides, anhydrides), failed to yield the desired products. We
therefore had recourse to stepwise formation of the required
RCM precursors 12 and 15. A first approach comprised vinyl-


lithium addition to 1, followed by reaction with ethyl iodide
and carbonylation to give 10. Deprotonation and quench with
methyl iodide then gave cyclohexadiene 11 and selenation and
elimination afforded the desired enone 12 (Scheme 3). This route
is interesting because it shows that two different electrophiles
can be used in steps 2 and 3 of the sequence. Isolation of 10
proved necessary. Without this step, product 11 was contami-
nated with its homologue, containing an angular ethyl group.
Attempts at separation of the two compounds by FC was not
successful.


A second and more efficient approach consisted in the prepa-
ration of the enone via Mannich reaction. Formation of the silyl
enol ether, followed by alkylation with Eschenmoser’s salt, N-
methylation and elimination of the quaternary amine gave enone
12 in good yield (Scheme 4).


Scheme 3
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Scheme 4


RCM of enone 12 was attempted with the Ru catalyst 9, but
no conversion was observed. This is consistent with the fact that
electron poor dienes are less reactive in the metathesis reaction.22


To avoid this problem enone 12 was diastereoselectively reduced
under Luche conditions. The resulting alcohol 13 underwent RCM
smoothly with the first generation catalyst 8, to give the cis-
fused ring compound 14. The alcohol’s stereochemistry of the
major diastereoisomer was assigned by analogy to 19 (vide infra)
(Scheme 5).


Scheme 5


Following the same strategy, enone 15 was obtained starting
from methyl ketone 5. Metathesis was this time possible with
catalyst 9, but the reaction was sluggish and afforded 16 in 48%


yield only. Reduction of 15 to the allylic alcohol 17 again resulted
in a much more efficient RCM using catalyst 18 to obtain 19 in
87% yield (Scheme 6).


The relative stereochemistry in 19 was assigned by comparison
of its NMR spectra with those of its diastereoisomer 20. Previous
work has shown that reduction of 16 to 20 occurs from the
less hindered, convex face of the molecule, and this gives the
opposite relative stereochemistry than that of allylic alcohol 19
(Scheme 7).14


Scheme 7


Having gained efficient access to [6,8], [6,7], [6,6] and [6,5]
cis-fused rings, the preparation of these compounds in enan-
tiomerically enriched form was considered. In a first approach,
complex 22, bearing a chiral oxazoline, was prepared by thermal
complexation.23 Addition of vinyllithium proceeded with good
diastereoselectivity, and trapping with methyl iodide followed by
introduction of methyl group, as previously done, gave cyclohexa-
diene 23 with a diastereoisomeric excess of 88% (Scheme 8). Prod-
uct stereochemistry reflects a transition state in which the isopropyl
substituent of the chiral auxiliary is syn to the metal fragment.8a


Allylation afforded diene 24. Using the same conditions as for
the racemic series afforded the diasteroisomerically enriched ring
compound 25. Finally, cleavage of the chiral oxazoline,24 gave the
enantiomerically enriched aldehyde 26 (Scheme 8).


Scheme 6


344 | Org. Biomol. Chem., 2006, 4, 342–351 This journal is © The Royal Society of Chemistry 2006







Scheme 8


Another possibility involves the use of complex 30 containing
RAMP-hydrazone as chiral auxiliary. This complex was synthe-
sized by thermal complexation of anisaldehyde dimethyl acetal,
followed by hydrolysis of the acetal 28 and treatment with the
RAMP-hydrazone (Scheme 9).


Ring compound 33 was obtained by the same reaction se-
quence as the one used to obtain 25. In this case, 1H NMR
showed a single diastereoisomer to be formed (de > 95%).


Diastereoselectivity is interpreted as arising from the preference
of a chair-like transition state over the boat-like transition
state during addition of the chelated organolithium reagent.9


Oxidative cleavage of the hydrazone25 gave nitrile 34 in good yield
(Scheme 10).


It is worth noting that intermediates 23 and 31 should give access
to enantiomerically enriched [6,5] cis-fused systems by a similar
sequence to the one described above.


Scheme 9


Scheme 10
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In order to obtain [6,8] and [6,6] cis-fused rings, we next
turned our attention to allyllithium as incoming nucleophile.
Unfortunately, the diastereoselectivities obtained were below 15%
starting from complexes 22 and 30.


In conclusion, an efficient synthesis of highly functionalised cis-
fused bicyclic [6,8], [6,7], [6,6], and [6,5] ring compounds has been
achieved using arene chromium complexes as precursors. The use
of chiral auxiliaries gives access to the enantiomerically highly
enriched [6,7] bicyclic system. The application of this method to
the synthesis of bioactive natural products is currently been studied
in our laboratory.


Experimental


Reactions and manipulations were carried out under an atm. of
N2 using a N2–vacuum double manifold and standard Schlenk
techniques, using oven and heat gun-dried glassware. Solvents were
distilled prior to use from sodium–benzophenone ketyl (THF),
sodium (toluene) or CaH2 (CH2Cl2). Commercially available solid
chemicals were used without purification unless indicated; liquids
were flash-distilled prior to use. Degassed solns. were obtained
via three pump–freeze–thaw cycles. Flash chromatography (FC)
(silica 60, 40 lm Fluka) was performed in air under pressure
(0.2–0.3 bar). IR spectra were measured on a Perkin-Elmer 241
polarimeter with a NaCl cell. NMR spectra were measured
on Bruker 400 or 500 MHz, or Varian-XL 200 spectrometers.
Chemical shifts were referenced to solvent residual peak and
are given in ppm relative to TMS. J values are given in Hz.
Diastereoisomeric excess was measured by 1H NMR integration.
Analytical data always corresponds to the major diastereoisomer.
Optical rotations were measured at 22 ◦C on a Perkin Elmer 241-
polarimeter using quartz cell (l = 10 cm) with a Na high-pressure
lamp (k = 589 mm). High resoln. mass spectra were measured
on a VG analytical 7070E instrument (data system 11250, resoln.
7000).


1-[5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-methyl-
6-vinyl-cyclohexa-2,4-dienyl]-ethanone (2)


nBuLi (1.6 M in hexanes, 3.25 mL, 5.2 mmol) was rapidly added
to tetravinyltin (470 lL, 2.6 mmol) at 25 ◦C. The white suspension
was stirred for 2 h and then cooled to −78 ◦C followed by the
addition of THF (32 mL). Complex 1 (1.364 g, 4 mmol) was added
in one portion and the resulting orange soln. was stirred at this
temp. in the dark for 1 h. nBu4NBr (1.675 g, 5.2 mmol) and MeI
(1.2 mL, 20 mmol) were next added and the mixture was placed
under an atm. of CO (1.5 Bar) and warmed to rt overnight. Excess
CO was vented and volatiles were removed under reduced pressure.
The residue was dissolved in THF (40 mL), cooled to −78 ◦C
and sodium ethoxide (2.56 M, 1.5 mL, 6 mmol) was added. The
mixture was stirred for 1 h before methyl iodide (750 lL, 12 mmol)
was added and the mixture was allowed to warm to rt overnight.
The soln. was concentrated under reduced pressure and purified
by FC (cyclohexane : AcOEt, 6 : 4) to give 2 (1.021 g, 88%) as a
pale yellow solid. Mp = 94–97 ◦C; mmax/cm−1 (CH2Cl2) 2970, 1706,
1607, 1571, 1461, 1269, 1203, 1039, 1001; dH (200 MHz; C6D6)
6.94 (1H, d, J1,3 6.7), 5.98–5.78 (1H, m), 5.34 (1H, dd, J1,2 1.92,
J1,3 16.9), 4.95 (1H, dd, J1,2 1.92, J1,3 9.9), 4.72 (1H, d, J1,3 6.7),
3.77 (1H, d, J1,3 9.5), 3.67 (2H, s), 2.95 (3H, s), 2.02 (3H, s), 1.49


(3H, s), 1.18 (3H, s), 1.13 (3H, s); dC (50 MHz; C6D6) 206.4, 165.0,
161.1, 136.0, 119.1, 117.2, 93.5, 78.5, 67.6, 57.9, 54.8, 50.7, 31.2,
28.5, 28.3, 22.9, 20.6. HRMS (EI) on (M+) for C17H23NO3 requires
289.1678, found: 289.1670.


1-[5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-methyl-
6-vinyl-cyclohexa-2,4-dienyl]-pent-4-en-1-one (3)


A soln. of 2 (289 mg, 1 mmol) in THF (8 mL) was added
to freshly prepared LDA (addition of nBuLi (1.6 M, 0.7 mL,
1.12 mmol) to a soln. of diisopropylamine (200 ll, 1.43 mmol) in
THF (5 mL) at 0 ◦C) at −78 ◦C. The mixture was stirred for 2 h and
then allyl bromide (200 ll, 2.31 mmol) was added. The yellow–
brown soln. was allowed to warm to rt overnight and then a sat.
ammonium chloride soln. was added. The aq. layer was separated
and extracted with Et2O (3 × 10 mL). The organics were combined,
washed with brine, dried over MgSO4 and concentrated under
reduced pressure. The residue was purified by FC (cyclohexane :
Et2O, 1 : 1) to give 3 (263 mg, 80%) as a pale yellow solid. Mp =
87–89 ◦C; mmax/cm−1 (CH2Cl2) 2972, 2939, 1705, 1607, 1571, 1461,
1378, 1263, 1039, 1002, 919; dH (200 MHz; C6D6) 6.93 (1H, d, J1,3


6.7), 6.18–5.71 (2H, m), 5.53 (1H, dd, J1,3 2, 17), 5.08–4.91 (3H,
m), 4.73 (1H, d, J1,3 6.7), 3.78 (1H, d, J1,3 9.6), 3.66 (2H, s), 2.94
(3H, s), 2.61–2.32 (4H, m), 1.49 (3H, s), 1.18 (3H, s), 1.12 (3H, s);
dC (50 MHz; C6D6) 208.1, 164.9, 160.8, 138.2, 135.2, 118.4, 117.1,
114.4, 93.5, 78.2, 67.4, 57.5, 54.5, 50.6, 42.5, 28.5, 28.3, 28.1, 20.4;
HRMS (EI) on (M+) for C20H27NO3 requires 329.1991, found:
329.1970.


1-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-4-methoxy-4a-methyl-
4a,6,7,9a-tetrahydro-benzocyclohepten-5-one (4)


A soln. of 3 (120 mg, 0.36 mmol) and 926 (17 mg, 5 mol%) in
40 mL of toluene was degassed and then heated at 80 ◦C for 2 h.
The mixture was then concentrated under reduced pressure and
the residue was purified by FC (cyclohexane : AcOEt, 7 : 3) to
give 4 (96 mg, 88%) as a brown solid. Mp = 58–59 ◦C; mmax/cm−1


(CH2Cl2) 2968, 2953, 1712, 1607, 1577, 1463, 1257, 1204, 1084,
1008; dH (200 MHz; C6D6) 6.94 (1H, d, J1,3 6.7), 6.18–6.08 (1H,
m), 5.75–5.61 (1H, m), 4.65 (1H, d, J1,3 6.7), 3.85 (1H, d, J1,3 4.7
Hz), 3.70 (1H, d, J1,2 7.9), 3.68 (1H, d, J1,2 7.9), 2.90 (3H, s), 2.53
(3H, s), 1.67–1.48 (1H, m), 1.53 (3H, s), 1.16 (3H, s), 1.13 (3H, s);
dC (50 MHz; C6D6) 207.7, 164.9, 161.7, 132.9, 127.1, 120.6, 92.6,
78.7, 67.7, 55.1, 54.7, 47.0, 45.4, 28.6, 28.5, 21.9, 21.7; HRMS (EI)
on (M+) for C18H23O3N requires 301.1677, found: 301.1670.


1-[6-Allyl-5-(4,4-dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-
methyl-cyclohexa-2,4-dienyl]-ethanone (5)


Complex 1 (852 mg, 2.5 mmol) was treated with allyllithium
(prepared from nBuLi and allyltin) and MeI–CO following the
procedure described for the preparation of 2. Purification by FC
(cyclohexane : AcOEt, 1 : 1) afforded 5 (668 mg, 88%) as a pale
yellow solid. Mp = 56–58 ◦C; mmax/cm−1 (CH2Cl2) 2964, 2932,
1703, 1605, 1572, 1458, 1354, 1245, 1201, 1043, 1000, 913; dH


(200 MHz; C6D6) 6.98 (1H, d, J1,3 6.7), 6.22–6.02 (1H, m), 5.09–
4.93 (2H, m), 4.77 (1H, d, J1,3 6.7), 3.71 (2H, d, J1,2 7.9), 3.44 (1H,
t, J1,3 6.4), 3.04 (3H, s), 2.47 (2H, t, J1,3 6.4), 2.03 (3H, s), 1.45
(3H, s), 1.23 (3H, s), 1.19 (3H, s); dC (50 MHz; CDCl3) 207.3,
165.3, 162.1, 136.7, 119.9, 115.4, 93.3, 78.3, 67.4, 56.6, 54.6, 44.4,
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35.7, 30.7, 28.0, 21.6; HRMS (EI) on (M+) for C18H25NO3 requires
303.1834, found: 303.1823.


1-[5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-methyl-
6-allyl-cyclohexa-2,4-dienyl]-pent-4-en-1-one (6)


Diene 5 (290 mg, 0.96 mmol) was treated with LDA and allylBr
following the procedure described for the preparation of 3.
Purification by FC (cyclohexane : AcOEt, 1 : 1) gave 6 (250 mg,
76%) as a pale yellow oil. mmax/cm−1 (CH2Cl2) 2971, 2934, 1703,
1606, 1572, 1461, 1265, 1247, 1207, 1001, 916; dH (200 MHz;
C6D6) 6.94 (1H, d, J1,3 6.7), 6.22–5.98 (1H, m), 5.87–5.66 (1H, m),
5.09–4.88 (4H, m), 4.74 (1H, d, J1,3 6.7), 3.68 (2H, d, J1,2 7.9), 3.43
(1H, t, J1,3 7.1), 3.02 (3H, s), 2.58–2.29 (6H, m), 1.41 (3H, s), 1.20
(3H, s), 1.15 (3H, s); dC (50 MHz; C6D6) 209.0, 166.1, 162.6, 138.2,
137.0, 119.9, 115.8, 115.2, 93.8, 78.7, 67.7, 56.9, 54.9, 44.9, 42.1,
36.0, 28.7, 28.4, 21.9; HRMS (EI) on (M+) for C21H29NO3 requires
343.2147, found: 343.2152.


1-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-4-methoxy-4a-methyl-
6,7,10,10a-tetrahydro-4aH-benzocycloocten-5-one (7)


A soln. of 6 (150 mg, 0.44 mmol) and 827 (40 mg, 10 mol%) in
CH2Cl2 (44 mL) was degassed and heated at reflux, under N2 for
17 h. The mixture was then concentrated and the residue was
purified by FC (cyclohexane : Et2O, 1 : 1) to give 7 as a brown
solid. Mp = 127–129 ◦C; mmax/cm−1 (CH2Cl2) 2969, 2934, 1703,
1606, 1573, 1455, 1378, 1248, 1204, 1045, 1007, 708; dH (200 MHz;
C6D6) 6.91 (1H, d, J1,3 6.7), 5.88–5.71 (1H, m), 5.58–5.45 (1H, m),
4.75 (1H, d, J1,3 6.7 Hz), 3.69 (1H, d, J1,2 7.9), 3.65 (1H, d, J1,2 7.9),
3.15–2.98 (3H, m), 2.95 (3H, s), 2.72–2.50 (1H, m), 2.38–2.20 (2H,
m), 2.18–1.93 (1H, m), 1.46 (3H, s), 1.17 (3H, s), 1.14 (3H, s); dC


(50 MHz; C6D6) 210.2, 165.1, 161.6, 130.8, 126.1, 121.9, 93.1, 78.6,
67.7, 55.6, 54.9, 44.9, 41.2, 29.2, 28.7, 28.5, 26.4, 21.1; HRMS (EI)
on (M+) for C19H25O3N requires 315.1834, found: 315.1814.


1-[5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-6-vinyl-
cyclohexa-2,4-dienyl]-propan-1-one (10)


nBuLi (1.6 M in hexanes, 750 lL, 1.2 mmol) was rapidly added
to tetravinyltin (110 lL, 0.6 mmol) at 25 ◦C. The white soln. was
stirred 2 h and then cooled to −78 ◦C before addition of THF
(8 mL). Complex 1 (341 mg, 1 mmol) was added in one portion
and the resulting orange soln. was stirred at this temp. in the
dark for 1 h. After this time, DMPU (1.2 mL, 10 mmol) and EtI
(800 lL, 10 mmol) were next added and the mixture was placed
under CO (1.5 Bar) and warmed up to rt overnight. Then it was
stirred at 50 ◦C for 1 h. Excess CO was vented and the volatiles were
removed under reduced pressure. The residue was purified by FC
(cyclohexane : Et2O, 6 : 4) to give the cyclohexadiene 10 (194 mg,
67%) as a pale yellow solid. Mp = 67–69 ◦C; dH (500 MHz; CDCl3)
6.77 (1H, bs), 5.86–5.80 (1H, m), 5.23 (1H, d, J1,3 5.8), 5.05 (1H,
d, J1,3 6.4), 5.01 (1H, d, J1,3 10.4), 3.97 (1H, d, J1,3 4.9), 3.95 (1H,
d, J1,2 7.9), 3.89 (1H, d, J1,2 7.9), 3.70 (3H, s), 3.06 (1H, s), 2.60–
2.47 (2H, m), 1.32 (3H, s), 1.26 (3H, s), 1.01 (3H, t, J1,3 7.2); dC


(50 MHz; CDCl3) 207.1, 161.5, 158.9, 136.2, 114.2, 94.5, 78.6,
67.1, 55.4, 55.4, 53.2, 39.1, 33.1, 28.3, 28.1, 7.7; HRMS (EI) on
(M+) for C17H23O3N requires 289.1678, found: 289.1681.


1-[5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-methyl-
6-vinyl-cyclohexa-2,4-dienyl]-propan-1-one (11)


NaOEt in EtOH (2.46 M, 820 lL, 2.01 mmol) was added dropwise
to a soln. of 10 (387 mg, 1.34 mmol) in THF (10 mL) at −78 ◦C. The
mixture was stirred for 1 h before MeI (125 lL, 2.01 mmol) was
added and the mixture was allowed to warm to rt overnight. The
soln. was concentrated under reduced pressure and purified by FC
(cyclohexane : Et2O, 6 : 4) to give 11 (384 mg, 95%) as a colourless
oil. mmax/cm−1 (CH2Cl2) 2974, 2934, 1706, 1654, 1607, 1570, 1456,
1378, 1246, 1039, 1003; dH (400 MHz; C6D6) 6.84 (1H, d, J1,3 6.7),
5.78 (1H, dt, J1,3 16.9, 9.7), 5.21 (1H, dd, J1,2 2.0, J1,3 16.9), 4.84,
(1H, dd, J1,2 2.0, J1,3 9.7), 4.69 (1H, d, J1,3 6.7), 3.65 (1H, d, J1,3


9.7), 3.62–3.57 (2H, m), 2.94 (3H, s), 2.34–2.16 (2H, m), 1.40 (3H,
s), 1.10 (3H, s), 1.05 (3H, s), 0.99 (3H, t, J1,3 7.0); dC (100 MHz;
C6D6) 209.3, 164.9, 135.2, 127.1, 118.5, 116.7, 93.3, 78.0, 67.2,
57.4, 54.4, 50.5, 35.9, 28.1, 27.9, 20.2, 7.8; HRMS (EI) on (M+)
for C18H25O3N requires 302.1756, found 302.1712.


1-[5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-methyl-
6-vinyl-cyclohexa-2,4-dienyl]-propenone (12)


Method A. NaHMDS in THF (1.0 M, 2.3 mL, 2.30 mmol)
was added dropwise to a soln. of 11 (348 mg, 1.15 mmol) in THF
(16 mL) at −78 ◦C. The mixture was stirred for 4 h and then PhSeBr
(408 mg, 1.73 mmol) was added in one portion. The mixture was
warmed to rt overnight. A sat. aq. NH4Cl soln. was added and the
mixture was extracted with Et2O. The organics were combined,
washed with brine, dried over MgSO4 and concentrated under
reduced pressure. The residue was purified by FC (cyclohexane :
Et2O, 7 : 3) to give the product of selenation (389 mg) as a mixture
of the two diastereoisomers. They were dissolved in 5 mL of
CH2Cl2 and cooled to −78 ◦C before dropwise addition of 30%
aq. soln. of hydrogen peroxide (200 lL, 1.70 mmol). The mixture
was stirred at 0 ◦C for 3 h and then concentrated and purified by
FC (cyclohexane : Et2O, 7 : 3) to afford 12 (160 mg, 46%) as a
white solid.


Method B. TMSOTf (840 lL, 4.7 mmol) was slowly added to
a soln. of 2 (908 mg, 3.1 mmol) and NEt3 (655 lL, 4.7 mmol) in
CH2Cl2 (30 mL) at 0 ◦C. The mixture was stirred 1 h and then
filtered with ether over a pad of neutral alumina activated with
10% water. Solvents were evaporated and the oil was dissolved
in 20 mL of CH2Cl2 and added via syringe to a suspension of
Eschenmosser’s salt (1.143 g, 6.2 mmol) in 40 mL of CH2Cl2 at
0 ◦C. The mixture was stirred for 2 h and then NaOH (1 M,
4 mL, 6.2 mmol) was added and the mixture poured onto brine :
H2O (1 : 1) and extracted 3 times with CH2Cl2. The combined
organic layers were washed with brine and dried with Na2SO4.
Solvents were evaporated to obtain a grey–green oil which was
dissolved in 40 mL of CH2Cl2 and MeI (965 lL, 15.5 mmol)
was added. After 15 min a precipitate appeared and the mixture
was stirred for 1.5 h. Then 40 mL of a sat. NaHCO3 aq. soln. was
added and the mixture was extracted 3 times with CH2Cl2 and the
combined organic layers were washed with brine and dried with
Mg2SO4. Solvents were evaporated and the residue was purified
by FC (cyclohexane : AcOEt, 7 : 3) to give 12 (720 mg, 77%) as
a white solid. Mp = 87–89 ◦C; mmax/cm−1 (CH2Cl2) 2970, 2934,
1697, 1609, 1573, 1456, 1398, 1246, 1039, 1003; dH (400 MHz;
C6D6) 6.90 (1H, d, J1,3 6.7), 6.23–6.25 (2H, m), 5.77 (1H, dt, J1,3


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 342–351 | 347







19.2, 9.6), 5.28 (1H, dd, J1,2 1.9, J1,3 16.9), 5.04 (1H, dd, J1,3 6.7,
5.6), 4.92 (1H, dd, J1,2 1.9, J1,3 9.6), 4.69 (1H, d, J1,3 6.7), 3.79 (1H,
d, J1,3 9.6), 3.60 (2H, m), 2.89 (3H, s) 1.50 (3H, s), 1.11 (3H, s),
1.04 (3H, s); dC (125 MHz; C6D6) 197.9, 164.8, 161.1, 136.6, 135.0,
127.5, 123.9, 119.3, 117.9, 93.8, 78.5, 67.7, 55.8, 54.8, 50.9, 28.5,
28.3, 20.4; HRMS (EI) on (M+) for C18H23O3N requires 301.1677,
found: 301.1646.


1-[5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-methyl-
6-vinyl-cyclohexa-2,4-dienyl]-prop-2-en-1-ol (13)


NaBH4 (12 mg, 0.31 mmol) was added to a soln. of 12 (100 mg,
0.31 mmol) and CeCl3·7H2O (118 mg, 0.31 mmol) in MeOH
(3 mL) at 0 ◦C. The mixture was stirred for 1 h and then
concentrated and purified by FC (cyclohexane : Et2O, 1 : 1) to
give 13 (66 mg, 70%, de = 76%) as a white solid. mmax/cm−1 (Et2O)
3586, 2952, 2825, 1654, 1609, 1574, 1381, 1371, 1130, 1114, 1066;
dH (400 MHz; C6D6) 6.79 (1H, d, J1,3 6.4), 6.20–6.05 (1H, m),
5.91 (1H, dt, J1,3 19.4, 9.3), 5.70 (1H, dt, J1,2 0.9, J1,3 17.0), 5.46
(1H, dd, J1,2 2.2, J1,3 17.6), 5.16 (1H, dt, J1,2 0.9, J1,3 17.0), 5.01
(1H, dd, J1,2 2.2, J1,3 9.1), 4.65–4.63 (1H, m), 4.55 (1H, d, J1,3 6.4),
3.65 (1H, d, J1,3 9.3), 3.61 (1H, d, J1,2 7.8), 3.57 (1H, d, J1,2 7.8),
3.36–3.35 (1H, m), 2.73 (3H, s), 1.32 (3H, s), 1.11 (3H, s), 1.07
(3H, s); dC (100 MHz; C6D6) 168.2, 161.0, 135.4, 133.4, 120.8,
117.0, 116.8, 93.0, 78.0, 72.7, 67.2, 54.5, 48.6, 45.6, 28.2, 27.9,
26.8, 15.4; HRMS (EI) on (M+) for C18H25O3N requires 303.1834,
found: 303.1859.


4-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-7-methoxy-7a-methyl-
3a,7a-dihydro-1H-inden-1-ol (14)


A soln. of 13 (445 mg, 1.46 mmol) and RCM catalyst 8 (10 mol%,
134 mg, 0.15 mmol) in CH2Cl2 (100 mL) was degassed and
then heated overnight at reflux, under N2. The mixture was then
concentrated to give a brown residue which was purified by FC
(cyclohexane : Et2O, 1 : 1) to give 14 (338 mg, 84%) as a pale yellow
solid. Mp = 107–109 ◦C; mmax/cm−1 (CH2Cl2) 3586, 2966, 2932,
2869, 1660, 1606, 1578, 1453, 1235, 1093, 1011, 814, 503 cm−1; dH


(500 MHz; C6D6) 6.97 (1H, d, J1,3 6.8) 6.11 (1H, dd, J1,3 5.7, 1.9),
6.01–5.99 (1H, m), 5.10 (1H, s), 4.73 (1H, d, J1,3 6.8), 4.19–4.17
(1H, m), 3.72 (1H, d, J1,2 7.9), 3.70 (1H, dd, J1,3 7.9), 3.02 (3H, s),
1.98 (1H, bs), 1.43 (3H, s), 1.22 (3H, s), 1.21 (3H, s); dC (125 MHz;
C6D6) 167.8, 162.7, 135.9, 132.5, 128.2, 116.2, 91.6, 81.7, 78.5,
67.5, 54.8, 51.9, 50.5, 28.5, 28.4, 20.2; HRMS (EI) on (M+) for
C16H21NO3 requires 275.1521, found: 275.1509.


1-[6-Allyl-5-(4,4-dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-
methyl-cyclohexa-2,4-dienyl]-propanone (15)


Compound 5 (303 mg, 1 mmol) was reacted following the proce-
dure described for the preparation of 12 (Method B). Purification
by FC (cyclohexane : AcOEt, 6 : 4) gave 15 (185 mg, 59%) as
an colourless solid. Mp = 125–126 ◦C; mmax/cm−1 (CH2Cl2) 2971,
2934, 1693, 1609, 1573, 1398, 1246, 1048, 1003; dH (500 MHz;
C6D6) 7.0 (1H, d, J1,3 6.7), 6.48 (1H, dd, J1,3 16.9, 10.0), 6.36 (1H,
dd, J1,2 2.2, J1,3 16.9), 6.15–6.06 (1H, m), 5.13 (1H, dd, J1,2 2.2, J1,3


10.0), 5.05 (1H, d, J1,3 16.9), 4.97 (1H, d, J1,3 10.0), 4.79 (1H, d, J1,3


6.7), 3.74 (1H, d, J1,2 7.8), 3.67 (1H, d, J1,2 7.8), 3.53 (1H, dd, J1,3


9.0, 4.9), 3.00 (3H, s), 2.59–2.47 (2H, m), 1.58 (3H, s), 1.22 (3H,


s), 1.18 (3H, s); dC (125 MHz; C6D6) 198.9, 165.3, 162.3, 137.1,
136.2, 128.3, 127.6, 124.9, 120.7, 115.6, 93.8, 78.6, 67.7, 55.6, 54.9,
45.2, 36.1, 28.2, 21.4; HRMS (EI) on (M+) for C19H25O3N requires
315.1834, found: 315.1877.


1-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-4-methoxy-4a-
methyl-4a,6,7,9a-tetrahydro-benzocyclohexen-5-one (16)


Compound 15 (129 mg, 0.41 mmol) was reacted following the
procedure described for the preparation of 4 and the residue was
purified by FC (cyclohexane : AcOEt, 6 : 4) to give 16 (57 mg,
48%) as a brown solid. Mp = 153–156 ◦C; mmax/cm−1 (CH2Cl2)
2971, 2932, 1676, 1602, 1566, 1395, 1344, 1244, 1179, 1079, 1007,
762, 706; dH (400 MHz; C6D6) 6.90 (1H, d, J1,3 6.4 Hz), 6.27–
6.25 (1H, m), 6.07 (1H, dd, J1,3 2.3, 10.2), 4.73 (1H, d, J1,3 6.6),
3.72 (1H, d, J1,2 8.1), 3.71 (1H, d, J1,2 8.1), 3.52 (1H, dd, J1,3


5.5, 10.5), 2.94 (3H, s), 2.49 (1H, ddt, J1,2 19.4, J1,3 0.8, 5.5),
2.30 (1H, ddt, J1,2 19.4, J1,3 2.6, 10.5), 1.57 (3H, s), 1.20 (3H,
s), 1.19 (3H, s); dC (100 MHz; C6D6) 195.0, 163.5, 161.4, 147.9,
129.4, 128.0, 120.9, 92.7, 78.4, 67.3, 55.0, 50.6, 42.7, 28.4, 28.2,
27.9, 18.9; HRMS (EI) on (M+) for C17H21NO3 requires 287.1521,
found: 287.1523.


1-[6-Allyl-5-(4,4-dimethyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-
methyl-cyclohexa-2,4-dienyl]-prop-2-en-1-ol (17)


Compound 15 (98 mg, 0.31 mmol) was reacted following the
procedure described for the preparation of 13. Purification by
chromatography (cyclohexane : Et2O, 1 : 1) gave 17 (81 mg, 80%,
de = 84%) as a pale yellow oil. mmax/cm−1 (CH2Cl2) 3575, 3074,
2972, 2930, 1715, 1607, 1573, 1440, 1362, 1296, 1264, 1238, 1208,
1170, 1042, 995; dH (500 MHz; CDCl3) 6.68 (1H, d, J1,3 6.4), 6.08–
6.01 (1H, m), 5.81–5.73 (1H, m), 5.45 (1H, d, J1,3 17.0), 5.29 (1H,
d, J1,3 10.6), 5.05 (1H, d, J1,3 6.5 Hz), 4.85 (1H, d, J1,3 17.0), 4.76
(1H, d, J1,3 9.9), 4.59 (1H, d, J1,3 6.1), 3.90 (1H, d, J1,2 7.8), 3.83
(1H, d, J1,2 7.8), 3.69 (3H, s), 3.29 (1H, d, J1,3 1.6), 2.66 (1H, dd,
J1,3 3.9, 9.5), 2.34–2.29 (1H, m), 2.24–2.17 (1H, m), 1.29 (3H, s),
1.22 (3H, s), 1.11 (3H, s); dC (125 MHz; C6D6) 168.2, 162.4, 136.8,
135.3, 128.1, 121.6, 118.3, 115.0, 93.4, 78.3, 72.9, 67.3, 55.9, 43.3,
42.7, 32.2, 28.0, 27.9, 16.1; HRMS (EI) on (M+) for C19H27NO3


requires 317.1991, found: 317.1986.


5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-8-methoxy-8a-methyl-
1,4,4a,8a-tetrahydro-naphthalen-1-ol (19)


A soln. of 17 (44 mg, 0.14 mmol) and 18 (10 mol%, 11 mg,
0.014 mmol) in CH2Cl2 (30 mL) was degassed and then heated
overnight at reflux under N2. The mixture was then concentrated
to give a brown residue which was purified by FC (Et2O) to give
19 (35 mg, 87%) as a pale yellow oil. mmax/cm−1 (CH2Cl2) 3593,
3030, 2967, 2931, 1646, 1599, 1560, 1454, 1345, 1223, 1011, 811;
dH (500 MHz; C6D6) 6.95 (1H, d, J1,3 6.4), 6.04–6.01 (1H, m), 5.81–
5.77 (1H, m), 4.75 (1H, d, J1,3 6.4), 4.56 (1H, s), 3.73 (1H, d, J1,2


7.9), 3.721 (1H, d, J1,2 7.9), 3.45 (1H, dd, J1,3 10.1, 6.5), 3.02 (3H,
s), 2.70–2.62 (1H, m), 2.17–2.08 (1H, m), 1.97 (1H, s), 1.54 (3H,
s), 1.24 (3H, s), 1.21 (3H, s); dC (125 MHz; C6D6) 168.4, 162.6,
131.1, 128.9, 128.3, 123.2, 92.8, 78.5, 67.3, 64.2, 54.9, 42.6, 34.8,
30.1, 28.6, 28.5, 21.5; HRMS (EI) on (M+) for C17H23O3N requires
289.1678, found: 289.1693.
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5-(4,4-Dimethyl-4,5-dihydro-oxazol-2-yl)-8-methoxy-8a-methyl-
1,4,4a,8a-tetrahydro-naphthalen-1-ol (20)


Compound 16 (17 mg, 0.06 mmol) was reacted following the
procedure described for the preparation of 13. Purification by
FC (cyclohexane : AcOEt, 1 : 1) afforded 20 (16 mg, 84%) as
a pale yellow oil. mmax/cm−1 (CH2Cl2) 3560, 2927, 29854, 1602,
1566, 1462, 1235, 1181, 968; dH (400 MHz; C6D6) 6.80 (1H, d,
J1,3 6.4), 5.98–5.95 (1H, m), 5.55–5.51 (1H, m), 4.64 (1H, d, J1,3


6.4 Hz), 4.27 (1H, d, J1,3 12.1), 3.69 (1H, d, J1,2 7.9), 3.68 (1H, d,
J1,2 7.9), 3.40 (1H, d, J1,3 12.1), 3.32–3.26 (1H, m), 2.78 (3H, s),
2.65–2.58 (1H, m), 2.06–2.00 (1H, m), 1.52 (3H, s), 1.19 (3H, s),
1.17 (3H, s); dC (125 MHz; C6D6) 169.4, 161.9, 132.6, 128.9, 126.9,
124.0, 94.4, 78.6, 74.9, 67.5, 54.8, 42.8, 32.3, 30.1, 28.6, 28.5, 22.0;
HRMS (EI) on (M+) for C17H23O3N requires 289.1678, found:
289.1661.


p-Methoxyphenyl isopropyloxazoline chromium tricarbonyl
complex (22)


A degassed soln. of oxazoline 21 (3.00 g, 13.7 mmol), Cr(CO)6


(3.00 g, 13.7 mmol), diisobutyl ether (100 mL) and THF was
heated at reflux in the dark for 17 h. The mixture was then filtered
through Celite and concentrated under reduced pressure to give a
brown oil that was purified by FC (cyclohexane : Et2O, 7 : 3) and
then recrystallised in hexanes : Et2O to give 22 (1.625 g, 33%) as a
bright yellow solid. mmax/cm−1 (CH2Cl2) 1973, 1897; dH (500 MHz;
C6D6) 6.15 (1H, d, J1,3 6.6), 6.04 (1H, d, J1,3 6.6), 4.33–4.30 (2H,
m), 3.83–3.68 (3H, m), 2.87 (3H, s), 1.63–1.57 (1H, m), 0.95 (3H,
d, J1,3 6.6), 0.84 (3H, d, J1,3 6.6); dC (125 MHz; C6D6) 232.2, 160.4,
143.8, 94.6, 94.6, 85.3, 76.6, 76.5, 72.7, 70.7, 55.1, 32.9, 18.4, 18.3;
HRMS (EI) on (M+) for C16H17O5NCr requires 355.0516, found:
355.0512; [a]20


D +89.2 (c 0.96 in CH2Cl2).


[5-(4-Isopropyl-4,5-dihydro-oxazol-2-yl)-4-methoxy-1-methyl-6-
vinyl-cyclohexa-2,4-dienyl]-ethanone (23)


Compound 22 (355 mg, 1 mmol) was reacted following the
procedure described for the preparation of 2. Purification by FC
(cyclohexane : AcOEt, 7 : 3) afforded 23 (254 mg, 84%) as a pale
yellow oil. mmax/cm−1 (CH2Cl2) 2963, 2934, 1705, 1610, 1572, 1385,
1353, 1270, 1265, 1044, 1001; dH (500 MHz; C6D6) 6.95 (1H, d,
J1,3 6.4), 5.89 (1H, m), 5.35 (1H, d, J1,3 16.7), 4.97 (1H, d, J1,3 9.8),
4.78 (1H, d, J1,3 6.4), 3.93–3.70 (4H, m), 3.0 (3H, s), 2.0 (3H, s),
1.68–1.62 (1H, m), 1.5 (3H, s), 0.95 (3H, d, J1,3 6.6), 0.79 (3H,
d, J1,3 6.6); dC (125 MHz; C6D6) 206.7, 165.0, 162.6, 135.8, 127.7,
118.9, 117.5, 93.6, 73.1, 69.7, 58.0, 54.9, 50.8, 33.2, 30.1, 20.4,
18.9, 18.4; HRMS (EI) on (M+) for C18H25NO5 requires 303.1824
found: 303.1834; [a]20


D +159.3 (c 1.01 in CHCl3).


1-[5-(4-Isopropyl-4,5-dihydro-oxazol-2-yl)-2-methoxy-1-methyl-6-
vinyl-cyclohexa-2,4-dienyl]-pent-4-en-1-one (24)


Compound 23 (161 mg, 0.53 mmol) was reacted following the
procedure described for the preparation of 3. Purification by FC
(cyclohexane : Et2O, 8 : 2) gave 24 (146 mg, 80%) as a pale yellow
oil. mmax/cm−1 (CH2Cl2) 3048, 2963, 2904, 1705, 1605, 1571, 1462,
1384, 1274, 1253, 1158, 1082, 1044, 1002, 920; dH (200 MHz; C6D6)
6.93 (1H, d, J1,3 6.6), 6.0–5.7 (2H, m), 5.32 (1H, dd, J1,2 2.0, J1,3


17.3), 5.05–4.89 (3H, m), 4.74 (1H, d, J1,3 6.6), 3.92–3.56 (4H,


m), 2.96 (3H, s), 2.65–2.30 (4H, m), 1.62 (1H, m), 1.50 (3H, s),
0.95 (3H, d, J1,3 6.6), 0.79 (3H, d, J1,3 6.6); dC (100 MHz; C6D6)
207.3, 165.6, 163.5, 136.8, 119.7, 115.6, 113.7, 93.4, 73.0, 69.7,
56.6, 54.6, 44.7, 35.7, 33.3, 30.8, 21.7, 18.7. HRMS (EI) on (M+)
for C21H29NO5 requires 343.2143, found: 343.2147; [a]20


D +81.3
(c 1.03 in CHCl3).


1-(4-Isopropyl-4,5-dihydro-oxazol-2-yl)-4-methoxy-4a-methyl-
4a,6,7,9a-tetrahydro-benzocyclohepten-5-one (25)


Compound 24 (106 mg, 0.31 mmol) was reacted following the
procedure described for the preparation of 4. Purification by FC
(cyclohexane : AcOEt, 7 : 3) gave 25 (105 mg, quantitative) as
a brown oil. mmax/cm−1 (CH2Cl2) 2963, 1704, 1609, 1573, 1516,
1381, 1243, 1075, 1006; dH (200 MHz; C6D6) 6.94 (1H, d, J1,3


6.8), 6.14 (1H, ddd, J1,3 11.8, 4.7, 2.4), 5.73–5.54 (1H, m), 4.69
(1H, d, J1,3 6.8), 3.97–3.67 (4H, m), 2.91 (3H, s), 2.75–2.68 (2H,
m), 2.62–2.35 (2H, m), 1.69–1.56 (1H, m), 1.55 (3H, s), 0.95 (3H,
d, J1,3 6.7), 0.77 (3H, d, J1,3 6.7); dC (125 MHz; C6D6) 207.9,
165.2, 163.3, 133.0, 128.3, 127.2, 120.6, 92.8, 73.5, 70.3, 55.3,
54.9, 51.3, 45.6, 33.6, 22.1, 21.7, 19.2, 18.9. HRMS (EI) on (M+)
for C19H25O3N requires 315.1834, found: 315.1842; [a]20


D +115.3
(c 1.06 in CHCl3).


4-Methoxy-4a-methyl-5-oxo-5,6,7,9a-tetrahydro-4aH-
benzocycloheptene-1-carbaldehyde (26)


A soln. of the chiral oxazoline 25 (70 mg, 0.22 mmol) in 5 mL of
MeI was stirred 3 days at reflux. Excess of MeI was then evaporated
under reduced pressure. The residue was dissolved in a mixture of
THF (1.5 mL), MeOH (0.5 mL) and CH2Cl2 (1 mL) and the
soln. cooled to 0 ◦C. NaBH4 (25 mg, 0.66 mmol) was then added
and the mixture was stirred for 15 min. H2O was then added
and the soln. was extracted with Et2O. The combined organic
layers were washed with brine and dried over MgSO4. The solvent
was evaporated and the residue was dissolved in a mixture of
THF (2 mL) and H2O (1 mL) and p-toluene sulfonic acid (84 mg,
044 mmol) was added. The soln. was stirred for 1.5 h and then
extracted with Et2O. Organic layers were combined washed with
brine and dried over MgSO4. The product was concentrated and
purified by FC (cyclohexane : AcOEt, 7 : 3) to afford 26 (42 mg,
82%) as a colourless oil. Mp = 65–68 ◦C; mmax/cm−1 (CH2Cl2) 2928,
2854, 1706, 1664, 1553, 1455, 1377, 1184, 1091, 909; dH (400 MHz;
C6D6) 9.32 (1H, s), 6.10 (1H, d, J1,3 6.7), 5.72 (1H, ddd, J1,3 11.6,
4.8, J1,4 2.5), 5.51–5.45 (1H, m), 4.52 (1H, d, J1,3 6.7), 3.59–3.57
(1H, m), 2.81 (3H, s), 2.61 (1H, dd, J1,2 4.6, J1,3 1.8), 2.58 (1H,
d, J1,2 4.6), 2.27–2.18 (1H, m), 1.54–1.46 (1H, m), 1.27 (3H, s); dC


(125 MHz; C6D6) 206.6, 189.7, 169.2, 141.8, 133.6, 131.9, 127.6,
93.1, 55.6, 54.8, 45.3, 43.8, 22.0, 21.8; HRMS (EI) on (M+) for
C14H16O3 requires 232.1099, found: 232.1102; [a]20


D +222.5 (c 1.05
in CHCl3).


1-Dimethoxymethyl-4-methoxy-benzene chromium tricarbonyl
(28)


A soln. of anisaldehyde dimethyl acetal (5.6 mL, 33 mmol),
chromium hexacarbonyl (6.6 g, 30 mmol) diisobutyl ether
(100 mL) and THF (10 mL) was degassed. The soln. was heated
at reflux in the absence of light for 64 h. The mixture was
transferred to another flask and concentrated under reduced
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pressure to give a brown oil. The residue was dissolved in toluene
(3 × 20 mL), filtered through Celite and concentrated to give
28 (8.86 g, 93%) as a bright yellow solid. mmax/cm−1 (hexane)
1977, 1908, 746; dH (400 MHz; C6D6) 5.43 (2H, d, J1,3 6.9),
4.87 (1H, s), 4.45 (2H, d, J1,3 6.9), 3.15 (s, 6H), 2.98 (3H, s); dC


(100 MHz; C6D6) 233.0, 143.0, 101.0, 100.2, 93.4, 76.7, 54.8, 52.8;
HRMS (EI) on (M+) for C13H14O6Cr requires 318.0196, found:
318.0215.


4-Methoxy-benzaldehyde chromium tricarbonyl (29)


2 M HCl (35 mL) was added to a soln. of 28 (8.65 g, 27 mmol)
in THF (35 mL) at rt. The mixture immediately became red and
was stirred overnight. The soln. was brought to pH 7 with sat.
NaHCO3 soln. The aq. layer was separated and then extracted
with Et2O (3 × 50 mL). The organics were combined, washed
with brine, dried over MgSO4 and concentrated under reduced
pressure to give 29 (7.07 g, 96%) as a red oil. mmax/cm−1 (hexane)
1990, 1932, 1706, 746; dH (400 MHz; C6D6) 8.89 (1H, s), 5.36 (2H,
d, J1,3 6.2), 4.25 (2H, d, J1,3 6.2), 2.93 (3H, s); dC (100 MHz; C6D6)
230.4, 185.7, 144.2, 94.2, 90.9, 76.4, 54.9; HRMS (EI) on (M+) for
C11H8O5Cr requires 271.9776, found: 271.9778.


(4-Methoxy-benzylidene)-(2-methoxymethyl-pyrrolidin-1-yl)-
amine chromium tricarbonyl (30)


R-1-Amino-2-(methoxymethyl)pyrrolidine (340 lL, 2.55 mmol)
was added to a soln. of 29 (660 mg, 2.43 mmol) in Et2O (10 mL)
and stirred over 4 Å molecular sieves (1.8 g) for 18 h at rt.
The mixture was filtered through Celite and concentrated under
reduced pressure to give a yellow oil. The residue was crystallised
(Et2O–hexane) to give 30 (623 mg, 67%) as a very fine yellow
powder. mmax/cm−1 (hexane) 1971, 1903, 746; dH (400 MHz; C6D6)
6.36 (1H, s), 5.66 (1H, dd, J1,3 6.8, 1.3), 5.59 (1H, dd, J1,3 6.8, 1.3),
4.70 (1H, dd, J1,3 7.0, 2.2), 4.66 (1H, dd, J1,3 7.0, 2.2), 3.76–3.74
(1H, m), 3.66 (1H, d, J1,2 4.6), 3.48 (1H, d, J1,2 4.6), 3.27 (3H, s),
3.05 (3H, s), 2.96–2.87 (1H, m), 2.68–2.60 (1H, m), 1.84–1.68 (3H,
m), 1.57–1.44 (1H, m); dC (100 MHz; C6D6) 233.9, 141.6, 124.1,
90.9, 78.3, 77.8, 74.4, 62.8, 58.6, 54.8, 47.9, 26.7, 21.9; HRMS (EI)
on (M+) for C17H20O5N2Cr requires 384.0777, found 384.0780; [a]20


D


+7.5 (c 0.86 in CHCl3).


1-(2-Methoxy-5-[(2-methoxymethyl-pyrrolidin-1-ylimino)-methyl]-
1-methyl-6-vinyl-cyclohexa-2,4-dienyl)-ethanone (31)


Compound 30 (768 mg, 2 mmol) was reacted following the
procedure described for the preparation of 2. Purification by FC
(cyclohexane : AcOEt, 7 : 3) afforded 31 (483 mg, 73%) as a pale
yellow oil. mmax/cm−1 (CH2Cl2) 2976, 2931, 1704, 1667, 1634, 1567,
1458, 1352, 1240, 1111, 1002; dH (400 MHz; C6D6) 6.99 (1H, s),
6.08 (1H, dt, J1,3 18.3, 9.8), 5.92 (1H, d, J1,3 6.6), 5.44 (1H, dd, J1,2


2.2, J1,3 18.3), 5.10 (1H, dd, J1,2 2.2, J1,3 9.8), 5.03 (1H, dd, J1,3 6.6),
3.95 (1H, d, J1,3 9.8), 3.78–3.72 (2H, m), 3.49 (1H, dd, J1,3 9.1, 6.7),
3.24 (3H, s), 3.19 (3H, s), 3.12–3.06 (1H, m), 2.78–2.74 (1H, m),
2.28 (3H, s), 1.86–1.75 (3H, m), 1.67 (3H, s), 1.57–1.49 (1H, m); dC


(125 MHz; C6D6) 207.8, 161.3, 137.4, 132.7, 130.4, 120.2, 116.5,
94.7, 75.1, 63.1, 58.9, 58.1, 54.6, 49.2, 47.1, 31.7, 27.1, 22.3, 20.6;
HRMS (EI) on (M+) for C19H28O3N2 requires 332.2099, found:
332.2074; [a]20


D +230.8 (c 0.57 in CHCl3).


1-(2-Methoxy-5-[(2-methoxymethyl-pyrrolidin-1-ylimino)-methyl]-
1-methyl-6-vinyl-cyclohexa-2,4-dienyl)-pent-4-en-1-one (32)


Compound 31 (299 mg, 0.9 mmol) was reacted following the
procedure described for the preparation of 3. Purification by FC
(cyclohexane : AcOEt, 7 : 3) afforded 32 (247 mg, 76%) as a
pale yellow oil. mmax/cm−1 (CH2Cl2) 2976, 2932, 1702, 1633, 1565,
1458, 1337, 1240, 1152, 1119, 1005, 918, 812; dH (400 MHz;
C6D6) 6.82 (1H, s), 5.98–5.77 (2H, m), 5.75 (1H, d, J1,3 6.6),
5.25 (1H, dd, J1,2 1.8, J1,3 17.0), 5.01 (1H, dd, J1,2 2.2, J1,3 17.0),
4.92–4.86 (3H, m), 3.78 (1H, d, J1,3 9.8), 3.60–3.50 (2H, m), 3.32
(1H, dd, J1,3 9.1, 6.8), 3.07 (3H, s), 3.03 (3H, s), 2.98–2.89 (1H,
m), 2.71–2.40 (m, 5H), 1.74–1.55 (3H, m), 1.51 (3H, s), 1.47–
1.36 (1H, m); dC (125 MHz; C6D6) 209.8, 161.3, 138.8, 137.0,
132.6, 130.4, 120.2, 116.6, 114.6, 114.3, 95.0, 75.1, 63.5, 58.9,
58.0, 54.6, 50.3, 43.1, 28.9, 27.2, 22.3, 20.6; HRMS (EI) on (M+)
for C22H32O3N2 requires 372.2413, found: 372.2421; [a]20


D +114.4
(c 0.70 in CHCl3).


1-(4-Isopropyl-4,5-dihydro-oxazol-2-yl)-4-methoxy-4a-methyl-
4a,6,7,9a-tetrahydro-benzocyclohepten-5-one (33)


Compound 32 (78 mg, 0.21 mmol) was reacted following the
procedure described for the preparation of 4. Purification by FC
(cyclohexane : AcOEt, 7 : 3) afforded 33 (64 mg, 89%) as a brown
oil. mmax/cm−1 (CH2Cl2) 2978, 2878, 1699, 1635, 1569, 1453, 1376,
1337, 1236, 1172, 1116, 1070, 1010, 744; dH (500 MHz; C6D6) 6.97
(1H, s), 6.12–6.08 (1H, m), 5.85 (1H, d, J1,3 6.6), 5.75–5.70 (1H,
m), 4.92 (1H, d, J1,3 6.6), 3.94–3.93 (1H, m), 3.57–3.54 (1H, m),
3.58 (1H, dd, J1,2 8.8, J1,3 3.4), 3.42 (1H, dd, J1,2 8.8, J1,3 6.6), 3.15
(3H, s), 3.10 (3H, s), 3.04–3.00 (1H, m), 2.88–2.83 (1H, m), 2.80–
2.73 (1H, m), 2.69–2.62 (2H, m), 2.46–2.40 (1H, m), 1.75–1.64
(3H, m), 1.72 (3H, s), 1.49–1.43 (1H, m); dC (125 MHz; C6D6)
208.7, 161.3, 133.3, 131.9, 126.5, 121.0, 93.6, 75.1, 63.2, 58.9, 54.8,
48.6, 46.2, 45.6, 27.2, 27.1, 22.4, 22.2, 21.6; HRMS (EI) on (M+)
for C20H28O3N2 requires 344.2100, found: 344.2109; [a]20


D +193.4
(c 0.67 in CHCl3).


4-Methoxy-4a-methyl-5-oxo-5,6,7,9a-tetrahydro-4aH-
benzocycloheptene-1-carbonitrile (34)


A soln. of hydrazone 33 (41 mg, 0.12 mmol) in 0.3 mL of a MeOH :
phosphate buffer pH 7 (1 : 1) mixture was added dropwise to a
soln. of magnesium monoperoxyphthalate hexahydrate (MMPP)
(77 mg, 0.16 mmol) in 1 mL of MeOH : phosphate buffer at
0 ◦C. The mixture was stirred for 15 min and then H2O was added.
The soln. was extracted with Et2O. The combined organic layers
were washed with an aq. soln. of NaHCO3 and dried over MgSO4.
34 (25 mg, 91%) was obtained as a yellow oil after purification by
FC (cyclohexane : AcOEt, 7 : 3). mmax/cm−1 (CH2Cl2) 3062, 2936,
2850, 2203, 1708, 1639, 1563, 1454, 1380, 1275, 1253, 1075, 1005,
907, 808, 762; dH (500 MHz; C6D6) 6.14 (1H, dd, J1,3 6.6, 3.9),
5.55–5.51 (2H, m), 4.32 (1H, d, J1,3 6.6), 2.81 (3H, s), 2.73–2.69
(1H, m), 2.65 (1H, ddd, J1,2 15.0, J1,3 6.6, J1,4 4.8), 2.42 (1H, ddd,
J1,2 15.0, J1,3 10.1, J1,4 4.8), 2.18–1.99 (1H, m), 1.70–1.50 (1H, m),
1.23 (3H, s); dC (125 MHz; C6D6) 205.8, 164.9, 137.2, 131.1, 128.8,
119.3, 104.2, 92.9, 55.2, 54.9, 45.6, 43.4, 23.1, 21.4; HRMS (EI)
on (M+) for C14H15NO2 requires 229.1106, found: 229.1103; [a]20


D


+82.6 (c 0.53 in CHCl3).


350 | Org. Biomol. Chem., 2006, 4, 342–351 This journal is © The Royal Society of Chemistry 2006







References


1 Transition Metal Arene p-Complexes in Organic Synthesis and Catalysis,
ed. E. P. Kündig, Topics in Organometallic Chemistry, vol. 7, Springer
Verlag, Berlin, Heidelberg, New York, 2004.


2 (a) A. R. Pape, K. P. Kaliappan and E. P. Kündig, Chem. Rev., 2000,
100, 2917; (b) E. P. Kündig and S. H. Pache, Sci. Synth., 2003, 2, 153.


3 M. F. Semmelhack, J. H. T. Hall, R. Farina, M. Yoshifuji, G. Clark, T.
Bargar, K. Hirotsu and J. Clardy, J. Am. Chem. Soc., 1979, 101, 3535.


4 E. P. Kündig, J. A. F. Cunningham, P. Paglia, D. P. Simmons and
G. Bernardinelli, Helv. Chim. Acta, 1990, 73, 386.


5 E. P. Kündig, A. Ripa, R. Liu and G. Bernardinelli, J. Org. Chem.,
1994, 59, 4773.


6 (a) M. F. Semmelhack, G. R. Clark, R. Farina and M. Saeman, J. Am.
Chem. Soc., 1979, 101, 217; (b) A. J. Pearson, A. V. Gontcharov and P. D.
Woodgate, Tetrahedron Lett., 1996, 37, 3087; (c) M. F. Semmelhack and
H.-G. Schmalz, Tetrahedron Lett., 1996, 37, 3089.


7 M. F. Semmelhack, J. L. Garcia, D. Cortes, R. Farina, R. Hong and
B. K. Carpenter, Organometallics, 1983, 2, 467.


8 (a) E. P. Kündig, D. Amurrio, R. Liu and A. Ripa, Synlett, 1991, 657;
(b) E. P. Kündig, A. Ripa, R. Liu, D. Amurrio and G. Bernardinelli,
Organometallics, 1993, 12, 3724.


9 (a) E. P. Kündig, A. Ripa and G. Bernardinelli, Angew. Chem., Int. Ed.
Engl., 1992, 31, 1071; (b) G. Bernardinelli, S. Gillet, E. P. Kündig, R.
Liu, A. Ripa and L. Saudan, Synthesis, 2001, 2040.


10 S. E. Gibson and H. Ibrahim, Chem. Commun., 2002, 2465.
11 (a) E. P. Kundig, A. Quattropani, M. Inage, A. Ripa, C. Dupre,


A. F. Cunningham, Jr. and B. Bourdin, Pure Appl. Chem., 1996, 68,
97; (b) G. Bernardinelli, A. Cunningham, C. Dupre, E. P. Kündig, D.
Stussi and J. Weber, Chimia, 1992, 46, 126.


12 D. Amurrio, K. Khan and E. P. Kündig, J. Org. Chem., 1996, 61,
2258.


13 H.-G. Schmalz, B. Gotov and A. Böttcher, in Transition Metal Arene
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The asymmetric synthesis of a series of (7′S,8R,8′R)-7′-hydroxylignano-9,9′-lactones is presented,
among them the mammalian lignan (7′S)-hydroxyenterolactone and (7′S)-parabenzlactone, allowing
the stereochemistry of natural occurring (–)-parabenzlactone to be re-assigned. A hydroxylactone
rearrangement and its possible mechanisms are discussed. Finally a brief survey of the current naming
and numbering variants of 7′-hydroxylignano-9,9′-lactones is presented, along with a suggestion for
harmonization of the nomenclature.


Introduction


(8R,8′R ) -Dibenzylbutyrolactones [or (8R,8′R ) - lignano-9,9′ -
lactones, according to IUPAC recommendations]1 represent a
large class of naturally occurring lignans,2 but only six compounds
bearing a hydroxyl group at the 7′ position (7′-hydroxylignano-9,9′-
lactones, 7′-HLL) are known up today (1–6, Fig. 1). Compounds
1–4 are plant lignans,3,4,5 while 5 and its isomer 6 are so-called
mammalian lignans,6,7 products of intestinal bacterial metabolism.
The current interest in 1–6 stems from their biological activities.
For example, (7′S)-hydroxymatairesinol 1 [(7′S,8R,8′R)-4,4′,7′-
trihydroxy-3,3′-dimethoxylignano-9,9′-lactone] and its 7′-epimer
(7′R)-hydroxymatairesinol 2 [also called allo-hydroxymatairesinol,
(7′R,8R,8′R)-4,4′,7′-trihydroxy-3,3′-dimethoxylignano-9,9′-lactone]
have been in the last years under biological and clinical studies,8,9


since it was discovered that they are precursors of the mammalian
lignan enterolactone 7 (Fig. 1), which possesses antitumor
activity.9,10 (7′R)-parabenzlactone 4 [(7′R,8R,8′R)-7′-hydroxy-4,4′,
5,5′-dimethylenedioxylignano-9,9′-lactone] showed immunosup-
pressive properties on certain human lymphocytes.11 Biological
effects of (7′R)-hydroxyarctigenin 3 [(7′R,8R,8′R)-4,7′-dihydroxy-
3,3′,4′-trimethoxylignano-9,9′-lactone], (7′S)-hydroxyenterolactone
5 [(7′S,8R,8′R)-4,4′,7′-trihydroxylignano-9,9′-lactone] and its
7′-epimer (7′R)-hydroxyenterolactone 6 [(7′R,8R,8′R)-4,4′,7′-
trihydroxylignano-9,9′-lactone] are not known at present, but
compounds 5 and 6 are metabolites of 1 and/or 2 and possible
precursors and/or metabolites of enterolactone 7.7


Lack of synthetic enantiopure compounds has obstructed the
assignment of absolute configuration of the molecules. In fact the
first stereoselective synthesis of 1–3 and 8 appeared12 only last year,
while compounds 4–6 and 9 have been only prepared as a mixture
of enantiomers.13,14


The plant derived lignans possess a trans 8R/8′R configuration,
while the stereochemistry at 7′ has long been unclear owing to
conflicting literature reports. The configurations of 1 and 2 were
only recently indirectly determined as 7′S and 7′R,15 respectively,
by X ray analysis of the corresponding diols, opposite to those pre-
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viously assigned.16,17 Also for the natural compound 3 the configu-
ration at the 7′ position was recently re-assigned as being 7′R.12 The
configuration of naturally occurring (–)-parabenzlactone has been
inferred18,19 as 7′R, after the absolute configurations at C-7 of the 7-
hydroxylignanolactone podorhizol and its 7-epimer epipodorhizol
were established as S and R, respectively.20 The latter assignments
were based on the intramolecular 7-OH hydrogen bonding to
the lactone carbonyl, which was observed (and possible) in the
epi compound only. The podorhizol and epipodorhizol 7-CH
1H-NMR parameters (d and J) were applied18,19 to show that
(–)-parabenzlactone possesses the 7′R configuration. Obviously
this analysis is inherently prone to errors because of the different
environment of the 7- and 7′-sites.


Compounds 5 and 6 have been both detected in human plasma,
and being derived from the plant lignan 1 and/or 2, are likely to
have retained the trans 8R/8′R configuration, but they have never
been isolated, synthesized nor characterized as pure isomers.


Several synthetic procedures exist in literature12,21,22 for the
formation of the trans 8R/8′R configuration leading to optically
active lignanolactones, either lacking benzylic functionalities
altogether or with a hydroxyl group at the C-7 position. The
recent asymmetric synthesis12 of (7′S,8R,8′R)- and (7′R,8R,8′R)-
HLLs relied on a radical carboxylation approach. Enantiopure
7′-hydroxyarctigenin has also been obtained via a semi-synthetic
route, by benzylic oxidation at C-7′ of arctigenin monoacetate, but
at that time the stereochemistry of 7′-HLLs was still uncertain
and in fact in the paper the R and S configurations are incorrectly
assigned.19


In this paper we present a general approach for the stereoselec-
tive synthesis of several (7′S,8R,8′R)-HLLs. Thus, we report the
first asymmetric synthesis of lignans 5, 9 and 10, together with
the synthesis of 1 and 8, which also serves to clarify the absolute
configuration of naturally occurring (–)-parabenzlactone, which
in our opinion has been erroneously assigned.18 Additionally, we
report the formation of a new HLL-related hydroxylactone arising
from a rearrangement reaction in a hydride ketone reduction. The
presumed mechanism of formation is presented and discussed,
together with other possible mechanisms which may be responsible
of the formation of related lactones described in literature. Finally
we would like to point out the confusing naming and numbering
systems used at present in the literature for the 7- and 7′-HLLs.
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Fig. 1 Naturally (1–6) and non-naturally occurring (8–10) 7′-hydroxylignano-9,9′-lactones. The metabolite enterolactone (7) is also shown. Note that
the (7′R) configuration assigned in literature to (–)-parabenzlactone (4) is incorrect as shown in this work, and the true structure for the (–)-enantiomer
is (9).


Results and discussion


For establishing the trans 8R/8′R stereochemistry, we first ex-
amined the well known tandem Michael addition–alkylation
sequence,23,24 employing a lithiated dithiane 11 as nucleophile, 5-
(–)-menthyloxybutenolide 1225 as a chiral auxiliary and Michael
acceptor, and a benzylic bromide 13 as an alkylating agent
(Scheme 1).


Scheme 1


Unfortunately the product 14, obtained in 56% yield as a single
isomer, resisted all attempts at removing the menthyloxy auxiliary
to give 15. The successful outcomes reported in the literature for
certain related cases apparently all require the prior removal of the


dithio attachment.23,24 It would appear an attractive possibility to
first carry out a deketalization on the tandem product 14 and then
perform a double stereoselective reduction (on the ketone and the
ring-opened lactone aldehyde), but such a streamlined sequence
is frustrated by the two competing relactonization modes, i.e., via
either the primary or the secondary hydroxyl (see below). This
is why in our experience also the silanyloxy–nitrile alternative
(used in place of the dithiane moiety)26 was not satisfactory due to
the silanyloxy–nitrile hydrolysis which occurs in the menthyloxy
removal step.


However, the menthyloxy auxiliary is easily removed before
alkylation.27 Thus the Michael addition of lithiated dithianes
11a–e28 to the chiral butenolide 12 afforded 16a–e in 75–88%
yield as single isomers (Scheme 2), provided 1,3-dimethyl-3,4,5,6-
tetrahydro-2(1H)-pyrimidinone (DMPU)29 was used as a co-
solvent and complexing reagent (DMPU was also essential in the
tandem Michael addition–alkylation reaction). The menthyloxy
moiety was then smoothly detached by a basic lactone hydrolysis
followed by the in situ NaBH4 reduction of the aldehyde formed,
giving the chiral lactones 17a–e (60–82% yield) on ordinary acidic
workup (pH 5–6). No isomerization was detected by 1H NMR,
using the chiral shift reagent Eu(hfc)3 (ee ≥ 98%). Alkylation
of 17a–e with the appropriate benzylic bromides 13a–d gave the
lignanolactone derivatives 15a–e in acceptable yields (66–78%) and
with the wanted trans 8R/8′R configuration.30


For the unmasking of the 7′ keto group via dithiane hydrolysis,
several literature methods were tested, but in our experience


Scheme 2 Reagents and conditions: (i) n-BuLi, THF, DMPU, 12, −78 ◦C; (ii) (a) NaBH4, KOH, EtOH, 0 ◦C, then rt, (b) 0.1 N HCl (pH 5–6); (iii) LDA
or LHMDS, THF, DMI, −78 ◦C to rt; (iv) (CF3COO)2IPh, CH3CN–H2O, rt.
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Table 1 L-Selectride R© reduction of 18


Entry Ketone Alcohol dsa (%) H-7′S H-7′R Yieldb (%)


1 18a 19a 97 4.57 4.37 70
2 18b 19b 93 4.62 4.38 75
3 18c 19c 83 4.60 4.38 77
4 18d 19d 88 4.53 4.35 68
5 18e 9 96 4.61 4.38 80


a Determined by 1H NMR of crude products (7′S/7′R). b After flash
chromatography (7′S +7′R).


only (CF3CO2)2IPh31 served satisfactorily, providing 7′-
oxolignanolactones 18a–e in 50–80% yield.


The reduction of the ketone moiety of 18a–e by L-Selectride R©


produced 9,19a–d in high enantiomeric excess (Scheme 3, Table 1).
As expected of a hydride attack from the less hindered face of
the ketone 18, (7′S)-OH compounds were obtained in all cases
(spectroscopic data of compound 19a in agreement with those
reported12), but considerable variations in the stereoselectivity
were encountered with values of ds up to 97% in case of 19a
(Table 1, entry 1) and as low as 83% for compound 19c (entry
3). The ds values were based on 1H-NMR of the crude mixtures,
confirming the trend previously described12 for 7′-HLL derivatives,
i.e. that the H-7′S signal is at about d 4.6, while that of H-7′R is at
about d 4.4 (Table 1) irrespective of the aromatic substituents (OH,
OMe, OTBDMS, OCH2O). It is not immediately obvious why this
reduction was so stereoselective for certain compounds, but less so
for others, as the differences in structures reside at relatively remote
locations. We are presently doing modelling studies to elucidate
this question.


L-Selectride R© reduction of 18e provided (7′S)-parabenzlactone
9, one of the target molecules. The physical and spectroscopic
data obtained for synthetic 9 were in good agreement with
those reported for the natural product,5,18 confirming that the
stereochemistry of (–)-parabenzlactone had been erroneously
assigned as 7′R instead of 7′S.


In the L-Selectride R© reduction of 18a a byproduct was isolated
in about 10% yield. Spectroscopic data (IR, 1- and 2D NMR, MS)
suggested that this compound was the rearranged hydroxylactone
20a (Scheme 3). At the same time a paper by Eklund et al.32


reported the isolation and characterization of two lariciresinol-


type lactone lignans from the treatment of 7′-hydroxymatairesinols
1 and 2 with base. Comparison of NMR data suggested that
the major compound (ratio between isomers was 5 : 1) found
by Eklund et al. possesses the same skeleton and stereochemistry
as our byproduct 20a. In particular, the NMR signal for H-7′,
which for both compounds is found at about d 5.4 (JH-7′ -H-8′ = 2.6
Hz), is diagnostic for a trans 7′/8′ configuration, which derives
from the S configuration of the 7′-OH group of 19a. The second
lactone described by Eklund and coworkers is the 7′-epimer with
a H-7′ signal at about d 5.1, with a coupling constant of JH-7′ -H-8′ =
9.3 Hz, characteristic of a cis 7′/8′ configuration. The formation
of our compound 20a can be assumed to be the result of a
translactonization reaction, where the 7′-alkoxyborane from the
Selectride R© reaction may act as nucleophile towards the lactone
ring, with the formation of a primary alcohol as a consequence
(Scheme 4).


Scheme 4 Presumed mechanism of translactonization and formation of
20a.


Eklund et al. suggest that their lactones are formed by a p-
quinone methide mechanism (Scheme 5), only available when
a free p-phenol moiety is present. In our case, the phenols are
TBDMS protected, therefore this mechanism is unlikely, and
in fact we did not detect any further rearranged lactones by
NMR of the crude mixture, from the treatment of 18a with
L-Selectride R©.


In literature two other examples of formation of compounds
similar to 20a can be found. Niwa et al.18 reported the forma-
tion of a rearranged lactone obtained as a side product from
the treatment of natural acetylparabenzlactone with KOH. The
authors suggested the structure 21 (Scheme 6) for this compound,
which according to 1H NMR (H-7′, d 5.13, d, JH-7′ -H-8′ = 8.0 Hz)
is analogous with the minor isomer obtained by Eklund et al.32


However there is a problem in that the configuration of natural
parabenzlactone, as shown above, is 7′S, while the configuration


Scheme 3 Reagents and conditions: (i) L-Selectride R©, THF, −78 ◦C; (ii) TBAF–CH3COOH, THF, 0 ◦C.
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Scheme 5 Hydroxylactone rearrangement via a quinone methide intermediate.32


Scheme 6 Niwa’s rearranged lactone18 and possible mechanism of formation of 21.


of the rearranged lactone could only come from a 7′R center,
assuming the same mechanism of translactonization presumed
for 20a (attack by 7′-O− on the lactone ring). This discrepancy
may be resolved by taking into account that the starting material
is acetylparabenzlactone and that AcO, in contrast to OH, is a
sufficiently good leaving group. In competition with the hydrolysis
of the AcO group, the lactone also may undergo hydrolysis with
the formation of a primary alcohol and a carboxyl group. The
COO− generated can now act as a nucleophile and attack the
7′ center via a SN2 mechanism, with simultaneous detachment
of the AcO group. The final result would be a new lactone
ring with inversion of configuration at 7′ position, in agreement
with Niwa’s paper and our own results. One should notice that
for acetylparabenzlactone mere AcO hydrolysis is not sufficient
to trigger the lactone rearrangement, and no other rearranged
lactones were mentioned.


Moritani et al.33 obtained a rearranged lactone 22 by treating a
(7′S*,8R*,8′R*)-7′-HLL 23 with NaH in DMF (Scheme 7). The
authors assumed that during this reaction complete epimerization
had occurred at the b-carbon of the new lactone ring to give a
trans 8/8′-trans 7′/8′ configuration, determined by X-ray crystal-
lography. However looking at the NMR data of this compound,
one notes that H-7′ is reported to appear at d 5.16, with a


Scheme 7 Lactone isomerization reported by Moritani et al.33
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JH-7′ -H-8′ = 9.2 Hz, which however indicates a cis 7′/8′ configuration
according to Eklund’s results. Therefore in our opinion Moritani’s
finding is incompatible with our results and those of Eklund et al.32


and this discrepancy remains unexplained at present.
Thus three different mechanisms may operate in the lactone


isomerisations, depending on finely tuned substituent effects and
reaction conditions, one of them involving the quinone methide
route. The expected stereochemical consequences at C-7′ of
the three alternatives are: retention (7′-OH), inversion (7′-OAc)
and racemization (via quinone methide). Concerning Moritani’s
lactone, none of the three possible mechanisms can explain the
formation of a trans/trans configured lactone, as reported.


Treatment of 18b–e with L-Selectride R© furnished the 7′-HLLs
19b–e, and in all cases, except for oxo-parabenzlactone 18e, small
quantities of the rearranged lactones 20b–d were detected by 1H
NMR of the crude mixture (doublet at about d 5.4), but were
not isolated. Finally, the TBDMS ethers 19a–d were deprotected
with TBAF–AcOH34 (Scheme 3) to furnish compounds 1, 8
and, for the first time, (7′S)-hydroxyenterolactone 5 together with
the previously unknown (7′S)-hydroxyprestegane B 10, also fully
characterized.


Nomenclature of 7′-hydroxylignano-9,9′-lactones


The nomenclature and numbering of carbon atoms in the 7′-
HLL series, as used in the literature, is often confusing or
misleading, or even quite erroneous at times. This situation largely
arises from the fact that these compounds may be considered
as derived from any of a number of parent structures, with
different numbering being applied for example to the benzylic
carbon atoms. A naturally occurring lactone lignan where the two
arylpropyl units are joined at their 8/8′ sites usually possesses a
trivial name. However, such a compound may also be named as
a lignano-9,9′-lactone (IUPAC recommendations),1 dibenzylbu-
tyrolactone, or 2(3H)-dihydrofuranone (Chemical Abstracts), or
tetrahydrofuranone (preferably avoided). The site of the benzylic
hydroxy group of hydroxymatairesinols 1 and 2 is variously given
as matairesinol C-7,6,8,12,15,17 or 7′,1,4,14,16 or even 5.19 Speaking
in terms of a butyrolactone parent, the hydroxybenzyl moiety
may be viewed as a lactone 3-35 or 4-36 substituent. Other
papers using the butyrolactone framework assign the benzylic
sites variously as 5/6,37 or 6/7,24 or 7′/7′′.38 Furthermore, some
authors including ourselves have changed their nomenclature in
their more recent work without actually alerting unwary readers to
this effect. If one adheres to lignano-9,9′-lactone based numbering
(IUPAC recommendations),1 there is the obvious advantage that
the hydroxybenzyl site of hydroxymatairesinol is 7′ because the
alternative benzylic site, being closer to the carbonyl, has priority
and is thus 7. It would undoubtedly be very helpful if this
numbering would be more generally adopted. This numbering
may of course be used for hydroxymatairesinol and other similar
trivial names as well.


Conclusions


Asymmetric synthesis of optically active 7′-hydroxylignano-9,9′-
lactones concerns a subclass of lignans which possess or may
possess certain interesting biological properties. We report here
a general asymmetric synthesis route that can be applied for


the synthesis of several (7′S)-HLLs, irrespective of their aro-
matic substituents. This has allowed the preparation of (7′S)-
hydroxymatairesinol 1, (7′S)-hydroxyarctigenin 8 and for the
first time (7′S)-hydroxyenterolactone 5, (7′S)-parabenzlactone 9,
and (7′S)-hydroxyprestegane B 10, a previously unknown isomer
of (7′S)-hydroxymatairesinol. In connection with this work we
demonstrated that the reported (R) configuration for the 7′


position in the natural (–)-parabenzlactone was erroneous.
In one step of our synthetic procedure, performing a hydride re-


duction of a keto group, a rearranged hydroxylactone was formed
as a byproduct, presumably by a translactonization mechanism.
Altogether, three different mechanisms may be responsible for the
formation of similar lactones reported in literature, depending on
the aromatic substituents, the configuration of the 7′ center and the
reaction conditions, giving an explanation for all observed cases
except one, which remained unsolved.


Finally, in a discussion of the nomenclature of the HLL lignans,
we examine the many confusing or misleading variants in the
naming and numbering systems used in literature, and suggest the
adoption of an unequivocal naming system for these compounds,
as recommended by the IUPAC.


Experimental


General


THF and Et2O were freshly distilled from sodium ben-
zophenone ketyl, DMPU (1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-
pyrimidinone) and DMI (N,N-dimethyl-2-imidazolidinone) from
CaH2 under reduced pressure. Lithium diisopropylamide (LDA)
was prepared from freshly distilled diisopropylamine and n-
butyllithium in THF. Other commercially available chemicals
were used as supplied by the manufacturers. Experiments were
monitored by TLC using aluminium based, precoated silica gel
sheets (Merck 60 F254, layer thickness 0.2 mm) and visualized
under UV light and further with a mixture of vanillin and sulfuric
acid in ethanol. Silica gel 60 (230–400 mesh, Merck) was used for
flash column chromatography. Compounds were homogeneous on
TLC. Optical rotation values were measured with a JASCO DIP-
1000 digital polarimeter at ambient temperature. NMR spectra
were recorded on a 200 MHz Varian GEMINI 2000, or a 500 MHz
Bruker Avance 500 spectrometer. Chemical shifts are given in d and
J values in Hz, using tetramethylsilane (TMS) as internal standard.
Mass spectra were obtained using a JEOL JMS-SX102 mass
spectrometer operating at 70 eV. Melting points were determined
in open capillary tubes with an electrothermal melting point
apparatus and are uncorrected. IR spectra were recorded on
a Perkin-Elmer Spectrum One FTIR instrument equipped with
ATR reflection top plate. HPLC separations were performed using
Waters 600 pump, CYCLOBOND I RSP 2000 (10 lm) column
(250 × 10 mm), Waters 996 UV photodiode array detector and
Waters 717 plus autosampler. Compounds 11b, 11e,39 1240 and
13a–d41 were prepared according to literature procedures.


2-(4-tert-Butyldimethylsilanyloxy-3-methoxyphenyl)-1,3-dithiane
(11a). 4-tert-Butyldimethylsilanyloxy-3-methoxybenzaldehyde
(1.94 g, 7.29 mmol) in dry Et2O (8.0 ml) was added at rt to a
stirred solution of propane-1,3-dithiol (0.8 ml, 8.0 mmol) and
MgBr2 (2.0 g, 1.10 mmol) in dry Et2O (10 ml) under Ar, and the
mixture was stirred overnight. The reaction was then diluted with


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 331–341 | 335







Et2O and washed with 10% NaOH, saturated NH4Cl solution
and brine. The organic phase was dried over anhydrous Na2SO4,
filtered, evaporated and the crude product purified by flash
chromatography (eluent hexane–EtOAc 4 : 1) to obtain 11a as
a viscous oil (2.4 g, 92%): 1H NMR (200 MHz, CDCl3) d 0.15
(s, 6H), 0.99 (s, 9H), 1.88–2.21 (m, 2H), 2.85–3.14 (m, 4H), 3.82
(s, 3H), 5.12 (s, 1H), 6.77 (d, J = 8.0 Hz, 1H), 6.92 (dd, J =
2.0, 8.0 Hz, 1H), 6.98 (d, J = 2.0 Hz, 1H). 13C NMR (50 MHz,
CDCl3) d −4.6, 18.4, 25.1, 25.7, 32.2, 51.4, 55.5, 111.6, 120.1,
120.8, 132.4, 145.1, 150.9. EIMS m/z (relative intensity): 356
(M+, 5%), 299 (100), 284 (20), 210 (80) 179 (10). HRMS (EI) m/z
calcd for C13H19O2SiS2 (M-57)+, 299.0596; found, 299.0610.


2-(3-tert-Butyldimethylsilanyloxyphenyl)-1,3-dithiane (11c).
Following the same procedure as for 11a, compound 11c was
prepared in 90% yield as a viscous oil. 1H NMR (200 MHz,
CDCl3) d 0.24 (s, 6H), 0.98 (s, 9H), 1.83–2.22 (m, 2H), 2.84–3.13
(m, 4H), 5.10 (s, 1H), 6.77 (ddd, J = 1.2, 2.4, 8.0 Hz, 1H), 6.97
(t, J = 2.0 Hz, 1H), 7.05 (dt, J = 1.2, 8.0 Hz, 1H), 7.19 (t, J =
8.0 Hz, 1H). 13C NMR (50 MHz, CDCl3) d −4.4, 18.2, 25.1, 25.7,
32.1, 51.3, 119.6, 120.1, 120.6, 129.6, 140.4, 155.8. EIMS m/z
(relative intensity): 326 (M+, 80%), 269 (60), 195 (90). HRMS (EI)
m/z calcd for C16H26OSiS2 (M+), 326.1194; found, 326.1183.


2-(3-tert-Butyldimethylsilanyloxy-4-methoxyphenyl)-1,3-dithiane
(11d). Following the same procedure as for 11a, compound 11d
was prepared in 89% yield as a white solid: mp 101 ◦C (hexane).
1H NMR (200 MHz, CDCl3) d 0.17 (s, 6H), 0.99 (s, 9H), 1.81–2.21
(m, 2H), 2.83–3.12 (m, 4H), 3.78 (s, 3H), 5.07 (s, 1H), 6.79 (d, J =
8.0 Hz, 1H), 6.97 (d, J = 2.0 Hz, 1H), 7.02 (dd, J = 2.0, 8.0 Hz,
1H). 13C NMR (50 MHz, CDCl3) d −4.6, 18.4, 25.1, 25.7, 32.2,
50.8, 55.5, 112.0, 120.5, 120.9, 131.6, 145.0, 151.0. EIMS m/z
(relative intensity): 356 (M+, 5%), 299 (100), 284 (15), 210 (60) 179
(10). HRMS (EI) m/z calcd for C13H19O2SiS2 (M-57)+, 299.0596;
found, 299.0585.


(3R,4R)-3-[(Propane-1,3-diyldithio)-(4-tert-butyldimethylsilanyl-
oxy-3-methoxyphenyl)methyl]-4-[(1R,2S,5R)-2-(1-methylethyl)-5-
methyl-1-cyclohexyloxy]butano-4-lactone (16a). To a solution of
thioacetal 11a (750 mg, 2.10 mmol) in THF (20 ml) at −78 ◦C
under Ar, a solution of n-BuLi in hexane (1.3 M, 1.80 ml, 2.34
mmol) was added dropwise and the mixture was stirred for 1 h.
Then DMPU (0.40 ml, 4.65 mmol) was added dropwise followed
by slow addition of 12 (550 mg, 2.31 mmol) in THF (5 ml). The
reaction was stirred for 2 h at the same temperature and then
quenched with saturated NH4Cl and extracted with Et2O. Organic
phase was dried over anhydrous Na2SO4, filtered, evaporated and
the crude compound purified by flash chromatography (eluent
CH2Cl2 to CH2Cl2–EtOAc 15 : 1) to obtain 16a as an amorphous
solid (1.10 g, 88%): [a]27


D −57.0◦ (c 1.0, CHCl3); IR (thin film) mmax


1788 cm−1; 1H NMR (500 MHz, CDCl3) d 0.17 (s, 6H), 0.67–0.98
(m, 3H), 0.73 (d, J = 7.0 Hz, 3H), 0.83 (d, J = 7.0 Hz, 3H), 0.90
(d, J = 6.6 Hz, 3H), 1.00 (s, 9H), 1.10–1.15 (m, 1H), 1.30–1.32
(m, 1H), 1.56–1.60 (m, 2H), 1.81–2.02 (m, 4H), 2.60 (dd, J =
9.9, 18.4 Hz, 1H), 2.65–2.78 (m, 5H), 2.84 (dd, J = 3.6, 18.4 Hz,
1H), 3.42 (dt, J = 4.2, 10.7 Hz, 1H), 3.82 (s, 3H), 5.79 (d, J =
1.4 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 7.41 (dd, J = 2.4, 8.4 Hz,
1H), 7.46 (d, J = 2.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) d
−4.5, 15.6, 18.4, 20.9, 22.3, 23.1, 24.6, 25.4, 25.7, 27.0, 27.2, 30.2,
31.3, 34.3, 39.6, 47.7, 54.2, 55.8, 60.9, 77.4, 101.1, 113.3, 120.7,


122.4, 132.2, 144.7, 151.2, 175.5; EIMS m/z (relative intensity):
594 (M+, 1%), 579 (9), 537 (100), 399 (50) 355 (80), 299 (60), 210
(40); HRMS (EI) m/z calcd for C27H41O5SiS2 (M-57)+, 537.2165;
found, 537.2134.


(3R,4R)-3-[(Propane-1,3-diyldithio)-(3,4-dimethoxyphenyl)-
methyl]-4-[(1R,2S,5R)-2-(1-methylethyl)-5-methyl-1-cyclohexyl-
oxy]butano-4-lactone (16b). Following the same procedure
as for 16a, compound 16b was prepared in 82% yield as an
amorphous solid after flash chromatography (eluent CH2Cl2 to
CH2Cl2–EtOAc 15 : 1): [a]26


D −71.4◦ (c 1.0, CHCl3); IR (thin film)
mmax 1786 cm−1; 1H NMR (500 MHz, CDCl3) d 0.60–0.96 (m, 3H),
0.71 (d, J = 6.5 Hz, 3H), 0.81 (d, J = 7.0 Hz, 3H), 0.87 (d, J
= 6.5 Hz, 3H), 1.07–1.12 (m, 1H), 1.24–1.29 (m, 1H), 1.55–1.61
(m, 2H), 1.79–1.99 (m, 4H), 2.60 (dd, J = 10.5, 18.5 Hz, 1H),
2.65–2.77 (m, 5H), 2.84 (dd, J = 3.8, 18.5 Hz, 1H), 3.39 (dt, J
= 4.0, 10.6 Hz, 1H), 5.75 (s, 1H), 6.87 (d, J = 9.0 Hz, 1H), 7.47
(d, J = 2.0 Hz, 1H), 7.50 (dd, J = 2.0, 9.0 Hz, 1H); 13C NMR
(125 MHz, CDCl3) d 15.5, 20.8, 22.1, 23.0, 24.5, 25.3, 26.9, 27.10,
30.0, 31.2, 34.2, 39.6, 47.6, 54.1, 55.8, 56.1, 60.7, 77.6, 101.2,
110.8, 112.3, 122.3, 131.2, 148.5, 149.2, 175.3; EIMS m/z (relative
intensity): 494 (M+, 100%), 310 (60), 256 (100), 236 (100), 208
(100), 176 (90), 139 (40). HRMS (EI) m/z calcd for C26H38O5S2


(M+), 494.2160; found, 494.2155.


(3R,4R)-3-[(Propane-1,3-diyldithio)-(3-tert-butyldimethylsilanyl-
oxyphenyl)methyl]-4-[(1R,2S,5R)-2-(1-methylethyl)-5-methyl-1-
cyclohexyloxy]butano-4-lactone (16c). Following the same
procedure as for 16a, compound 16c was prepared in 75% yield as
an amorphous solid after flash chromatography (eluent CH2Cl2):
[a]26


D −70◦ (c 1.0, CHCl3); IR (thin film) mmax 1789 cm−1; 1H NMR
(500 MHz, CDCl3) d 0.22 (s, 6H), 0.60–0.98 (m, 3H), 0.72 (d, J =
7.0 Hz, 3H), 0.82 (d, J = 7.0 Hz, 3H), 0.88 (d, J = 7.1 Hz, 3H),
1.00 (s, 9H), 1.08–1.13 (m, 1H), 1.26–1.32 (m, 1H), 1.56–1.64
(m, 2H), 1.84–2.00 (m, 4H), 2.63 (dd, J = 10.0, 18.4 Hz, 1H),
2.65–2.78 (m, 5H), 2.87 (dd, J = 3.5, 18.4 Hz, 1H), 3.39 (dt, J =
4.2, 10.7 Hz, 1H), 5.73 (d, J = 1.5 Hz, 1H), 6.79 (ddd, J = 0.9,
2.4, 8.6 Hz, 1H), 7.27 (t, J = 8.0 Hz, 1H), 7.46 (t, J = 2.0 Hz, 1H),
7.55 (ddd, J = 0.9, 2.0, 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3)
d −4.3, 15.6, 18.3, 20.8, 22.2, 23.1, 24.5, 25.4, 25.7, 27.0, 27.1,
30.1, 31.3, 34.3, 39.6, 47.6, 54.0, 60.6, 77.6, 101.1, 119.7, 121.1,
122.5, 129.8, 140.7, 156.4, 175.4; EIMS m/z (relative intensity):
564 (M+, 1%), 507 (100), 369 (80), 325 (70), 217 (50). HRMS (EI)
m/z calcd for C26H39O4SiS2 (M-57)+, 507.2059; found, 507.2044.


(3R,4R)-3-[(Propane-1,3-diyldithio)-(3-tert-butyldimethylsilan-
yloxy-4-methoxyphenyl)methyl]-4-[(1R,2S,5R)-2-(1-methylethyl)-
5-methyl-1-cyclohexyloxy]butano-4-lactone (16d). Following the
same procedure as for 16a, compound 16d was prepared in 81%
yield as an amorphous solid after flash chromatography (eluent
CH2Cl2 to CH2Cl2–EtOAc 15 : 1): [a]26


D −76.6◦ (c 1.0, CHCl3);
IR (thin film) mmax 1789 cm−1; 1H NMR (500 MHz, CDCl3) d
0.16 (s, 3H), 0.17 (s, 3H), 0.63–0.99 (m, 3H), 0.72 (d, J = 7.0 Hz,
3H), 0.82 (d, J = 7.0 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H), 1.00 (s,
9H), 1.09–1.14 (m, 1H), 1.25–1.32 (m, 1H), 1.56–1.62 (m, 2H),
1.83–2.00 (m, 4H), 2.63 (dd, J = 10.0, 18.4 Hz, 1H), 2.65–2.77 (m,
5H), 2.85 (dd, J = 3.4, 18.4 Hz, 1H), 3.39 (dt, J = 4.2, 10.6 Hz,
1H), 3.82 (s, 3H), 5.74 (d, J = 1.4 Hz, 1H), 6.85 (d, J = 8.6 Hz,
1H), 7.44 (d, J = 2.5 Hz, 1H), 7.48 (dd, J = 2.5, 8.6 Hz, 1H);
13C NMR (125 MHz, CDCl3) d −4.5, 15.7, 18.5, 20.9, 22.2, 23.1,
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24.7, 25.4, 25.8, 27.0, 27.1, 31.0, 31.3, 34.3, 39.7, 47.7, 54.0, 55.5,
60.3, 77.5, 101.1, 111.7, 122.0, 123.2, 131.0, 145.3, 150.6, 175.5;
EIMS m/z (relative intensity): 594 (M+, 1%), 579 (3), 537 (100),
399 (70), 355 (40), 247 (20), 203 (10). HRMS (EI) m/z calcd for
C27H41O5SiS2 (M-57)+, 537.2165; found, 537.2199.


(3R,4R)-3-[(Propane-1,3-diyldithio)-(3,4-methylenedioxyphenyl)-
methyl]-4-[(1R,2S,5R)-2-(1-methylethyl)-5-methyl-1-cyclohexyloxy]-
butano-4-lactone (16e). Following the same procedure as for
16a, compound 16e was prepared in 80% yield as a white solid
after flash chromatography (eluent CH2Cl2 to CH2Cl2–EtOAc
15 : 1) and trituration with hexane–Et2O: mp 118–120 ◦C, (lit.27


128 ◦C): [a]25
D −73.6◦ (c 1.0, CHCl3), (lit.27 −71.8, c 0.96, CHCl3);


IR (thin film) mmax 1784 cm−1; 1H NMR (500 MHz, CDCl3) d
0.62–0.99 (m, 3H), 0.71 (d, J = 7.0 Hz, 3H), 0.81 (d, J = 7.0 Hz,
3H), 0.88 (d, J = 6.0 Hz, 3H), 1.08–1.12 (m, 1H), 1.25–1.32 (m,
1H), 1.55–1.62 (m, 2H), 1.78–1.98 (m, 4H), 2.63 (dd, J = 10.5,
18.5 Hz, 1H), 2.64–2.77 (m, 5H), 2.85 (dd, J = 3.5, 18.5 Hz, 1H),
3.38 (dt, J = 4.0, 10.6 Hz, 1H), 5.71 (s, 1H), 5.99 (s, 2H), 6.81
(d, J = 8.0 Hz, 1H), 7.46 (d, J = 2.0 Hz, 1H), 7.47 (dd, J = 2.0,
8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) d 15.6, 20.8, 22.1,
23.0, 24.4, 25.3, 26.9, 27.0, 30.0, 31.2, 34.2, 39.6, 47.6, 54.1, 60.6,
77.6, 101.1, 101.4, 108.0, 109.6, 123.4, 132.8, 147.1, 148.5, 175.3;
EIMS m/z (relative intensity): 478 (M+, 60%), 294 (40), 256 (60),
239 (90), 220 (60), 166 (95), 149 (100). HRMS (EI) m/z calcd for
C25H34O5S2 (M+), 478.1847; found, 478.1828.


(3R)-3-[(Propane-1,3-diyldithio)-(4-tert-butyldimethylsilanyloxy-
3-methoxyphenyl)methyl]butano-4-lactone (17a). To a solution
of 16a (720 mg, 1.21 mmol) and NaBH4 (320 mg, 8.47 mmol) in
EtOH (98%) at 0 ◦C under Ar, a solution of KOH in 98% EtOH
(0.4 M, 4.5 ml, 1.80 mmol) was slowly added via syringe. The
mixture was stirred at 0 ◦C for 1 h and then at room temperature
for a further 2 h. The mixture was then gently poured into a
saturated NH4Cl solution containing ice and acidified (pH 5–6)
with 0.1 N HCl. The mixture was extracted with EtOAc and
the organic phase was dried over anhydrous Na2SO4, filtered
and evaporated. The crude compound was dissolved in CH2Cl2


and allowed to cyclize overnight. After solvent removal, the
crude compound was purified by flash chromatography (eluent
CH2Cl2–MeOH 100 : 1) to obtain 17a as an amorphous solid
(410 mg, 71%): [a]24


D +6.6◦ (c 1.0, CHCl3); IR (thin film) mmax


1780 cm−1; 1H NMR (500 MHz, CDCl3) d 0.18 (s, 6H), 1.00 (s,
9H), 1.87–1.98 (m, 2H), 2.41 (dd, J = 9.1, 17.9 Hz, 1H), 2.66–2.74
(m, 4H), 2.85 (dd, J = 9.2, 17.9 Hz, 1H), 3.00–3.05 (m, 1H), 3.82
(s, 3H), 4.18 (dd, J = 8.2, 9.5 Hz, 1H), 4.42 (dd, J = 8.1, 9.5 Hz,
1H), 6.87 (d, J = 8.4 Hz, 1H), 7.40 (dd, J = 2.4, 8.4 Hz, 1H), 7.47
(d, J = 2.4 Hz, 1H). 13C NMR (125 MHz, CDCl3) d −4.6, 18.4,
24.8, 25.7, 27.2, 30.2, 48.2, 55.7, 60.8, 68.6, 113.0, 120.9, 121.9,
132.2, 144.7, 151.2, 175.8; EIMS m/z (relative intensity): 440
(M+, <1%), 425 (6), 383 (100), 355 (70), 283 (65), 235 (60), 209
(60), 149 (40), 73 (50); HRMS (EI) m/z calcd for C17H23O4SiS2


(M-57)+, 383.0807; found, 383.0821.


(3R)-3-[(Propane-1,3-diyldithio)-(3,4-dimethoxyphenyl)methyl]-
butano-4-lactone (17b). Following the same procedure as for
17a, compound 17b was prepared in 60% yield as an amorphous
solid after flash chromatography (eluent CH2Cl2–MeOH 100 :
1): [a]28


D +10.2◦ (c 1.0, CHCl3); IR (thin film) mmax 1775 cm−1; 1H
NMR (500 MHz, CDCl3) d 1.85–1.99 (m, 2H), 2.43 (dd, J = 9.3,


18.0 Hz, 1H), 2.65–2.79 (m, 4H), 2.87 (dd, J = 9.3, 18.0 Hz, 1H),
2.99–3.10 (m, 1H), 3.90 (s, 3H), 3.91 (s, 3H), 4.19 (dd, J = 8.2,
9.5 Hz, 1H), 4.43 (dd, J = 8.0, 9.5 Hz, 1H), 6.89 (d, J = 9.0 Hz,
1H), 7.48–7.52 (m, 2H). 13C NMR (125 MHz, CDCl3) d 24.8,
27.2, 30.2, 48.2, 55.9, 56.1, 60.8, 68.6, 111.1, 112.3, 122.0, 131.3,
148.5, 149.3, 175.8; EIMS m/z (relative intensity): 340 (M+, 90%),
255 (100), 181 (80); HRMS (EI) m/z calcd for C16H20O4S2 (M+),
340.0803; found, 340.0796.


(3R)-3-[(Propane-1,3-diyldithio)-(3-tert-butyldimethylsilanyloxy-
phenyl)methyl]butano-4-lactone (17c). Following the same
procedure as for 17a, compound 17c was prepared in 64% yield as
a viscous oil after flash chromatography (eluent CH2Cl2–MeOH
100 : 1): [a]28


D +13.2◦ (c 0.09, CHCl3); IR (thin film) mmax 1789 cm−1;
1H NMR (500 MHz, CDCl3) d 0.21 (s, 6H), 0.99 (s, 9H), 1.87–1.97
(m, 2H), 2.41 (dd, J = 9.1, 17.9 Hz, 1H), 2.66–2.75 (m, 4H), 2.83
(dd, J = 9.4, 17.9 Hz, 1H), 2.98–3.05 (m, 1H), 4.18 (dd, J = 8.3,
9.4 Hz, 1H), 4.41 (dd, J = 8.3, 9.4 Hz, 1H), 6.80 (dd, J = 2.0,
8.0 Hz, 1H), 7.28 (t, J = 8.0 Hz, 1H), 7.46 (t, J = 2.0 Hz, 1H),
7.54 (ddd, J = 0.8, 2.0, 8.0 Hz, 1H). 13C NMR (125 MHz, CDCl3)
d −4.3, 18.3, 24.8, 25.7, 27.2, 30.2, 48.0, 60.6, 68.5, 119.7, 120.7,
122.0, 130.1, 140.9, 156.5, 175.7; EIMS m/z (relative intensity):
410 (M+, <1%), 353 (65), 325 (50), 249 (90), 216 (80), 149 (30);
HRMS (EI) m/z calcd for C16H21O3SiS2 (M-57)+, 353.0701;
found, 353.0693.


(3R)-3-[(Propane-1,3-diyldithio)-(3-tert-butyldimethylsilanyloxy-
4-methoxyphenyl)methyl]butano-4-lactone (17d). Following the
same procedure as for 17a, compound 17d was prepared in 63%
yield as an amorphous solid after flash chromatography (eluent
CH2Cl2–MeOH 100 : 1): [a]24


D +6.9◦ (c 1.0, CHCl3); IR (thin
film) mmax 1779 cm−1; 1H NMR (500 MHz, CDCl3) d 0.17 (s, 6H),
1.00 (s, 9H), 1.84–1.98 (m, 2H), 2.41 (dd, J = 9.1, 17.9 Hz, 1H),
2.64–2.76 (m, 4H), 2.83 (dd, J = 9.2, 17.9 Hz, 1H), 2.98–3.05
(m, 1H), 3.83 (s, 3H), 4.18 (dd, J = 8.3, 9.5 Hz, 1H), 4.40 (dd,
J = 8.2, 9.5 Hz, 1H), 6.87 (d, J = 8.5 Hz, 1H), 7.45 (d, J =
2.5 Hz, 1H), 7.48 (dd, J = 2.5, 8.5 Hz, 1H). 13C NMR (125 MHz,
CDCl3) d −4.6, 18.5, 24.9, 25.7, 27.2, 30.2, 48.2, 55.6, 60.3, 68.6,
112.0, 121.7, 122.8, 131.2, 145.3, 150.5, 175.8; EIMS m/z (relative
intensity): 440 (M+, <1%), 425 (2), 383 (100), 355 (70), 263 (70),
247 (65), 209 (30), 149 (20), 73 (15); HRMS (EI) m/z calcd for
C17H23O4SiS2 (M-57)+, 383.0807; found, 383.0782.


(3R)-3-[(Propane-1,3-diyldithio)-(3,4-methylenedioxyphenyl)-
methyl]butano-4-lactone (17e). Following the same procedure
as for 17a, compound 17e was prepared in 82% yield as an
amorphous solid after flash chromatography (eluent CH2Cl2–
MeOH 100 : 1): [a]28


D +10.5◦ (c 1.0, CHCl3), (lit.27 [a]25
D +10.2◦,


c 0.51, CHCl3); 13C NMR (125 MHz, CDCl3) d 24.7, 27.2, 30.2,
48.2, 60.6, 68.5, 101.5, 108.3, 109.3, 123.1, 132.9, 147.2, 148.6,
175.7; IR, 1H NMR and EIMS were in agreement with reported
data.27; HRMS (EI) m/z calcd for C15H16O4S2 (M+), 324.0490;
found, 324.0503.


(8R,8′R)-4,4′-Bis(tert-butyldimethylsilanyloxy)-3,3′-dimethoxy-
7′-(propane-1,3-diyldithio)lignano-9,9′-lactone (15a). A solution
of 17a (394 mg, 0.90 mmol) in THF (2 ml) was added dropwise
to a solution of LDA (0.98 mmol, 1.1 eq.) in THF (1 ml) under
Ar at −78 ◦C. The reaction mixture was stirred for 2 h and then
DMI (0,11 ml, 0.98 mmol) was added dropwise followed by a
solution of benzylic bromide 13a (324 mg, 0.98 mmol) in THF
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(2 ml). The reaction mixture was stirred at the same temperature
for 3 h and then left to reach the ambient temperature overnight.
The reaction was quenched with saturated NH4Cl and extracted
with Et2O. Organic phase was dried over anhydrous Na2SO4,
filtered, evaporated and the crude compound was purified by flash
chromatography (eluent CH2Cl2–MeOH 100 : 1) to obtain 15a as
an amorphous solid (340 mg, 68%): [a]25


D +60.2◦ (c 1.0, CHCl3);
IR (thin film) mmax 1769 cm−1; 1H NMR (500 MHz, CDCl3) d
0.12 (s, 3H), 0.13 (s, 3H), 0.18 (s, 3H), 0.18 (s, 3H), 0.98 (s, 9H),
1.00 (s, 9H), 1.83–1.95 (m, 2H), 2.30 (dd, J = 5.7, 14.0 Hz, 1H),
2.58–2.72 (m, 5H), 3.19 (dd, J = 4.5, 14.0 Hz, 1H), 3.18–3.21 (m,
1H), 3.72 (dd, J = 9.1, 9.8 Hz, 1H), 3.75 (s, 3H), 3.80 (s, 3H),
4.45 (dd, J = 5.6, 9.8 Hz, 1H), 6.40 (dd, J = 2.0, 8.0 Hz, 1H),
6.56 (d, J = 2.0 Hz, 1H), 6.70 (d, J = 8.0 Hz, 1H), 6.88 (d, J =
8.4 Hz, 1H), 7.40 (dd, J = 2.4, 8.4 Hz, 1H), 7.44 (d, J = 2.4 Hz,
1H); 13C NMR (125 MHz, CDCl3) d −4.7, −4.6, 18.4, 24.8, 25.7,
27.1, 27.2, 35.7, 42.6, 49.9, 55.4, 55.7, 62.3, 67.6, 113.3, 113.4,
120.6, 121.0, 122.0 122.1, 130.3, 132.6, 143.9, 144.7, 150.9, 151.2,
178.7; EIMS m/z (relative intensity): 690 (M+, 10%), 675 (5), 633
(100), 513 (50), 355 (80), 179 (90); HRMS (EI) m/z calcd for
C31H45O6Si2S2 (M-57)+, 633.2196; found, 633.2224.


(8R,8′R)-4-(tert-Butyldimethylsilanyloxy)-3,3′,4′-trimethoxy-7′-
(propane-1,3-diyldithio)-lignano-9,9′-lactone (15b). Following
the same procedure as for 15a, but using lithium hexamethyl-
disilazide (LHMDS, 1.6 M in THF, 1.1 eq.) in place of LDA,
compound 15b was prepared from 17b and 13a in 78% yield as
an amorphous solid after flash chromatography (eluent CH2Cl2);
[a]28


D +68.9◦ (c 0.66 CHCl3); IR (thin film) mmax 1770 cm−1; 1H
NMR (500 MHz, CDCl3) d 0.12 (s, 6H), 0.98 (s, 9H), 1.82–1.96
(m, 2H), 2.45 (dd, J = 5.2, 14.0 Hz, 1H), 2.58–2.74 (m, 5H), 2.98
(dd, J = 5.0, 14.0 Hz, 1H), 3.15–3.19 (m, 1H), 3.73 (s, 3H), 3.77
(dd, J = 9.0, 10.0 Hz, 1H), 3.88 (s, 3H), 3.92 (s, 3H), 4.52 (dd,
J = 5.2, 10.0 Hz, 1H), 6.40 (dd, J = 2.0, 8.0 Hz, 1H), 6.53 (d,
J = 2.0 Hz, 1H), 6.71 (d, J = 8.0 Hz, 1H), 6.85 (d, J = 8.0 Hz,
1H), 7.43 (dd, J = 2.0, 8.0 Hz, 1H), 7.45 (d, J = 2.0 Hz, 1H); 13C
NMR (125 MHz, CDCl3) d −4.7, 18.4, 24.7, 25.7, 27.0, 27.1, 35.9,
42.8, 50.1, 55.3, 55.9, 60.0, 62.2, 67.6, 111.0, 112.4, 113.1, 120.6,
122.0, 122.1, 130.2, 131.5, 143.9, 148.4, 149.1, 150.9, 178.7; EIMS
m/z (relative intensity): 590 (M+, 30%), 533 (100), 255 (100), 179
(60); HRMS (EI) m/z calcd for C26H33O6SiS2 (M-57)+, 533.1487;
found, 533.1461.


(8R,8′R)-3,3′ -Bis(tert-butyldimethylsilanyloxy)-7′ -(propane-
1,3-diyldithio)lignano-9,9′-lactone (15c). Following the same
procedure as for 15a, but using LHMDS (1.6 M in THF, 1.1 eq.)
in place of LDA, compound 15c was prepared from 17c and 13b
in 71% yield as viscous oil after flash chromatography (eluent
CH2Cl2–MeOH 100 : 1): [a]24


D +54.5◦ (c 0.19, CHCl3); IR (thin
film) mmax 1771 cm−1; 1H NMR (500 MHz, CDCl3) d 0.17 (s, 3H),
0.18 (s, 3H), 0.21 (s, 6H), 0.97 (s, 9H), 1.0 (s, 9H), 1.82–1.96 (m,
2H), 2.40 (dd, J = 5.7, 13.8 Hz, 1H), 2.59–2.72 (m, 5H), 3.04
(dd, J = 4.8, 13.8 Hz, 1H), 3.22–3.25 (m, 1H), 3.67 (dd, J = 8.9,
9.8 Hz, 1H), 4.45 (dd, J = 5.3, 9.8 Hz, 1H), 6.58 (t, J = 1.9 Hz,
1H), 6.62 (br d, J = 7.6 Hz, 1H), 6.69 (ddd, J = 0.8, 2.4, 8.0 Hz,
1H), 6.80 (ddd, J = 0.8, 2.4, 8.0 Hz, 1H), 7.09 (t, J = 8.0 Hz,
1H), 7.28 (t, J = 8.0 Hz, 1H), 7.46 (t, J = 2.0 Hz, 1H), 7.53 (ddd,
J = 0.8, 2.0, 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) d −4.4,
−4.3, 18.2, 18.3, 24.6, 25.7, 27.0, 27.1, 36.0, 42.6, 49.8, 62.1, 67.3,
118.9, 119.6, 121.0, 121.3, 122.2, 122.9, 129.4, 130.0, 138.2, 141.0,


155.8, 156.5, 178.3; EIMS m/z (relative intensity): 630 (M+, 2%),
573 (70), 449 (60), 325 (100), 251 (15), 149 (20); HRMS (EI) m/z
calcd for C29H41O4Si2S2 (M-57)+, 573.1984; found, 573.1971.


(8R,8′R)-3,3′-Bis(tert-butyldimethylsilanyloxy)-4,4′-dimethoxy-
7′-(propane-1,3-diyldithio)lignano-9,9′-lactone (15d). Following
the same procedure as for 15a, compound 15d was prepared
from 17d and 13c in 65% yield as an amorphous solid after flash
chromatography (eluent CH2Cl2–MeOH 100 : 1): [a]24


D +67.5◦ (c
1.0, CHCl3); IR (thin film) mmax 1771 cm−1; 1H NMR (500 MHz,
CDCl3) d 0.14 (s, 6H), 0.17 (s, 3H), 0.18 (s, 3H), 0.99 (s, 9H),
1.01 (s, 9H), 1.82–1.95 (m, 2H), 2.35 (dd, J = 5.5, 13.9 Hz, 1H),
2.58–2.72 (m, 5H), 3.00 (dd, J = 4.7, 13.9 Hz, 1H), 3.16–3.19 (m,
1H), 3.63 (dd, J = 9.0, 9.8 Hz, 1H), 3.76 (s, 3H), 3.83 (s, 3H), 4.43
(dd, J = 5.1, 9.8 Hz, 1H), 6.59 (dd, J = 2.1, 8.2 Hz, 1H), 6.62 (d,
J = 2.1 Hz, 1H), 6.71 (d, J = 8.2 Hz, 1H), 6.87 (d, J = 8.5 Hz,
1H), 7.44 (d, J = 2.5 Hz, 1H), 7.47 (dd, J = 2.5, 8.5 Hz, 1H);
13C NMR (125 MHz, CDCl3) d −4.6, 18.4, 18.5, 24.8, 25.7, 27.0,
27.1, 35.5, 42.8, 50.0, 55.4, 55.5, 61.8, 67.4, 111.9, 112.0, 121.9,
122.3, 122.9, 123.0, 129.2, 131.4, 144.9, 145.2, 150.0, 150.4, 178.5;
EIMS m/z (relative intensity): 690 (M+, 15%), 675 (10), 633 (80),
513 (60), 355 (60), 251 (50), 179 (100); HRMS (EI) m/z calcd for
C31H45O6Si2S2 (M-57)+, 633.2196; found, 633.2225.


(8R,8′R)-4,4′,5,5′-Bis(methylenedioxy)-7′-(propane-1,3-diyldithio)-
lignano-9,9′-lactone (15e). Following the same procedure as for
15a, but using LHMDS (1.6 M in THF, 1.1 eq.) in place of
LDA, compound 15e was prepared from 17e and 13d in 66%
yield as an amorphous solid after flash chromatography (eluent
CH2Cl2): [a]27


D +35◦ (c 0.5, CHCl3); IR (thin film) mmax 1769 cm−1;
1H NMR (500 MHz, CDCl3) d 1.81–1.97 (m, 2H), 2.58 (dd, J =
5.2, 14.0 Hz, 1H), 2.60–2.75 (m, 5H), 2.84 (dd, J = 6.5, 14.0 Hz,
1H), 3.04–3.08 (m, 1H), 3.95 (dd, J = 8.5, 10.0 Hz, 1H), 4.62 (dd,
J = 5.0, 10.0 Hz, 1H), 5.91 (part A of AB system, J = 1.5 Hz,
1H), 5.94 (part B of AB system, J = 1.5 Hz, 1H), 6.00 (part A
of AB system, J = 1.5 Hz, 1H), 6.03 (part B of AB system, J =
1.5 Hz, 1H), 6.45 (dd, J = 1.5, 8.0 Hz, 1H), 6.48 (d, J = 1.5 Hz,
1H), 6.66 (d, J = 8.0 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 7.35
(d, J = 2.0 Hz, 1H), 7.39 (dd, J = 2.0, 8.0 Hz, 1H); 13C NMR
(125 MHz, CDCl3) d 24.6, 26.9, 27.1, 36.2, 42.9, 50.4, 62.3, 67.7,
101.9, 101.6, 108.0, 108.1, 109.5, 109.7, 122.6, 123.3, 130.4, 133.0,
146.4, 147.1, 147.6, 148.5, 178.3; EIMS m/z (relative intensity):
458 (M+, 40%), 383 (10), 239 (100), 192 (30), 135 (50); HRMS
(EI) m/z calcd for C23H22O6S2 (M+), 458.0857; found, 458.0880.


(8R,8′R)-4,4′-Bis(tert-butyldimethylsilanyloxy)-3,3′-dimethoxy-
7′-oxolignano-9,9′-lactone (18a). (CF3CO2)2IPh (470 mg,
1.09 mmol) was added to a solution of 15a (250 mg, 0.36 mmol)
in 10% aq. CH3CN (5 ml) at room temperature. The mixture was
stirred for 30 min and then quenched with saturated NaHCO3


and extracted with Et2O. The organic phase was dried over
anhydrous Na2SO4, filtered, evaporated and the crude compound
was purified by flash chromatography (eluent CH2Cl2–Et2O 80 : 1)
to obtain 18a (118 mg, 55%) as a viscous oil: [a]24


D +19.3◦ (c 0.28,
CHCl3), (lit.12: [a]20


D +16.7◦ c 0.96, CHCl3); EIMS m/z (relative
intensity): 600 (M+, 2%), 543 (100), 291 (10), 193 (40), 179 (35);
HRMS (EI) m/z calcd for C32H48O7Si2 (M+), 600.2939; found,
600.2901; 1H NMR and 13C NMR (CDCl3) were in agreement
with reported data.12
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(8R,8′R)-4-tert-Butyldimethylsilanyloxy-3,3′,4′ -trimethoxy-7′ -
oxolignano-9,9′-lactone (18b). Following the same procedure
as for 18a, compound 18b was prepared in 50% yield as an
amorphous solid after flash chromatography (eluent CH2Cl2–
Et2O 20 : 1): [a]27


D +13.8◦ (c 1.0, CHCl3); IR (thin film) mmax 1772,
1671 cm−1; 1H NMR (500 MHz, CDCl3) d 0.09 (s, 3H), 0.10 (s,
3H), 0.97 (s, 9H), 3.00 (dd, J = 7.5, 14.0 Hz, 1H), 3.05 (dd, J =
5.5, 14.0 Hz, 1H), 3.50–3.54 (m, 1H), 3.65 (s, 3H), 3.91 (s, 3H),
3.95 (s, 3H), 4.05 (apparent t, J = 8.2 Hz, 1H), 4.08–4.13 (m,
1H), 4.35 (apparent t, J = 8.2 Hz, 1H), 6.53 (dd, J = 1.8, 8.0 Hz,
1H), 6.60 (d, J = 1.8 Hz, 1H), 6.67 (d, J = 8.0 Hz, 1H), 6.80 (d,
J = 8.0 Hz, 1H), 7.20 (dd, J = 1.8, 8.0 Hz, 1H), 7.37 (d, J =
1.8 Hz, 1H); 13C NMR (125 MHz, CDCl3) d −4.8, −4.7, 18.4,
25.7, 34.5, 44.5, 46.4, 55.2, 56.0, 56.1, 68.2, 109.9, 110.3, 113.0,
120.8, 121.7, 122.9, 128.7, 130.5, 144.0, 149.5, 151.0, 154.2, 177.3,
194.9; EIMS m/z (relative intensity): 500 (M+, 5%), 443 (100),
236 (80), 179 (90), 165 (50); HRMS (EI) m/z calcd for C27H36O7Si
(M+), 500.2230; found, 500.2245.


(8R,8′R)-3,3′ -Bis(tert-butyldimethylsilanyloxy)-7′ -oxolignano-
9,9′-lactone (18c). Following the same procedure as for 18a,
compound 18c was prepared in 70% yield as a viscous oil after
flash chromatography (eluent CH2Cl2–Et2O 80 : 1): [a]24


D +25.9◦


(c 1.77, CHCl3); IR (thin film) mmax 1778, 1684 cm−1; 1H NMR
(500 MHz, CDCl3) d 0.13 (s, 3H), 0.15 (s, 3H), 0.21 (s, 6H), 0.95
(s, 9H), 0.99 (s, 9H), 3.01 (dd, J = 6.5, 14.0 Hz, 1H), 3.07 (dd,
J = 6.0, 14.0 Hz, 1H), 3.51–3.55 (m, 1H), 4.01–4.06 (m, 1H),
4.10 (apparent t, J = 8.5 Hz, 1H), 4.36 (apparent t, J = 8.5 Hz,
1H), 6.63–6.70 (m, 3H), 7.03–7.07 (m, 2H), 7.22–7.29 (m, 3H);
13C NMR (125 MHz, CDCl3) d −4.5, −4.4, 18.1, 18.2, 25.5, 25.6,
34.8, 43.8, 47.0, 68.0, 118.8, 119.4, 120.9, 121.3, 122.3, 129.7,
129.9, 136.8, 138.4, 156.0, 156.3, 177.1, 196.0; EIMS m/z (relative
intensity): 540 (M+, 20%), 483 (100), 275 (80), 235 (70), 73 (80);
HRMS (EI) m/z calcd for C26H35O5Si2 (M-57)+, 483.2023; found,
483.2027.


(8R,8′R)-3,3′ -Bis(tert-butyldimethylsilanyloxy)-4,4′-dimethoxy-
7′-oxolignano-9,9′-lactone (18d). Following the same procedure
as for 18a, compound 18d was prepared in 57% yield as a viscous
oil after flash chromatography (eluent CH2Cl2–Et2O 80 : 1): [a]24


D


+28.4◦ (c 0.45, CHCl3); IR (thin film) mmax 1775, 1674 cm−1; 1H
NMR (500 MHz, CDCl3) d 0.09 (s, 3H), 0.11 (s, 3H), 0.16 (s, 6H),
0.96 (s, 9H), 1.00 (s, 9H), 2.96 (dd, J = 5.7, 14.2 Hz, 1H), 3.00
(dd, J = 6.3, 14.2 Hz, 1H), 3.49 (apparent dt, J = 6.0, 8.5 Hz,
1H), 3.74 (s, 3H), 3.87 (s, 3H), 3.99–4.04 (m, 1H), 4.08 (apparent
t, J = 8.6 Hz, 1H), 4.30 (apparent t, J = 8.6 Hz, 1H), 6.64–6.68
(m, 3H), 6.81 (d, J = 8.5 Hz, 1H), 7.29 (dd, J = 2.2, 8.5 Hz,
1H), 7.33 (d, J = 2.2 Hz, 1H); 13C NMR (125 MHz, CDCl3) d
−4.7, −4.6, 18.3, 18.4, 25.6, 25.7, 34.0, 44.0, 46.3, 55.4, 55.5, 68.1,
110.9, 112.2, 120.3, 122.2, 122.5, 123.5, 128.7, 145.1, 145.4, 150.0,
156.2, 177.4, 194.6; EIMS m/z (relative intensity): 600 (M+, 2%),
585 (3), 543 (100), 305 (20), 179 (45); HRMS (EI) m/z calcd for
C32H48O7Si2 (M+), 600.2939; found, 600.2955.


(8R,8′R)-4,4′,5,5′-Bis(methylenedioxy)-7′-oxolignano-9,9′-lactone
(18e). Following the same procedure as for 18a, compound
18e was prepared in 80% yield as a white solid after flash
chromatography (eluent CH2Cl2–Et2O 20 : 1) and trituration
with hexane: mp 90–92 ◦C, (lit.5 113–115 ◦C); [a]28


D +26.5◦ (c
0.33, CHCl3); IR (thin film) mmax 1769, 1670 cm−1; 1H NMR


(500 MHz, CDCl3) d 2.91 (dd, J = 7.5, 14.0 Hz, 1H), 3.05 (dd,
J = 5.5, 14.0 Hz, 1H), 3.40–3.48 (m, 1H), 3.98–4.04 (m, 1H),
4.13 (apparent t, J = 8.5 Hz, 1H), 4.39 (apparent t, J = 8.5 Hz,
1H), 5.89 (d, J = 1.5 Hz, 2H), 6.06 (s, 2H), 6.52 (dd, J = 1.0,
8.0 Hz, 1H), 6.60 (d, J = 1.0 Hz, 1H), 6.61 (d, J = 8.0 Hz, 1H),
6.80 (d, J = 7.5 Hz, 1H), 7.20 (d, J = 1.5 Hz, 1H), 7.27 (dd, J =
1.5, 7.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) d 24.9, 34.6, 44.8,
46.7, 68.1, 101.0, 102.1, 107.9, 108.0, 108.2, 109.6, 122.5, 124.8,
130.3, 130.7, 146.6, 147.9, 148.5, 152.6, 176.7, 194.5; EIMS m/z
(relative intensity): 368 (M+, 30%), 192 (40), 149 (40), 81 (50), 69
(100); HRMS (EI) m/z calcd for C20H16O7 (M+), 368.0896; found,
368.0879.


(7′S,8R,8′R)-4,4′-Bis(tert-butyldimethylsilanyloxy)-7′-hydroxy-
3,3′-dimethoxylignano-9,9′-lactone (19a) and (2R,3R,4S)-2-(4-tert-
butyldimethylsilanyloxy-3-methoxyphenyl)methyl-3-hydroxymethyl-
4- (4- tert -butyldimethylsilanyloxy-3-methoxyphenyl )butano-4-
lactone (20a). L-Selectride R© (1 M in THF, 0.10 ml, 0.10 mmol)
was added dropwise to a solution of 16a (50 mg, 0.083 mmol) in
dry THF (1.5 ml) under Ar at −78 ◦C and the reaction mixture
was stirred at the same temperature for 2 h. The reaction was
then stopped with saturated NH4Cl and extracted with EtOAc.
Organic phase was washed with oxalic acid 0.1 N, dried over
anhydrous Na2SO4, evaporated and the crude product was
purified by flash chromatography (eluent CH2Cl2–EtOAc 5 : 1) to
yield 35 mg (70%) of compound 19a (ds 97%) as a viscous oil and
4.5 mg (9%) of compound 20a as an amorphous solid.


Compound 19a: [a]27
D −0.8◦ (c 0.4, CHCl3), lit.12 [a]19


D −1.5◦ (c
0.95, CHCl3); EIMS m/z (relative intensity): 602 (M+, 2%), 600
(2), 585 (5), 543 (100), 277 (20), 179 (50); HRMS (EI) m/z calcd
for C32H50O7Si2 (M+), 602.3095; found, 602.3116; IR, 1H NMR
and 13C NMR (CDCl3) were in agreement with reported data.12


Compound 20a: [a]24
D +37.5◦ (c 0.3, CHCl3); IR (thin film) mmax


3486, 1769 cm−1; 1H NMR (500 MHz, CDCl3) d 0.14 (s, 6H), 0.15
(s, 6H), 0.98 (s, 9H), 0.99 (s, 9H), 2.59–2.63 (m, 1H), 2.75 (dd, J =
10.6, 15.1 Hz, 1H), 3.09 (ddd, J = 4.5, 8.2, 10.6 Hz, 1H), 3.23 (dd,
J = 4.5, 15.1 Hz, 1H), 3.73–3.78 (m, 1H), 3.76 (s, 3H), 3.79 (s, 3H),
3.93 (dd, J = 4.0, 10.5 Hz, 1H), 5.45 (d, J = 2.6 Hz, 1H), 6.65 (dd,
J = 2.0, 8.0 Hz, 1H), 6.71–6.73 (m, 2H), 6.74–6.77 (m, 2H), 6.82
(d, J = 8.1 Hz, 1H); 13C NMR (125 MHz, CDCl3) d −4.6, 18.4,
25.7, 30.8, 41.3, 47.6, 55.6, 55.6, 60.7, 81.1, 109.0, 112.4, 117.3,
120.2, 120.9, 120.9, 132.0, 132.3, 143.8, 145.0, 151.0, 151.2, 178.1;
EIMS m/z (relative intensity): 602 (M+, 5%), 545 (90), 543 (50),
277 (20), 179 (100); HRMS (EI) m/z calcd for C32H50O7Si2 (M+),
602.3095; found, 602.3124.


(7′S,8R,8′R)-4-tert-Butyldimethylsilanyloxy-7′-hydroxy-3,3′,4′-
trimethoxylignano-9,9′-lactone (19b). Following the same
procedure as for 19a, compound 19b was prepared in 75% yield
(ds 93%) after flash chromatography (eluent CH2Cl2–Et2O 8 : 1)
as a viscous oil: IR (thin film) mmax 3497, 1746 cm−1; 1H NMR
(500 MHz, CDCl3, major diastereomer 7′S) d 0.14 (s, 6H), 0.99
(s, 9H), 2.60–2.65 (m, 1H), 2.92 (dd, J = 5.5, 13.5 Hz, 1H),
2.95–2.98 (m, 1H), 3.08 (dd, J = 5.2, 13.5 Hz, 1H), 3.75 (s, 3H),
3.82 (apparent t, J = 9.0 Hz, 1H), 3.87 (s, 3H), 3.88 (s, 3H), 3.90
(dd, J = 6.5, 9.5 Hz, 1H), 4.61 (dd, J = 2.8, 6.8 Hz, 1H), 6.58 (dd,
J = 2.0, 8.5 Hz, 1H), 6.68 (d, J = 1.0 Hz, 1H), 6.73 (dd, J = 2.0,
8.0 Hz, 1H), 6.74 (d, J = 8.0 Hz, 1H), 6.77 (d, J = 2.0 Hz, 1H),
6.80 (d, J = 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3, major
diastereomer 7′S) d −4.7, 18.4, 25.7, 35.2, 43.9, 45.1, 55.4, 55.9,
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68.3, 75.4, 109.0, 111.2, 113.4, 118.4, 120.6, 122.0, 131.0, 134.0,
143.8, 149.1, 149.3, 150.9, 179.1; EIMS m/z (relative intensity):
502 (M+, 10%), 445 (100), 193 (40), 179 (70), 167 (40); HRMS (EI)
m/z calcd for C23H29O7Si (M-57)+, 445.1682; found, 445.1674.


(7′S,8R,8′R)-3,3′-Bis(tert-butyldimethylsilanyloxy)-7′-hydroxy-
lignano-9,9′-lactone (19c). Following the same procedure as for
19a, compound 19c was prepared in 77% yield (ds 83%) after flash
chromatography (eluent CH2Cl2–EtOAc 5 : 1) as a viscous oil:
IR (thin film) mmax 3473, 1756 cm−1; 1H NMR (500 MHz, CDCl3,
major diastereomer 7′S) d 0.19 (s, 6H), 0.20 (s, 6H), 0.98 (s, 9H),
0.99 (s, 9H), 2.59–2.65 (m, 1H), 2.87 (dd, J = 6.0, 13.5 Hz, 1H),
2.97–3.01 (m, 1H), 3.11 (dd, J = 5.2, 13.5 Hz, 1H), 3.77 (apparent
t, J = 9.0 Hz, 1H), 3.90 (dd, J = 6.8, 9.0 Hz, 1H), 4.60 (dd, J
= 2.8, 7.2 Hz, 1H), 6.69–6.83 (m, 4H), 7.11 (t, J = 7.8 Hz, 1H),
7.20 (t, J = 7.8 Hz, 1H). 13C NMR (125 MHz, CDCl3, major
diastereomer 7′S) d −4.5, −4.4, 18.2, 25.6, 25.7, 35.3, 45.0, 68.1,
75.3, 117.8, 118.6, 119.0, 120.1, 121.4, 122.8, 129.4, 129.9, 139.0,
143.0, 155.8, 156.2, 178.8; EIMS m/z (relative intensity): 542
(M+, 5%), 485 (100), 437 (30), 307 (10), 221 (30); HRMS (EI) m/z
calcd for C26H37O5Si2 (M-57)+, 485.2180; found, 485.2152.


(7′S,8R,8′R)-3,3′-Bis(tert-butyldimethylsilanyloxy)-7′-hydroxy-
4,4′-dimethoxylignano-9,9′-lactone (19d). Following the same
procedure as for 19a, compound 19d was prepared in 68% yield
(ds 88%) after flash chromatography (eluent CH2Cl2–EtOAc 5 :
1) as a viscous oil: IR (thin film) mmax 3487, 1761 cm−1; 1H NMR
(500 MHz, CDCl3, major diastereomer 7′S) d 0.14 (s, 6H), 0.15
(s, 6H), 0.99 (s, 9H), 1.00 (s, 9H), 2.57–2.63 (m, 1H), 2.83 (dd,
J = 5.5, 13.7 Hz, 1H), 2.93 (dt, J = 5.3, 6.9 Hz, 1H), 3.07 (dd,
J = 5.1, 13.7 Hz, 1H), 3.70 (dd, J = 8.4, 9.3 Hz, 1H), 3.77 (s,
3H), 3.80 (s, 3H), 3.83 (dd, J = 6.8, 9.4 Hz, 1H), 4.51 (dd, J =
1.9, 7.4 Hz, 1H), 6.70–6.74 (m, 4H), 6.75–6.77 (m, 2H), 6.78–6.79
(m, 2H). 13C NMR (125 MHz, CDCl3, major diastereomer 7′S)
d −4.7, −4.6, 18.4, 25.7, 34.7, 44.1, 45.1, 55.4, 55.4, 68.1, 75.2,
112.0, 112.1, 118.8, 119.5, 122.3, 122.9, 130.1, 134.0, 145.0, 145.3,
149.9, 151.0, 179.0; EIMS m/z (relative intensity): 602 (M+, 4%),
585 (2), 545 (70), 543 (100), 305 (20), 179 (60).


(7′S,8R,8′R)-7′ -hydroxy-4,4′,5,5′ -bis(methylenedioxy)lignano-
9,9′-lactone, [(7′S)-parabenzlactone (9)]. Following the same
procedure as for 19a, compound 9 was prepared in 80% yield
(ds 96%) after flash chromatography (eluent CH2Cl2–Et2O 8 : 1).
Trituration with hexane gave a white solid: mp 155–158 ◦C, (lit.5


159–161 ◦C); [a]22
D −15.0 ◦C (c 0.3, CHCl3), (lit.5-11.0◦, c 1.15,


CHCl3); IR (thin film) mmax 3457, 1754 cm−1; 1H NMR (500 MHz,
CDCl3) d 2.54–2.60 (m, 1H), 2.90 (dd, J = 6.0, 12.0 Hz, 1H),
2.94–3.00 (m, 2H), 3.91 (m, 2H), 4.61 (dd, J = 2.8, 6.2 Hz, 1H),
5.91 (part A of AB system, J = 1.5 Hz, 1H), 5.93 (part B of
AB system, J = 1.5 Hz, 1H), 5.96 (part A of AB system, J =
1.5 Hz, 1H), 5.97 (part B of AB system, J = 1.5 Hz, 1H), 6.58
(dd, J = 1.5, 8.0 Hz, 1H), 6.61 (d, J = 1.0 Hz, 1H), 6.67 (dd, J =
1.0, 8.0 Hz, 1H), 6.68 (d, J = 8.0 Hz, 1H), 6.70 (d, J = 1.5 Hz,
1H), 6.74 (d, J = 8.0 Hz, 1H); 13C NMR (125 MHz, CDCl3)
d 35.1, 43.7, 45.1, 68.4, 75.5, 100.9, 101.3, 106.2, 108.1, 108.2,
109.9, 119.4, 122.7, 131.2, 135.3, 146.3, 147.5, 147.6, 148.1, 178.9;
EIMS m/z (relative intensity): 370 (M+, 90%), 352 (10), 175 (20),
151 (100), 135 (80); HRMS (EI) m/z calcd for C20H18O7 (M+),
370.1052; found, 370.1035.


( 7′S,8R,8′R ) -4,4′,7′ -Trihydroxy-3,3′ -dimethoxylignano - 9,9′ -
lactone, [(7′S)-hydroxymatairesinol (1)]. A solution of TBAF–
AcOH (1 : 1, 1.0 M in THF, 0.30 ml, 0.30 mmol) was added
dropwise to a solution of 19a (18 mg, 0.03 mmol) in dry THF
(0.4 ml) under Ar at 0 ◦C. The reaction mixture was stirred at
0 ◦C for 30 min and then for a further 3 h at room temperature.
The reaction was quenched with saturated NH4Cl and extracted
with EtOAc. Organic phase was dried over anhydrous Na2SO4,
evaporated and the crude product was purified by flash
chromatography (eluent CH2Cl2–Et2O 1 : 1) to yield compound
1 (9 mg, 80%) as an amorphous solid: [a]24


D −9.3◦ (c 0.1, THF),
(lit.3 [a]25


D −11.0◦, c 4, THF); HRMS (EI) m/z calcd for C20H22O7


(M+), 374.1366; found, 374.1345; IR, MS, 1H NMR and 13C
NMR (CDCl3) were in agreement with reported data.12,16


( 7′S,8R,8′R ) - 4,7′ - Dihydroxy - 3,3′,4′ - trimethoxylignano - 9,9′ -
lactone, [(7′S)-hydroxyarctigenin (8)]. Following the same
procedure as for 1, compound 8 was prepared in 65% yield.
Flash chromatography (eluent CH2Cl2–Et2O 4 : 1) and HPLC
purification gave (7′S)-8 as a glassy material: [a]22


D −23.9◦ (c 0.56,
CHCl3), (lit.12 [a]21


D −22.4◦, c 1.1, CHCl3); 1H NMR (500 MHz,
CDCl3) d 2.59–2.67 (m, 1H), 2.90–2.96 (m, 2H), 3.00–3.08 (m,
1H), 3.82 (s, 3H), 3.85 (s, 3H), 3.88 (s, 3H), 3.91 (apparent t, J =
8.8 Hz, 1H), 3.96 (dd, J = 7.0, 9.5 Hz, 1H), 4.66 (dd, J = 1.5,
6.0 Hz, 1H), 6.61 (dd, J = 2.0, 8.0 Hz, 1H), 6.65 (d, J = 2.0 Hz,
1H), 6.73 (d, J = 2.0 Hz, 1H), 6.75 (dd, J = 2.0, 8.5 Hz, 1H),
6.79 (d, J = 8.0 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H); 13C NMR
(125 MHz, CDCl3) d 35.0, 43.7, 45.0, 55.8, 55.9, 55. 9, 68.4,
75.2, 108.9, 111.0, 111.9, 114.0, 118.1, 122.5, 129.4, 134.0, 144.4,
146.5, 149.0, 149.3, 179.2; EIMS m/z (relative intensity): 388
(M+, 100%), 370 (10), 194 (50), 167 (100), 137 (90); HRMS (EI)
m/z calcd for C21H24O7 (M+), 388.1366; found, 388.1519; IR and
13C NMR in agreement with reported data.12


(7′S,8R,8′R ) -3,3′,7′ -Trihydroxylignano-9,9′ - lactone, [ (7′S ) -
hydroxyenterolactone (5)]. Following the same procedure as for
1, compound (7′S)-5 was prepared in 60% yield after flash
chromatography (eluent CH2Cl2–Et2O 1 : 1) and HPLC as an
amorphous solid: [a]24


D −1.32 (c 0.31, acetone); HRMS (EI) m/z
calcd for C18H18O5 (M+), 314.1154; found, 314.1149; IR, MS, 1H
NMR and 13C NMR (acetone-d6) were in agreement with reported
data (for the racemic material).14


(7′S,8R,8′R ) -3,3′,7′ - Trihydroxy - 4,4′ - dimethoxylignano - 9,9′ -
lactone, [(7′S)-hydroxyprestegane B (10)]. Following the same
procedure as for 1, compound (7′S)-10 was prepared in 81% yield
after flash chromatography (eluent CH2Cl2–Et2O 1 : 1) and HPLC
as an amorphous solid: [a]24


D −1.50 (c 0.12, CHCl3); IR (thin film)
mmax 3440, 1752 cm−1; 1H NMR (500 MHz, CDCl3) d 2.60–2.66
(m, 1H), 2.89–2.95 (m, 2H), 3.01 (dd, J = 8.0, 15.5 Hz, 1H),
3.85–3.88 (m, 1H), 3.87 (s, 3H), 3.89–3.92 (m, 1H), 3.90 (s, 3H),
4.57 (dd, J = 2.3, 6.7 Hz, 1H), 6.66 (dd, J = 2.0, 8.5 Hz, 1H), 6.72
(d, J = 2.0 Hz, 1H), 6.73–6.75 (m, 2H), 6.79 (d, J = 2.0 Hz, 1H),
6.80 (d, J = 8.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) d 34.9,
44.0, 45.1, 55.9, 56.0, 68.2, 75.4, 110.6, 110.7, 112.1, 115.9, 117.8,
121.2, 130.8, 134.6, 145.4, 145.5, 145.9, 146.6, 178.9; EIMS m/z
(relative intensity): 374 (M+, 50%), 356 (20), 298 (10), 232 (10),
177 (15), 153 (80), 137 (100); HRMS (EI) m/z calcd for C20H22O7


(M+), 374.1366; found, 374.1349.
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The tandem hydroformylation–Fischer indolisation protocol is used in the synthesis of
2,3-disubstituted indoles. After hydroformylation of selected olefins to form a-branched aldehydes in a
one-pot procedure these are condensed with phenylhydrazine to give hydrazones. Upon acid-promoted
[3,3]-sigmatropic rearrangement indolenine intermediates with quaternary centres in the 3-position are
formed, which, after selective Wagner–Meerwein-type rearrangement of one of the substituents from
the 3- to the 2-position, lead to 2,3-disubstituted indoles. Several olefins, bearing substituents with
various functional groups, as well as cyclic olefinic systems are investigated.


Introduction


The indole core is a substructure of numerous natural products
and pharmaceuticals possessing anti-inflammatory, antimalaria,
antidepressant, antitumor or various other activities.1 Their
structures often include annelated and spirocyclic carbo- or
heterocycles. In Scheme 1 some of the more complex examples of
indoles are shown. Among these, naltrindole is an efficient selective
d-opioid receptor ligand, the spiro-piperidine-indane MK-0677 is
a growth hormone secretagogue and the third compound is active
as a GnRH-antagonist.2–4


Scheme 1 Some examples of biologically active indoles.


Due to the large structural varieties there is a strong interest
in developing new efficient synthetic strategies towards highly
substituted and polycyclic indoles. On the other hand well estab-
lished methods like the Fischer indole synthesis even today remain
important reactions to form the indole systems and are further
optimised.5 If using Fischer indolisation, aldehydes or ketones
are condensed with aryl hydrazines to give hydrazones, which
then undergo an acid-promoted [3,3]-sigmatropic rearrangement
to form the indole system.


The use of aldehydes in the Fischer indole synthesis is rather
limited due to their tendency to undergo side reactions under the
harsh reaction conditions that are often required. In order to avoid
these unwanted side reactions, acetals or aminals can be used,
which liberate the aldehydes in situ.5c,d As an alternative, aldehydes
can also be generated from olefins under the conditions of Fischer
indole synthesis if hydroformylation is used, an industrially


Fachbereich Chemie, Organische Chemie I, Universität Dortmund, Otto-
Hahn-Str. 6, 44227 Dortmund, Germany. E-mail: peter.eilbracht@udo.edu


important method for the generation of aldehydes.6 Using this
concept, we recently have reported sequential hydroformylation
and Fischer indole synthesis as a novel approach to 3-substituted
indole systems.7 Upon regioselective hydroformylation of terminal
olefins 1 (R3 = H) the in situ generated aldehyde 2 is trapped
and protected as a hydrazone 4 (Scheme 2). If the reaction is
performed in the presence of acids, tautomerisation and [3,3]-
sigmatropic rearrangement takes place to give the 3-substituted
indoles 5. With this method, indoles are synthesised in a one-
pot procedure directly from olefins with good to excellent yields.
Various functional groups are tolerated in the side chain, e.g. to
give tryptamine and tryptophol derivatives from allylic amines and
alcohols.7


Scheme 2 Mechanism of the indole formation.


While indoles with linear side chains are obtained if monosub-
stituted olefins are used, 1,1-disubstituted terminal olefins lead
to indoles with branched side chains. If the hydroformylation
of terminal olefins is not fully regioselective a mixture of an
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n- and an isoaldehyde is obtained, leading to different indole
products. Normally the selectivity towards the n-aldehyde can be
effectively controlled by using sterically demanding ligands such
as BIPHEPHOS or XANTPHOS.8 In some cases, however the
iso-hydroformylation of terminal olefins cannot be suppressed,
especially when styrenes or functionalised olefins are used. These
isoaldehydes, as well as aldehydes obtained from internal olefins,
are likewise synthetically useful a-branched aldehydes9 of type 2
(R3 �= H) if selectively formed. a-Branched aldehydes, however, in
Fischer indole synthesis cannot directly form the aromatic system.
Instead, indolenines of type 6 are formed, bearing a quaternary
centre in the 3-position. Only after rearrangement of one of the
blocking groups is the indole core obtained, with substituents both
in the 2- and 3-position.


Thus, in principle, olefins giving branched aldehydes could
facilitate a new synthetic route for 2,3-disubstituted indoles. This
however not only requires regioselective hydroformylation but also
selective migration if two different groups are present at the qua-
ternary centre of the indolenine 6. As known from other Wagner–
Meerwein-type rearrangements, migration tendency is controlled
by formation of the most stable cation as the decisive factor.10 This
appears also to be valid in the above mentioned rearrangements
of indolenines to indoles.11 To the best of our knowledge only
a few examples of Fischer indole synthesis with a-branched
aldehydes have been reported.12 The investigations presented here
therefore had the goal to exploit the hydroformylation–Fischer
indolisation sequence for the synthesis of 2,3-disubstituted indoles.
These are obtained in combination with selective conversions of
the indolenine intermediates formed from a-branched aldehydes
including a rearrangement.


Results and discussion


As discussed above, formation of 2,3-disubstituted indoles from
olefins requires selective formation of a-branched aldehydes and
selective rearrangement of one group from the quaternary centre
at C-3 to C-2. This cannot be expected in all cases.


Branched aldehydes from terminal olefins


If the benzyl protected homoallylic alcohol 9 is reacted in the
presence of BIPHEPHOS, two different indoles are detected in
the crude reaction mixture by NMR spectroscopy (Scheme 3).
While the major product 10 is an indole derived from the linear
aldehyde, the minor product 11 (<10%, not isolated) results from
the branched aldehyde. Although the amount of this product could
be increased if the reaction is carried out without a ligand, this does
not allow selective formation of the 2,3-disubstituted product.


Scheme 3 Tandem reaction of an homoallylic alcohol.


Similar indole side products derived from the isoaldehyde after
rearrangement are observed if nitrogen-containing monosubsti-
tuted olefins are used. Thus reaction of N-allylphthalimide (12)
leads to a 3-substituted indole 13 from the n-aldehyde and a 2,3-
disubstituted indole 14 from the isoaldehyde (Scheme 4). Again
the conversion could not be shifted completely towards the 2,3-
disubstituted rearrangement product due to the low tendency to
form the branched isoaldehyde.


Scheme 4 Tandem reaction of an allylic amine.


Earlier investigations had shown that the hydroformylation of
allylic phenols as well as of their O-protected analogues leads to
increased amounts of the isoaldehyde.13 Due to a precoordination
of the Rh-catalyst by the oxygen atom different transition states
are possible (Scheme 5). The hydrometallation of the Rh-hydride
species in the n-position requires the less favoured seven-membered
ring transition state whereas the corresponding six-membered ring
leads to the iso-product.


Scheme 5 Possible transition states.


Consequently tandem reaction of 1-allyl-2-methoxybenzene
(15a) leads to 23% of the 3-substituted indole 16a and 46% of
the 2,3-disubstituted indole 17a, with a clear preference of the
benzyl group over the methyl group to migrate (Scheme 6).


Scheme 6 Tandem reaction of an allylic benzene with O-function: a)
1 eq. phenylhydrazine, 0.5 mol% Rh(acac)(CO)2, 1 eq. PTSA, 50 bar CO,
20 bar H2, 100 ◦C, 1 d.


Styrenes


Styrene-type olefins are known to give predominantly the iso-
products upon hydroformylation.14 If the tandem reaction includ-
ing indolisation is carried out with styrene (15b) two indoles are
formed (Scheme 7). The 3-substituted indole 16b of the n-aldehyde
can be isolated in 8% yield whereas the isoaldehyde, upon cationic
rearrangement, forms the 2,3-disubstituted indole 17b in 31% yield
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Scheme 7 Tandem reaction of monosubstituted styrenes: a) 1 eq.
phenylhydrazine, 0.5 mol% Rh(acac)(CO)2, 1 eq. PTSA, 50 bar CO,
20 bar H2, 100 ◦C, 2 d.


as the major product. Even more selectively, 2-vinylnaphthalene
(15c) yields 3-methyl-2-naphthylindole (17c) as the only product
albeit in medium yields.


As to be expected here the aryl migration is preferred in
both cases. This, however, must not necessarily be true in other
cases. Thus hydroformylation–Fischer indole synthesis with
stilbene (18a) leads to 2-benzyl-3-phenylindole (17d) in 65% yield
(Scheme 8). Here migration of the benzyl unit outruns the phenyl
group.


Scheme 8 Tandem reaction of a symmetric styrene: a) 1 eq. phenylhy-
drazine, 0.5 mol% Rh(acac)(CO)2, 1 eq. PTSA, 50 bar CO, 20 bar H2,
100 ◦C, 3 d.


Unsymmetrical styrene-type internal olefins


As in the case of styrene-type olefins the formation of isoaldehydes
is favoured and furthermore the migration of aryl as well as
benzyl substituents is preferred over normal alkyl substituents,
we can take advantage of this fact in the hydroformylation of
unsymmetrical internal aryl olefins. Tandem reaction of a cin-
namyl alcohol derivative 18b under hydroformylation conditions
in the presence of BIPHEPHOS as ligand, enabling the use
of mild conditions upon hydroformylation, with high selectivity
introduces the aldehyde function in the benzyl position (Scheme 9).
After condensation with phenylhydrazine (3) and indolisation
via rearrangement, the indole 17e, with the preferably migrating
phenyl group in the 2-position, is obtained. Similarly cinnamyl
piperidine 18c is converted to product 17f in 60% yield.


Scheme 9 Tandem reaction with unsymmetrical styrenes: a) 1 eq.
phenylhydrazine, 0.5 mol% Rh(acac)(CO)2, 10 mol% BIPHEPHOS,
10 bar CO, 10 bar H2, 100 ◦C, 3 d; b) 4 wt% H2SO4 in THF, reflux
(Rf), 3 h.


The substitution patterns thus obtained consist of a hetero-
functionalised side chain in the 3-position and an aryl group in
the 2-position. This pattern is present in various natural products


and bioactive pharmaceuticals such as the GnRH-antagonist
mentioned above.


Internal olefins with two functionalised side chains


As observed in the examples described above, migration of aryl
and benzyl groups is preferred over normal carbon aliphatic
side chains. For further elucidations of migration tendencies
we investigated the hydroformylation of internal olefins not
containing aryl substituents. Thus under the reaction conditions
described above conversion of symmetrical 1,4-diphthalimidobut-
2-ene (18d) leads to 95% of 17g (Scheme 10). Here competition
of an aminomethyl group and a 2-aminoethyl group is clearly
decided in favour of the former due to the fact that here the rear-
rangement that takes place can be considered as a retro-Mannich
reaction.


Scheme 10 Olefin with two functionalised side chains: a) 1 eq. phenyl-
hydrazine, 0.5 mol% Rh(acac)(CO)2, 1 eq. PTSA, 50 bar CO, 20 bar H2,
100 ◦C, 3 d.


Indoles bearing an aminomethyl group are normally prepared
via Mannich reaction from the preformed indole or even less
conveniently from the corresponding methyl derivatives via bromi-
nation and substitution at the bromomethyl group. As the 3-
position is the most reactive for electrophilic substitution, the
substituents are introduced first into this position. Indoles with
longer amino chains cannot be obtained via Mannich reactions.


In conclusion, the sequence of hydroformylation of acyclic
olefins, hydrazone formation, Fischer indolisation and final rear-
rangement works with good to excellent yields if hydroformylation
regioselectivity as well as group migration is selective. For both
clear tendencies are observed. Thus the hydroformylated olefins
including the rearrangements serve as synthetic equivalents for
unsymmetrical ketones A or B (depending on the migration
tendencies) as starting materials in the Fischer indole synthesis
(Scheme 11).


If, however, using such unsymmetrical ketones different regios-
electivities can be observed e.g. for methyl ketones where the
methyl group normally ends up in the 2-position whereas in the
hydroformylation route the methyl group mostly has the lower
tendency to migrate, therefore the other group will preferably be
found in the 2-position.15 In other cases the conventional route
from unsymmetrically substituted ketones may be hard to achieve
since control of regioselectivity in one specific direction could be
critical. Here the hydroformylation–rearrangement approach is
more convenient and serves as a complementary method for 2,3-
disubstituted indoles.


Cyclic olefins


For further applications of our protocol cyclic olefins were
subjected to the hydroformylation–indolisation conditions. Here,
depending on the substrate and/or the reaction conditions at
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Scheme 11 Branched aldehydes as substitutes for ketones.


least four different product types are obtainable from symmetrical
carbocyclic olefins. Hydroformylation of symmetric ring systems
19 leads to a single aldehyde which condenses with phenylhy-
drazine (3) to form the expected hydrazone 20 (Scheme 12).
[3,3]-Sigmatropic rearrangement results in a spirocyclic indolenine
intermediate 21, with a quaternary centre in the 3-position and an
imine group. In principle, under hydroformylation conditions in
the presence of acids, these intermediates cannot only rearrange to
form the ring annelated indoles 22 (path A). The imine group can
also be hydrogenated to form the spirocyclic saturated indoline
23 (path B). These latter products may then further react as a
nucleophile in a hydroaminomethylation reaction with another
equivalent of aldehyde to form product 24 (path C). Substances of
this type had not been observed with acyclic olefins, presumably
due to rapid rearrangements of the substituents at the quaternary
centre. With cyclic substrates the rearrangement may also be
influenced by the ring size and be suppressed in certain cases.


Scheme 12 Tandem reaction of cyclic olefins.


Table 1 Tandem reaction with cyclic olefins


n CO (bar) H2 (bar) 22 (%) 23 (%) 24 (%)


22a
0 50 20 98 — —
0 20 50 95 — —


22b 23b 24b
1 60 10 36 15 —
1 20 50 — 43a —
1 20 50 — — 44b


22c 23c
2 50 20 60 11 —
2 20 50 — 59a —


22d 23d
3 50 20 70 8 —
3 20 50 — 90a —


22e 23e
7 50 20 89 — —
7 20 50 38 47a —


a 1.5 eq. phenylhydrazine. b 0.5 eq. phenylhydrazine, (a) 0.5 mol%
Rh(acac)(CO)2, 1.0 eq. phenylhydrazine, 1.0 eq. PTSA, 100 ◦C, 1 d.


As there are various interesting biologically active substances
with 2,3-annelated rings or 3-spirocyclic structures16 we studied
the product distribution for different ring sizes and reaction
conditions. As can be seen from the results compiled in Table 1 here
indeed products from paths B and C (Scheme 12) are obtainable.


As to be expected, the hydrogenation of the C=N double bond
for path B is enhanced with a higher partial pressure of hydrogen.
On the other hand decrease of the hydrogen pressure favours the
rearrangement to the 2,3-annelated indoles (path A). In addition
this is supported by a higher partial pressure of carbon monoxide.


If the reaction sequence is performed with cyclohexene (19b)
(n = 1) under a higher partial pressure of hydrogen the expected 3-
spiro-indoline 23b (n = 1) can be isolated (path B). In contrast to
the indole nitrogen function which does not have to be protected
during the reaction, the nitrogen of the indoline can react as a
nucleophile (path C) and undergo another tandem reaction by
condensing with a second molecule of the aldehyde to form an
imine or enamine. Hydrogenation leads to the tertiary amine
24 (path C). The whole reaction sequence is known as hydroamino-
methylation.17 This extended tandem procedure of hydro-
formylation–indolisation followed by indolenine hydrogenation
and hydroaminomethylation is successfully achieved if two equiv-
alents of cyclohexene (19b) are used, giving 44% of 24b (n = 1).
While it is possible to conduct the reaction to form the indoline
23b as the sole product, it is not possible to control the exclusive
formation of the 2,3-disubstituted indole 22b (n = 1). Even with a
higher partial pressure of carbon monoxide a two to one mixture of
the indole 22b and the indoline 23b is obtained. Obviously due to
the stability of the six-membered ring the rearrangement appears
to be slow enough for a hydrogenation of the C=N double bond.


With cyclopentene (19a) (n = 0), however, even under more
forcing hydrogenation conditions the rearranged 2,3-annelated
indole 22a (n = 0) is formed in nearly quantitative yield.
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The stability of the six-membered ring leads to a much faster
rearrangement as compared to the hydrogenation of the C=N
double bond.


If using cycloheptene (19c) (n = 2) and cyclooctene (19d) (n = 3)
the product distribution can selectively be controlled in either di-
rection. Under hydrogenating conditions the indolines 23c (n = 2)
and 23d (n = 3) are obtained in up to 90% yield. A higher pressure
of carbon monoxide leads to the expected indoles 22c (n = 2) and
22d (n = 3) along with small amounts of the indolines. With larger
cycles such as cyclododecene (19e) (n = 7) only the indole 22e
(n = 7) is formed under higher carbon monoxide pressure, whereas
with a higher hydrogen pressure a close to one to one mixture
of indole 22e and indoline 23e (n = 7) is obtainable. Here the
rearrangement seems to be so fast that the indole formation cannot
be suppressed.


In summary complete control of the product distribution of
the tandem reaction under the conditions used is not always
achieved. In order to avoid purification problems we considered
a modification of the one-pot protocol. Here, first the hydrazones
are formed under hydroformylation conditions in one step from
commercially available olefins. As known from earlier investi-
gations the C=N double bond of the aryl hydrazones is stable
under these conditions. Then, without isolation, in a one-pot
procedure the hydrazones are converted under acidic conditions.
This avoids hydrogenation of the indolenines if indoles shall
be obtained. Choosing among several methods for the Fischer
indolisation we decided to run the reaction in 4 wt% sulfuric acid
in tetrahydrofuran. This modification of the reaction sequence
was investigated with cyclopentene (19a), cyclohexene (19b) and
cycloheptene (19c). The results are compiled in Table 2.


According to these investigations the hydrazones 20a–c are
formed in quantitative yields starting from the cycloalkenes. If
the indolisation is carried out with the cyclopentene-derived
hydrazone 20a at room temperature after 18 h the rearranged
indole 22a is obtained in 98% yield. Even shorter reaction times
(45, 30 and 15 min) at room temperature only lead to a maximum


Table 2 Stepwise reaction of cyclic olefins


n t 20a 21 22 Conversiona


20a 21a 22a
0 18 h 0% — 98% 100%
0 45 min 6% 31% 63%a 94%
0 30 min 18% 36% 46%a 82%
0 15 min 40% 36% 24%a 60%


20b 21b 22b
1 18 h 0% 99% — 100%
1 3 hb 0% — 49% 100%


20c 21c 22c
2 18 h 0% 93% — 100%a


2 18 hc 0% — 43% 100%a


a Detected via 1H-NMR spectroscopy. b Rf (dioxane). c Rf, (a) 1.0 eq.
phenylhydrazine, 0.5 mol% Rh(acac)(CO)2, 50 bar CO, 20 bar H2, 100 ◦C,
3 d; (b) after pressure release addition of 4 wt% H2SO4 in THF, RT.


yield of 36% of indolenine 21a. After 15 min already 60% of the
hydrazone is converted to the indole 22a and indolenine 21a in
a ratio of 1:1.5. So even under these conditions it is not possible
to obtain the spiro-compound 21a with the five-membered ring
as the only product due to rapid rearrangement that takes place
more or less directly after 21a is formed.


Indolisation of cyclohexene-derived hydrazone 20b at room
temperature gives 99% of the indolenine 21b. Hydrogenation
of the C=N double bond yields 84% of the indoline 23b. So
the indoline 23b can be obtained with an overall yield of 83%.
As the rearrangement of the six-membered ring is slower, due
to its stability, harsher reaction conditions are required for the
formation of indole 22b. After three hours at reflux temperature
in dioxane 49% of the desired indole 22b are obtained as the
only product. Similarly, conversion of the cycloheptene-derived
hydrazone 20c at room temperature leads to 93% of the indolenine
21c, while indolisation with a longer reaction time yields 43% of
the expected indole 22c.


Thus with this modified protocol the product distribution can
be controlled towards either of the desired products in good
to very good yields. Cyclic alkenes thus give a diversity of
substances by simple variation of the reaction conditions. In
1985 Rodrı́guez et al. similarly had investigated the indolisation
of hydrazones obtained from cycloalkyl carbaldehydes.12 Here,
however, the latter were prepared in a rather lengthy five-
step procedure from the corresponding cycloalkanones. Similar
to the results described above, only with hydrazones derived
from cyclohexyl-, cycloheptyl- and cyclooctylcarbaldehyde could
both indolenine or rearranged indoles be obtained with varying
selectivities depending on the conditions and acids used. Here too,
cyclopentylcarbaldehyde gave no spiro-indolenines due to rapid
rearrangement. Indolines were not obtained since no reductive
conditions were applied.


Next the tandem hydroformylation–Fischer indole protocol was
applied to the bicyclic system norbornene (25) (Scheme 13). Since
norbornene (25) consists of a five- and a six-membered cycle
the formation of different products via variation of the reaction
conditions should be possible. A higher pressure of hydrogen could
lead to the formation of a spirocyclic compound, while performing
the reaction with a higher carbon monoxide pressure could yield a
rearranged 2,3-annelated indole. In both cases, however, only one
product, the 2,3-disubstituted indole 26, was formed smoothly in
up to 71% yield. The tendency of the five-membered ring to form
the rearranged six-membered ring is dominating. Even under an
increased pressure of hydrogen the rearrangement is faster than
the hydrogenation of the C=N double bond to form a spirocyclic
compound.


Scheme 13 Tandem reaction of a bicyclic olefin: a) 1 eq. phenylhydrazine,
0.5 mol% Rh(acac)(CO)2, 1 eq. PTSA, 50 bar CO, 20 bar H2, 100 ◦C, 1 d.


Although the hydroformylation may give both isomeric alde-
hydes with an unsymmetrically substituted internal olefin, such
as indene (27), the aldehyde in the benzylic position is exclusively
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formed due to the styrene-type double bond. After condensation
with phenylhydrazine (3) and [3,3]-sigmatropic rearrangement,
product 28, with the aromatic substituent in the 2-position, can be
isolated (Scheme 14).


Scheme 14 Reaction of an unsymmetrical cyclic olefin: a) 1 eq. phenyl-
hydrazine, 0.5 mol% Rh(acac)(CO)2, 10 mol% BIPHEPHOS, 10 bar CO,
10 bar H2, 100 ◦C, 3 d; b) 4 wt% H2SO4 in THF, Rf, 3 h.


Thus it is possible to use even unsymmetrical cyclic olefins for
the tandem hydroformylation–Fischer indole synthesis. Consider-
ing biologically active indoles with 2,3-annelated cycles, functional
groups or heterocycles are important. Conversions starting from
cyclic olefins can likewise be applied to form products of this
type. Since the conversion of cyclopentene (19a) to the indole 22a
worked very well, other five-membered ring systems should also
serve as substrates.


As shown in Scheme 15 cyclopentene derivatives 29a,b, which
can easily be prepared via ring closing metathesis of the cor-
responding bis-homoallylic alcohols,18 give the corresponding
indoles 30a,b with a free hydroxy function in up to 36% yield.
Although the yields need further improvement it is shown that in
this manner substructures of more complex alkaloid systems can
be directly synthesised regioselectively.


Scheme 15 Functionalised cyclic olefins: a) 1 eq. phenylhydrazine,
0.5 mol% Rh(acac)(CO)2, 1 eq. PTSA, 50 bar CO, 20 bar H2, 100 ◦C,
3 d.


Similarly the heterocyclic system 29c, containing silicon, forms
the expected indole 30c in 39% yield. Due to the b-silicon effect
cations in a b-position to the silicon are stabilised and therefore
the longer chain rearranges to the 2-position of the indole system.
Prior to deprotonation to form the aromatic system and after the
rearrangement a second cation is formed in the 3-position. As this
cation is also in a b-position to the silicon it is also stabilised.
Some related oxygen-containing heterocycles tested did not lead
to selective product formation under the conditions used as they
seem to be unstable.


Among the indoles with an annelated heterocycle a very large
and interesting group of biologically active compounds are the b-
carbolines, which possess an additional nitrogen atom in the third
ring.1,12 Therefore the nitrogen-containing cyclopentene derivative
29d, again obtained via ring closing metathesis, was converted fol-
lowing the stepwise protocol. The desired hydrazone was formed in


Scheme 16 Preparation of a b-carboline derivative: a) 1 eq. phenylhy-
drazine, 0.5 mol% Rh(acac)(CO)2, 50 bar CO, 20 bar H2, 100 ◦C, 3 d;
b) 4 wt% H2SO4 in THF, 3 h, Rf.


a nearly quantitative yield. After the acid-catalysed rearrangement
the expected indole 30d was isolated in 98% yield (Scheme 16). This
rearrangement, with the opposite regioselectivity as compared to
the silicon heterocycle 30c, proceeds via a retro-Mannich reaction
to form selectively only one indole system.


Conclusion


The tandem hydroformylation–Fischer indole synthesis can be
used to build up 2,3-disubstituted indoles from olefins in good to
very good yields. The reaction sequence depends on two factors,
the regioselective hydroformylation to form a-branched aldehydes
and the selective migration of one of the two substituents. For both
factors clear tendencies were observed. According to Wagner–
Meerwein-type rearrangements in all examples presented, one
substituent migrated selectively into the 2-position of the indole
scaffold. The use of cyclic olefins permits the formation of 2,3-
annelated indoles in up to 98% yield and 3-spiro-indolines in up
to 90% yield depending on the reaction conditions. According to
the nucleophilic character of the indoline nitrogen an extended
tandem reaction consisting of hydroformylation–Fischer indole
synthesis and hydroaminomethylation can be performed. As it is
not necessary to isolate any intermediate this method gratifyingly
saves time and avoids waste material.


Experimental section


General


All reactions with air sensitive compounds were carried out in dry
reaction vessels under an atmosphere of dry argon. Solvents were
purified with standard procedures.19 Column chromatography
was conducted with silica gel 60, cyclohexane and MTBE or
EA. 1H-NMR spectra were recorded at 400 MHz, 500 MHz
or 600 MHz in CDCl3 with CHCl3 as internal standard (d =
7.26 ppm). 13C-NMR spectra were recorded at 100 MHz or
125 MHz in CDCl3 with CDCl3 as internal standard (d =
77.0 ppm). Different carbon groups were analysed by APT exper-
iments. IR spectra were recorded as films on NaCl or KBr plates
or for solids pressed with KBr. The peak intensities are defined as
very strong (vs), strong (s), middle (m) or weak (w). Mass spectra
were obtained at 70 eV. 4-Benzyloxybutene 9,20 N-allylphthalimide
12,21 2-allylanisole 15a,22 benzoic acid 3-phenylallyl ester
18b,23 1-(3-phenylbut-3-enyl)piperidine 18c,24 1,4-di(2-isoindole-
1,3-dion)but-2-ene 18d,25 1-benzyloxymethylcyclopent-3-ene-1-ol
29a,18 1-tert-butylcyclopent-3-ene-1-ol 29b18 and 1,1-diphenyl-1-
silylcyclopent-3-ene 29c18 were prepared according to previously
reported procedures.
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General procedure A for the preparation of indoles


1 eq. olefin, 1 eq. phenylhydrazine (3), 1 eq. p-toluenesulfonic acid
and (0.5 mol%) Rh(acac)(CO)2 are diluted in anhydrous THF or
dioxane, transferred to an autoclave and pressurised with 50 bar
CO and 20 bar H2. After stirring at 100 ◦C the mixture is washed
with aqueous ammonia and dried over MgSO4. The solvent is
evaporated and the residue is purified by flash chromatography on
silica.


General procedure B for the preparation of indolines


1 eq. olefin, 1.5 eq. phenylhydrazine (3), 1 eq. p-toluenesulfonic
acid and (0.5 mol%) Rh(acac)(CO)2 are diluted in anhydrous THF
or dioxane, transferred to an autoclave and pressurised with 20 bar
CO and 50 bar H2. After stirring at 100 ◦C the mixture is washed
with aqueous ammonia and dried over MgSO4. The solvent is
evaporated and the residue is purified by flash chromatography on
silica.


General procedure C for the preparation of hydrazones


1 eq. olefin, 1. eq. phenylhydrazine (3) and (0.5 mol%)
Rh(acac)(CO)2 are diluted in anhydrous THF, transferred to an
autoclave and pressurised with 50 bar CO and 20 bar H2. After
stirring for 3 d at 100 ◦C the solvent is evaporated.


General procedure D for the preparation of indoles or indolenines
via hydrazones


The hydrazone prepared according to procedure C is dissolved
in 4 wt% H2SO4 in anhydrous THF. After stirring the reaction
mixture is washed with aqueous ammonia and dried over MgSO4.
The solvent is evaporated and the residue is purified by flash
chromatography on silica.


3-(3-Benzyloxypropyl)indole (10). Following general proce-
dure A, 0.17 g (1.0 mmol) 4-benzyloxybutene (9) and 0.08 g
(10 mol%) BIPHEPHOS were stirred in anhydrous THF for 3 d
to yield 0.27 g crude product, which was analysed by NMR
spectroscopy (indoles: n:iso ≈ 19:1). 3-(3-Benzyloxypropyl)indole
(10): 1H-NMR (400 MHz, CDCl3): d [ppm] = 2.04 (tt, 3J = 6.5;
7.5 Hz, 2 H, CH2), 2.86 (t, 3J = 7.5 Hz, 2 H, CH2), 3.55 (t, 3J
= 6.5 Hz, 2 H, CH2), 4.52 (s, 2 H, CH2), 6.92 (s, 1 H, CH), 7.10
(dd, 3J = 7.0; 8.0 Hz, 1 H, CH), 7.18 (dd, 3J = 7.0; 8.0 Hz, 1
H, CH), 7.30–7.38 (6 H, 6 × CH), 7.62 (d, 3J = 8.0 Hz, 1 H,
CH), 7.91 (bs, 1 H, NH). 13C-NMR (100 MHz, CDCl3): d [ppm] =
21.6 (CH2), 30.1 (CH2), 69.9 (CH2), 72.9 (CH2), 111.0 (CH), 116.1
(Cq), 118.9 (CH), 119.1 (CH), 121.3 (CH), 121.8 (CH), 125.8 (Cq),
127.5 (CH), 127.7 (2 × CH), 128.4 (2 × CH), 136.3 (Cq), 138.6
(Cq). Characteristic data for the isomer 11: 1H-NMR (400 MHz,
CDCl3): d [ppm] = 3.00 (t, 3J = 6.5 Hz, 2 H, CH2), 4.67 (s, 2 H,
CH2), 7.67 (d, 3J = 7.8 Hz, 1 H, CH), 8.13 (bs, 1 H, NH). MS
(FAB): m/z (%) = 266 (M + H+, 18), 265 (M+, 29), 130 (36), 91
(100). IR: m̃ [cm−1] = 3420 (m), 3058 (m), 2937 (s), 1455 (s), 1101
(s), 741 (vs). HR-MS (FAB): calculated for C18H19NO 265.1467 g
mol−1; found: 265.1484 g mol−1.


2-[2-(1H-Indol-3-yl)ethyl]isoindole-1,3-dione (13). Following
general procedure A, 0.32 g (1.7 mmol) 2-allylisoindole-1,3-dione
(12), 0.1 mg (0.3 mol%) Rh(acac)(CO)2 and 29.9 mg (3.0 mol%)


XANTPHOS were stirred in anhydrous THF. After purification
0.26 g (51%) of 13 and 14 as a mixture of n- and iso-isomers
is isolated. Analytical data was obtained from the mixture. n-
Regioisomer: 1H-NMR (500 MHz, CDCl3): d [ppm] = 3.17 (dd,
2 H, 3J = 7.5; 8.1 Hz, CH2), 4.02 (dd, 2 H, 3J = 7.5; 8.1 Hz,
CH2), 7.08 (s, 1 H, CH), 7.13 (dd, 1 H, 3J = 7.3; 8.1 Hz, CH),
7.19 (dd, 1 H, 3J = 7.3; 8.1 Hz, CH), 7.34 (d, 1 H, 3J = 8.1 Hz,
CH), 7.50 (d, 1 H, 3J = 7.0 Hz, CH), 7.75 (d, 1 H, 3J = 7.3 Hz,
CH), 7.86 (d, 2 H, 3J = 5.5 Hz, 2 × CH), 8.11 (s, 1 H, NH). 13C-
NMR (125 MHz, CDCl3): d [ppm] = 24.4 (CH2), 38.5 (CH2), 111.1
(CH), 112.9 (Cq), 118.8 (CH), 119.4 (CH), 122.0 (CH), 123.1 (2 ×
CH), 127.3 (2 × Cq), 132.4 (Cq), 133.6 (2 × CH), 136.2 (2 × Cq),
168.3 (2 × Cq). Characteristic data for the iso-regioisomer (14):
1H-NMR (500 MHz, CDCl3): d [ppm] = 2.44 (s, 3 H, CH3), 4.97
(s, 2 H, CH2), 7.07 (dd, 1 H, 3J = 7.0; 7.0 Hz, CH), 7.15 (dd, 1 H,
3J = 7.0; 7.0 Hz, CH), 7.28 (d, 1 H, 3J = 7.0 Hz, CH), 7.50 (d, 1
H, 3J = 7.0 Hz, CH), 7.66 (d, 2 H, 3J = 5.5 Hz, 2 × CH), 7.80 (d, 2
H, 3J = 5.5 Hz, 2 × CH), 8.56 (s, 1 H, NH). 13C-NMR (100 MHz,
CDCl3): d [ppm] = 8.3 (CH3), 32.6 (CH2), 110.1 (Cq), 110.8 (CH),
119.0 (CH), 119.2 (CH), 122.5 (CH), 123.4 (2 × CH), 128.2 (Cq),
128.9 (Cq), 131.9 (2 × Cq), 134.1 (2 × CH), 135.6 (Cq), 168.4
(2 × Cq). HRMS: calculated for C18H14N2O2 290.1055 g mol−1;
found: 290.1068 g mol−1. Structure was clarified by 1D-NOESY
experiments.


2-(2-Methoxybenzyl)-3-methylindole (17a). Following general
procedure A, 0.45 g (3.0 mmol) 2-allylanisole (15a) were stirred
in anhydrous dioxane for 1 d. After purification 0.35 g (46%)
2-(2-methoxybenzyl)-3-methylindole (17a) were isolated along
with 0.18 g (23%) 3-[2-(2-methoxyphenyl)ethyl]indole (16a). 2-
(2-Methoxybenzyl)-3-methylindole (17a): 1H-NMR (400 MHz,
CDCl3): d [ppm] = 2.40 (s, 3 H, CH3), 3.96 (s, 3 H, CH3), 4.11 (s,
2 H, CH2), 6.92–6.96 (2 H, 2 × CH), 7.14–7.18 (3 H, 3 × CH),
7.25–7.29 (2 H, 2 × CH), 7.57 (d, 3J = 8.0 Hz, 1 H, CH), 8.01 (bs,
1 H, NH). 13C-NMR (100 MHz, CDCl3): d [ppm] = 8.5 (CH3),
26.7 (CH2), 55.5 (CH3), 107.1 (Cq), 110.2 (CH), 110.6 (CH), 118.1
(CH), 118.8 (CH), 120.9 (CH), 120.9 (CH), 127.7 (Cq), 127.8
(CH), 129.2 (Cq), 130.0 (CH), 133.6 (Cq), 135.2 (Cq), 157.0 (Cq).
GC-MS (EI): m/z (%) = 251 (M+, 100), 236 (12), 220 (9), 204 (9),
144 (54), 130 (43), 91 (9), 77 (12). IR: m̃ [cm−1] = 3411 (s), 3056 (m),
2924 (s), 2836 (m), 1600 (s), 1464 (vs), 1037 (s), 751 (vs). HR-MS
(EI): calculated for C17H17NO 251.1310 g mol−1; found: 251.1286 g
mol−1. Structure was clarified by 1D-NOESY experiments.


3-[2-(2-Methoxyphenyl)ethyl]indole (16a). 1H-NMR (400 MHz,
CDCl3): d [ppm] = 3.11 (s, 4 H, 2 × CH2), 3.90 (s, 3 H, CH3),
6.94–6.98 (3 H, 3 × CH), 7.18–7.29 (4 H, 4 × CH), 7.37 (d, 3J
= 8.0 Hz, 1 H, CH), 7.75 (d, 3J = 7.8 Hz, 1 H, CH), 7.86 (bs,
1 H, NH). 13C-NMR (100 MHz, CDCl3): d [ppm] = 25.6 (CH2),
31.1 (CH2), 55.2 (CH3), 110.2 (CH), 111.0 (CH), 116.7 (Cq), 119.0
(CH), 119.0 (CH), 120.3 (CH), 121.1 (CH), 121.7 (CH), 127.0
(CH), 127.5 (Cq), 129.8 (CH), 130.8 (Cq), 136.2 (Cq), 157.5 (Cq).
GC-MS (EI): m/z (%) = 251 (M+, 53), 131 (46), 130 (100), 103 (8),
91 (8), 77 (11). IR: m̃ [cm−1] = 3420 (vs), 3056 (m), 2935 (s), 2835
(m), 1600 (s), 1493 (vs), 1031 (s), 750 (vs). HR-MS (EI): calculated
for C17H17NO 251.1310 g mol−1; found: 251.1306 g mol−1.


3-Methyl-2-phenylindole (17b). Following general procedure
A, 0.32 g (3.1 mmol) styrene (15b) were stirred in anhydrous THF
for 2 d. After purification 0.19 g (31%) 3-methyl-2-phenylindole


308 | Org. Biomol. Chem., 2006, 4, 302–313 This journal is © The Royal Society of Chemistry 2006







(17b) were isolated, along with 0.05 g (8%) 3-benzylindole (16b).
The spectroscopic data fits with the literature.26–27


3-Methyl-2-naphthylindole (17c). Following general procedure
A, 0.46 g (3.0 mmol) 2-vinylnaphthalene (15c) were stirred in
anhydrous THF for 2 d. After purification 0.35 g (45%) 3-methyl-2-
naphthylindole (17c) were isolated: 1H-NMR (400 MHz, CDCl3):
d [ppm] = 2.56 (s, 3 H, CH3), 7.21 (dd, 3J = 7.0; 8.0 Hz, 1 H, CH),
7.27 (dd, 3J = 7.0; 8.0 Hz, 1 H, CH), 7.38 (d, 3J = 7.8 Hz, 1 H,
CH), 7.50–7.58 (2 H, 2 × CH), 7.67 (d, 3J = 7.8 Hz, 1 H, CH), 7.71
(d, 3J = 8.5 Hz, 1 H, CH), 7.87–7.95 (3 H, 3 × CH), 7.99 (s, 1 H,
CH), 8.07 (bs, 1 H, NH). 13C-NMR (100 MHz, CDCl3): d [ppm] =
9.8 (CH3), 109.1 (Cq), 110.7 (CH), 119.0 (CH), 119.6 (CH), 122.4
(CH), 125.7 (CH), 126.1 (CH), 126.4 (CH), 126.5 (CH), 127.8
(CH), 128.0 (CH), 128.4 (CH), 130.1 (Cq), 130.7 (Cq), 132.4 (Cq),
133.5 (Cq), 134.0 (Cq), 136.0 (Cq). MS (FAB): m/z (%) = 257 (M+,
100), 155 (7), 141 (10). IR: m̃ [cm−1] = 3394 (s), 3049 (m), 2919 (m),
1599 (m), 1455 (m), 1241 (m), 820 (s), 748 (vs). HR-MS (FAB):
calculated for C19H15N 257.1204 g mol−1; found: 257.1219 g mol−1.
Structure was clarified by 1D-NOESY experiments.


2-Benzyl-3-phenylindole (17d). Following general procedure
A, 0.54 g (3.0 mmol) stilbene (18a) were stirred in anhydrous
dioxane for 3 d. After purification 0.55 g (65%) 2-benzyl-3-
phenylindole (17d) were isolated. The spectroscopic data fits with
the literature.28


3-(2-Benzyloxyethyl)-2-phenylindole (17e). 0.72 g (3.0 mmol)
benzoic acid 3-phenylallyl ester (18b), 0.33 g (3.1 mmol) phenylhy-
drazine (3), 4 mg (0.5 mol%) Rh(acac)(CO)2 and 0.23 g (9.9 mol%)
BIPHEPHOS were diluted in 12 ml anhydrous THF, transferred
to an autoclave and pressurised with 10 bar CO and 10 bar H2.
After stirring for 3 d at 100 ◦C the solvent was evaporated.
The crude hydrazone was dissolved in 12 g, 4 wt% H2SO4


in anhydrous THF. After stirring under reflux for 3 h, the
reaction mixture was washed with aqueous ammonia and dried
over MgSO4. The solvent was evaporated and the residue was
purified by flash chromatography on silica to yield 0.55 g (54%)
3-(2-benzyloxyethyl)-2-phenylindole (17e): 1H-NMR (500 MHz,
CDCl3): d [ppm] = 3.40 (t, 3J = 7.3 Hz, 2 H, CH2), 4.61 (t, 3J
= 7.3 Hz, 2 H, CH2), 7.18 (dd, 3J = 8.0; 8.0 Hz, 1 H, CH), 7.24
(dd, 3J = 8.0; 8.0 Hz, 1 H, CH), 7.37–7.42 (4 H, 4 × CH), 7.49
(dd, 3J = 7.5; 8.0 Hz, 2 H, 2 × CH), 7.54 (dd, 3J = 7.2; 7.5 Hz,
1 H, CH), 7.63 (d, 3J = 8.0 Hz, 2 H, 2 × CH), 7.76 (d, 3J =
8.0 Hz, 1 H, CH), 7.96 (d, 3J = 7.2 Hz, 2 H, 2 × CH), 8.13 (bs,
1 H, NH). 13C-NMR (125 MHz, CDCl3): d [ppm] = 24.3 (CH2),
65.0 (CH2), 108.6 (Cq), 110.9 (CH), 119.1 (CH), 119.9 (CH), 122.5
(CH), 127.9 (CH), 128.0 (2 × CH), 128.2 (2 × CH), 129.0 (2 ×
CH), 129.2 (Cq), 129.6 (2 × CH), 130.3 (Cq), 132.8 (CH), 132.9
(Cq), 135.6 (Cq), 135.8 (Cq), 166.7 (Cq). MS (FAB): m/z (%) =
341 (M+, 71), 220 (100), 206 (29), 105 (33), 77 (24). IR: m̃ [cm−1] =
3365 (s), 3056 (w), 2974 (w), 2896 (w), 1705 (vs), 1601 (m), 1450
(m), 1280 (s), 1114 (m), 739 (s). HR-MS (FAB): calculated for
C23H19NO2 341.1416 g mol−1; found: 341.1398 g mol−1. Structure
was clarified by 1D-NOESY experiments.


2-Phenyl-3-[2-(piperidin-1-yl)ethyl]-1H-indole (17f). Follow-
ing the procedure for product 17e, 0.31 g (1.6 mmol) 1-(3-
phenylbut-3-enyl)piperidine (18c), 0.17 g (1.6 mmol) phenyl-
hydrazine (3), 2 mg (0.5 mol%) Rh(acac)(CO)2 and 0.12 g
(10.0 mol%) BIPHEPHOS were reacted to give 0.30 g (60%)


2-phenyl-3-[2-(piperidin-1-yl)ethyl]-1H-indole (17f): 1H-NMR:
(CDCl3, 500 MHz) d [ppm] = 1.46 (bs, 2 H, CH2), 1.63 (bs, 4 H,
2 × CH2), 2.52 (bs, 4 H, 2 × CH2), 2.68 (t, 2 H, J = 8.5 Hz, CH2),
3.12 (t, 2 H, J = 8.5 Hz, CH2), 7.14 (dd, 1 H, J = 7.1; 7.0 Hz,
CH), 7.20 (dd, 1 H, J = 7.1; 7.7 Hz, CH), 7.34–7.37 (2 H, 2 ×
CH), 7.44 (dd, 2 H, J = 8.0; 8.0 Hz, 2 × CH), 7.56 (d, 2 H, J =
8.0 Hz, 2 × CH), 7.65 (d, 1 H, J = 8.0 Hz, CH), 8.31 (s, 1 H, NH).
13C-NMR: (CDCl3, 125 MHz) d [ppm] = 22.1 (CH2), 24.4 (CH2),
25.9 (2 × CH2), 54.6 (2 × CH2), 60.0 (CH2), 110.8 (CH), 111.2
(Cq), 119.1 (CH), 119.5 (CH), 122.2 (CH), 127.5 (CH), 127.9 (2 ×
CH), 128.8 (2 × CH), 129.2 (Cq), 133.2 (Cq), 134.7 (Cq), 135.9
(Cq). IR: m̃ [cm−1] = 3405 (m), 2931 (s), 1602 (s), 1456 (s), 1261
(s), 1101 (s), 739 (vs), 696 (vs). HRMS found [M + H]+ 305.1991
C21H27N2 requires [M + H]+, 305.1974. Structure was clarified by
1D-NOESY experiments.


2-(Methyl-2-isoindole-1,3-dion)-3-[2-(2-isoindole-1,3-dion)ethyl]-
indole (17g). Following general procedure A, 0.35 g (1.0 mmol)
1,4-di(2-isoindole-1,3-dion)but-2-ene (18d) were stirred in anhy-
drous THF for 3 d. After purification 0.43 g (95%) 2-(methyl-2-
isoindole-1,3-dion)-3-[2-(2-isoindole-1,3-dion)ethyl]indole (17g)
were isolated: 1H-NMR (500 MHz, CDCl3): d [ppm] = 3.30 (t,
3J = 7.8 Hz, 2 H, CH2), 4.00 (t, 3J = 7.8 Hz, 2 H, CH2), 5.05 (s,
2 H, CH2), 7.03 (dd, 3J = 7.0; 8.2 Hz, 1 H, CH), 7.13 (dd, 3J =
7.0; 8.2 Hz, 1 H, CH), 7.28 (d, 3J = 8.2 Hz, 1 H, CH), 7.66–7.70
(5 H, 5 × CH), 7.80–7.84 (4 H, 4 × CH), 8.68 (bs, 1 H, NH).
13C-NMR (125 MHz, CDCl3): d [ppm] = 23.2 (CH2), 32.6 (CH2),
38.7 (CH2), 110.7 (Cq), 110.9 (CH), 119.1 (CH), 119.7 (CH),
122.7 (CH), 123.1 (2 × CH), 123.5 (2 × CH), 127.4 (Cq), 129.9
(Cq), 131.9 (2 × Cq), 132.2 (2 × Cq), 133.7 (2 × CH), 134.2 (2 ×
CH), 135.6 (Cq), 168.3 (2 × Cq), 168.4 (2 × Cq). MS (EI): m/z (%)
= 449 (M+, 13), 155 (46), 137 (100), 77 (23). IR: m̃ [cm−1] = 3400
(m), 3061 (w), 2930 (w), 1769 (m), 1708 (vs), 1394 (s), 1083 (m),
715 (s). HR-MS (EI): calculated for C27H19N3O4 449.1376 g mol−1;
found: 449.1372 g mol−1. Structure was clarified by 1D-NOESY
experiments.


1,2,3,4-Tetrahydrocarbazole (22a). (a) Following general pro-
cedure A, 0.21 g (3.1 mmol) cyclopentene (19a) were stirred in
anhydrous dioxane for 1 d. After purification 0.52 g (98%) 1,2,3,4-
tetrahydrocarbazole (22a) were isolated. The spectroscopic data
fits with the literature.29


(b) Following general procedure B, 0.23 g (3.1 mmol) cy-
clopentene (19a) were stirred in anhydrous dioxane for 1 d. After
purification 0.50 g (95%) 1,2,3,4-tetrahydrocarbazole (22a) were
isolated.


5,6,7,8,9,10-Hexahydrocyclohepta[b]indole (22b). Following
general procedure A, 0.26 g (3.2 mmol) cyclohexene (19b)
were stirred in anhydrous dioxane for 1 d (60 bar CO and
10 bar H2). After purification 0.20 g (36%) 5,6,7,8,9,10-
hexahydrocyclohepta[b]indole (22b) were isolated along with
0.09 g (15%) spiro[cyclohexan-1,3′-indoline] (23b). 5,6,7,8,9,10-
Hexahydrocyclohepta[b]indole (22b): the spectroscopic data fits
with the literature.12


5,6,7,8,9,10,11-Heptahydrocycloocta[b]indole (22c). Follow-
ing general procedure A, 0.29 g (3.1 mmol) cycloheptene (19c) were
stirred in anhydrous dioxane for 1 d. After purification 0.36 g (60%)
5,6,7,8,9,10,11-heptahydrocycloocta[b]indole (22c) were isolated
along with 0.07 g (11%) spiro[cycloheptane-1,3′-indoline] (23c).
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5,6,7,8,9,10,11-Heptahydrocycloocta[b]indole (22c): the spectro-
scopic data fits with the literature.12


5,6,7,8,9,10,11,12-Octahydrocyclononan[b]indole (22d). Fol-
lowing general procedure A, 0.33 g (3.0 mmol) cyclooctene (19d)
were stirred in anhydrous dioxane for 1 d. After purification
0.45 g (70%) 5,6,7,8,9,10,11,12-octahydrocyclononan[b]indole
(22d) were isolated along with 0.05 g (8%) spiro[cyclooctane-1,3′-
indoline] (23d). 5,6,7,8,9,10,11,12-Octahydrocyclononan[b]indole
(22d): 1H-NMR (500 MHz, CDCl3): d [ppm] = 1.36–1.53 (6 H,
3 × CH2), 1.70–1.80 (4 H, 2 × CH2), 2.84 (t, 3J = 6.2 Hz, 2
H, CH2), 2.88 (t, 3J = 6.2 Hz, 2 H, CH2), 7.07–7.14 (2 H, 2 ×
CH), 7.29 (d, 3J = 7.5 Hz, 1 H, CH), 7.51 (d, 3J = 7.5 Hz, 1 H,
CH), 7.64 (bs, 1 H, NH). 13C-NMR (125 MHz, CDCl3): d [ppm]
= 22.5 (CH2), 24.8 (CH2), 25.2 (CH2), 25.6 (CH2), 25.9 (CH2),
26.9 (CH2), 27.3(CH2), 110.1 (CH), 112.2 (Cq), 117.9 (CH), 118.8
(CH), 120.8 (CH), 128.8 (Cq), 135.3 (Cq), 135.8 (Cq). MS (FAB):
m/z (%) = 213 (M+, 100), 214 (31), 171 (20), 143 (20), 130 (24),
117 (20). IR: m̃ [cm−1] = 3406 (vs), 3054 (s), 2922 (vs), 1682 (s), 1602
(s), 1456 (s), 1337 (s), 1169 (m), 739 (s). HR-MS (FAB): calculated
for C15H19N 213.1517 g mol−1; found: 213.1535 g mol−1.


5,6,7,8,9,10,11,12,13,14,15,16-Dodecahydrocyclotridecan[b]indole
(22e). Following general procedure A, 0.51 g (3.0 mmol)
cyclododecene (19e) were stirred in anhydrous dioxane for 1 d.
After purification 0.72 g (89%) 5,6,7,8,9,10,11,12,13,14,15,16-
dodecahydrocyclotridecan[b]indole (22e) were isolated: 1H-NMR
(400 MHz, CDCl3): d [ppm] = 1.10–1.35 (14 H, 7 × CH2),
1.64–1.75 (4 H, 2 × CH2), 2.66 (t, 3J = 7.2 Hz, 2 H, CH2), 2.70 (t,
3J = 7.2 Hz, 2 H, CH2), 7.03–7.10 (2 H, 2 × CH), 7.24 (dd, 3J =
7.3; 7.5 Hz, 1 H, CH), 7.51 (d, 3J = 7.3 Hz, 1 H, CH), 7.74 (bs,
1 H, NH). 13C-NMR (100 MHz, CDCl3): d [ppm] = 22.7 (CH2),
24.2 (CH2), 24.5 (CH2), 25.7 (CH2), 25.8 (CH2), 26.1 (CH2), 26.2
(CH2), 26.3 (CH2), 26.8 (CH2), 27.2 (CH2), 28.1 (CH2), 110.1
(CH), 112.2 (Cq), 118.3 (CH), 118.8 (CH), 120.6 (CH), 129.2
(Cq), 135.0 (Cq), 135.2 (Cq). GC-MS (EI): m/z (%) = 269 (M+,
100), 156 (25), 144 (67), 131 (34). IR: m̃ [cm−1] = 3384 (s), 2941
(vs), 2854 (s), 1655 (w), 1465 (m), 1241 (w), 749 (m). HR-MS
(EI): calculated for C19H27N 269.2143 g mol−1; found: 269.2151 g
mol−1.


Spiro[cyclohexane-1,3′-indoline] (23b). Following general pro-
cedure B, 0.25 g (3.1 mmol) cyclohexene (19b) were stirred
in anhydrous dioxane for 1 d. After purification 0.25 g (43%)
spiro[cyclohexane-1,3′-indoline] (23b) were isolated. The spectro-
scopic data fits with the literature.30


Spiro[cycloheptane-1,3′-indoline] (23c). Following general pro-
cedure B, 0.29 g (3.1 mmol) cycloheptene (19c) were stirred
in anhydrous dioxane for 1 d. After purification 0.36 g (59%)
spiro[cycloheptane-1,3′-indoline] (23c) were isolated: 1H-NMR
(500 MHz, CDCl3): d [ppm] = 1.57–1.89 (12 H, 6 × CH2), 3.36 (s,
2 H, CH2), 3.71 (bs, 1 H, NH), 6.67 (d, 3J = 7.5 Hz, 1 H, CH),
6.77 (dd, 3J = 7.2; 7.5 Hz, 1 H, CH), 7.06 (dd, 3J = 7.2; 7.5 Hz,
1 H, CH), 7.17 (d, 3J = 7.2 Hz, 1 H, CH). 13C-NMR (125 MHz,
CDCl3): d [ppm] = 23.9 (CH2), 23.9 (CH2), 29.9 (CH2), 29.9 (CH2),
39.3 (CH2), 39.3 (CH2), 48.7 (Cq), 59.2 (CH2), 109.7 (CH), 118.8
(CH), 122.3 (CH), 127.1 (CH), 140.0 (Cq), 149.8 (Cq). GC-MS
(EI): m/z (%) = 201 (M+, 44), 144 (15), 131 (35), 130 (100), 117
(10), 77 (6). IR: m̃ [cm−1] = 3379 (m), 3028 (w), 2926 (vs), 2851 (s),
1606 (s), 1485 (s), 1261 (m), 740 (s). HR-MS (EI): calculated for


C14H19N 201.1517 g mol−1; found: 201.1503 g mol−1. Elementary
analysis calculated for C14H19N: C: 83.53%, H: 9.51%, N: 6.96%;
found: C: 83.61%, H: 9.43%, N: 6.94%.


Spiro[cyclooctane-1,3′-indoline] (23d). Following general pro-
cedure B, 0.33 g (3.0 mmol) cyclooctene (19d) were stirred in
anhydrous dioxane for 1 d. After purification 0.58 g (90%)
spiro[cyclooctane-1,3′-indoline] (23d) were isolated: 1H-NMR
(500 MHz, CDCl3): d [ppm] = 1.50–1.78 (10 H, 5 × CH2), 1.82
(dd, 3J = 9.2 Hz, 2J = 14.5 Hz, 2 H, CH2), 1.97 (dd, 3J = 9.0 Hz,
2J = 14.5 Hz, 2 H, CH2), 3.35 (s, 2 H, CH2), 3.59 (bs, 1 H, NH),
6.66 (d, 3J = 7.7 Hz, 1 H, CH), 6.75 (dd, 3J = 7.5; 7.5 Hz, 1 H,
CH), 7.05 (dd, 3J = 7.5; 7.7 Hz, 1 H, CH), 7.13 (d, 3J = 7.5 Hz,
1 H, CH). 13C-NMR (125 MHz, CDCl3): d [ppm] = 23.3 (2 ×
CH2), 25.0 (CH2), 28.6 (2 × CH2), 34.3 (2 × CH2), 48.7 (Cq), 61.0
(CH2), 109.8 (CH), 118.4 (CH), 123.1 (CH), 127.2 (CH), 138.4
(Cq), 150.2 (Cq). MS (FAB): m/z (%) = 215 (M+, 100), 214 (36),
130 (37). IR: m̃ [cm−1] = 3381 (m), 3028 (w), 2918 (vs), 1606 (m),
1486 (s), 1234 (m), 1032 (m), 740 (s). HR-MS (FAB): calculated for
C15H21N 215.1674 g mol−1; found: 215.1693 g mol−1. Elementary
analysis calculated for C15H21N: C: 83.67%, H: 9.83%, N: 6.50%;
found: C: 83.71%, H: 9.72%, N: 6.52%.


Spiro[cyclododecane-1,3′-indoline] (23e). Following general
procedure B, 0.51 g (3.1 mmol) cyclododecene (19e) were stirred
in anhydrous dioxane for 1 d. After purification 0.38 g (47%)
spiro[cyclododecane-1,3′-indoline] (23e) were isolated along with
0.30 g (38%) (22e). Spiro[cyclododecane-1,3′-indoline] (23e): 1H-
NMR (400 MHz, CDCl3): d [ppm] = 1.30–1.60 (20 H, 10 × CH2),
1.86–1.93 (2 H, CH2), 3.31 (s, 2 H, CH2), 3.53 (bs, 1 H, NH), 6.67
(d, 3J = 7.5 Hz, 1 H, CH), 6.72 (dd, 3J = 7.5; 7.5 Hz, 1 H, CH),
7.03–7.07 (2 H, 2 × CH). 13C-NMR (100 MHz, CDCl3): d [ppm] =
19.3 (CH2), 19.3 (CH2), 22.1 (CH2), 22.1 (CH2), 22.5 (CH2),
22.5 (CH2), 26.1 (CH2), 26.5 (CH2), 26.5 (CH2), 31.5 (CH2), 31.5
(CH2), 47.7 (Cq), 60.0 (CH2), 109.6 (CH), 118.1 (CH), 123.8 (CH),
127.1 (CH), 136.9 (Cq), 150.4 (Cq). GC-MS (EI): m/z (%) = 271
(M+, 41), 144 (11), 131 (42), 130 (100). IR: m̃ [cm−1] = 3368 (vs),
3046 (w), 2933 (vs), 2846 (vs), 1606 (m), 1486 (vs), 1206 (m), 751
(vs). HR-MS (EI): calculated for C19H29N 271.2300 g mol−1; found:
271.2303 g mol−1.


1′-Cyclohexylmethyl-spiro[cyclohexane-1,3′-indoline] (24b).
Following general procedure B, (but with 2 eq. of the olefin) 0.58 g
(7.1 mmol) cyclohexene (19b) were stirred in anhydrous dioxane
for 1 d. After purification 0.37 g (44%) 1′-cyclohexylmethyl-
spiro[cyclohexane-1,3′-indoline] (24b) were isolated: 1H-NMR
(400 MHz, CDCl3): d [ppm] = 0.90–1.05 (2 H, CH2), 1.10–1.47
(6 H, 3 × CH2), 1.50–1.90 (13 H, 6 × CH2, CH), 2.85 (d, 3J =
7.3 Hz, 2 H, CH2), 3.23 (s, 2 H, CH2), 6.42 (d, 3J = 7.8 Hz, 1 H,
CH), 6.64 (dd, 3J = 7.0; 7.8 Hz, 1 H, CH), 7.02 (d, 3J = 7.0 Hz,
1 H, CH), 7.08 (dd, 3J = 7.0; 7.8 Hz, 1 H, CH). 13C-NMR
(100 MHz, CDCl3): d [ppm] = 23.1 (2 × CH2), 25.8 (CH2), 26.0
(2 × CH2), 26.7 (CH2), 31.4 (2 × CH2), 36.5 (2 × CH2), 37.1
(CH), 44.5 (Cq), 55.6 (CH2), 63.8 (CH2), 105.9 (CH), 116.3 (CH),
122.1 (CH), 127.5 (CH), 138.4 (Cq), 151.9 (Cq). GC-MS (EI):
m/z (%) = 283 (M+, 26), 201 (15), 200 (100), 144 (9), 77 (4), 55
(23). IR: m̃ [cm−1] = 2924 (vs), 2851 (s), 1605 (s), 1491 (s), 1454
(m), 1368 (w), 1259 (m), 1021 (w), 741 (s). Elementary analysis
calculated for C20H29N: C: 84.75%, H: 10.31%, N: 4.94%; found:
C: 84.64%, H: 10.51%, N: 4.84%.
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N-Cyclopentylmethylene-N ′-phenylhydrazine (20a). Follow-
ing general procedure C, 0.14 g (2.0 mmol) cyclopentene (19a)
were stirred in anhydrous THF. After evaporation 0.37 g (99%) N-
cyclopentylmethylene-N ′-phenylhydrazine (20a) as E/Z-isomers
were isolated: 1H-NMR (500 MHz, CDCl3): d [ppm] = 1.53–1.79
(6 H, 3 × CH2), 1.87–1.95 (2 H, CH2), 2.79 (m, 1 H, CH), 6.84
(dd, 3J = 7.5; 8.4 Hz, 1 H, CH), 7.01 (d, 3J = 8.4 Hz, 2 H, 2 ×
CH), 7.03 (d, 3J = 6.5 Hz, 1 H, CH=N), 7.14 (bs, 1 H, NH),
7.26 (dd, 3J = 7.5; 8.4 Hz, 2 H, 2 × CH). 13C-NMR (125 MHz,
CDCl3): d [ppm] = 25.3 (2 × CH2), 30.9 (2 × CH2), 42.4 (CH),
112.5 (2 × CH), 119.4 (CH), 129.2 (2 × CH), 145.4 (CH=N),
145.5 (Cq). MS (FAB): m/z (%) = 189 (M + H+, 80), 188 (M+,
100), 92 (22), 77 (24). IR: m̃ [cm−1] = 3317 (m), 3053 (m), 2954 (s),
2867 (s), 1601 (vs), 1505 (s), 1445 (m), 1256 (s), 1116 (m), 749 (vs).
HR-MS (FAB): calculated for C12H16N2 188.1313 g mol−1; found:
188.1331 g mol−1. Characteristic data for the isomer: 1H-NMR
(500 MHz, CDCl3): d [ppm] = 2.00–2.09 (2 H, CH2), 2.88 (m, 1
H, CH), 6.53 (d, 3J = 6.5 Hz, 1 H, CH=N), 7.07 (d, 3J = 8.5 Hz,
2 H, 2 × CH).


N-Cyclohexylmethylene-N ′-phenylhydrazine (20b). Following
general procedure C, 0.17 g (2.1 mmol) cyclohexene (19b) were
stirred in anhydrous THF. After evaporation 0.42 g (100%) N-
cyclohexylmethylene-N ′-phenylhydrazine (20b) as E/Z-isomers
were isolated: 1H-NMR (500 MHz, CDCl3): d [ppm] = 1.20–1.45
(5 H, 2 × CH2, CHH), 1.68–1.94 (5 H, 2 × CH2, CHH), 2.33 (m,
1 H, CH), 6.84 (dd, 3J = 7.5; 8.5 Hz, 1 H, CH), 6.98 (d, 3J =
5.2 Hz, 1 H, CH=N), 7.01 (d, 3J = 7.5 Hz, 2 H, 2 × CH), 7.13
(bs, 1 H, NH), 7.26 (dd, 3J = 7.5; 8.5 Hz, 2 H, 2 × CH). 13C-NMR
(125 MHz, CDCl3): d [ppm] = 25.6 (2 × CH2), 26.1 (CH2), 30.7
(2 × CH2), 40.4 (CH), 112.5 (2 × CH), 119.4 (CH), 129.2 (2 ×
CH), 145.6 (Cq), 145.8 (CH=N). MS (FAB): m/z (%) = 202 (M+,
100), 107 (59), 77 (63). IR: m̃ [cm−1] = 3305 (m), 3055 (w), 2936 (vs),
2852 (s), 1602 (vs), 1495 (s), 1449 (s), 1258 (s), 1121 (m), 749 (s).
HR-MS (FAB): calculated for C13H18N2 202.1470 g mol−1; found:
202.1496 g mol−1. Characteristic data for the isomer: 1H-NMR
(500 MHz, CDCl3): d [ppm] = 2.54 (m, 1 H, CH), 6.40 (d, 3J =
7.3 Hz, 1 H, CH=N), 7.07 (d, 3J = 7.7 Hz, 2 H, 2 × CH).


N-Cycloheptylmethylene-N ′-phenylhydrazine (20c). Following
general procedure C, 0.20 g (2.1 mmol) cycloheptene (19c) were
stirred in anhydrous THF. After evaporation 0.45 g (100%) N-
cycloheptylmethylene-N ′-phenylhydrazine (20c) were isolated: 1H-
NMR (500 MHz, CDCl3): d [ppm] = 1.52–1.79 (10 H, 5 × CH2),
1.92–1.97 (2 H, CH2), 2.50 (m, 1 H, CH), 6.84 (dd, 3J = 7.3;
7.7 Hz, 1 H, CH), 7.01 (d, 3J = 7.7 Hz, 2 H, 2 × CH), 7.03 (d, 3J
= 5.5 Hz, 1 H, CH=N), 7.10 (bs, 1 H, NH), 7.26 (dd, 3J = 7.3;
7.7 Hz, 2 H, 2 × CH). 13C-NMR (125 MHz, CDCl3): d [ppm] =
26.2 (2 × CH2), 28.4 (2 × CH2), 32.3 (2 × CH2), 42.2 (CH),
112.5 (2 × CH), 119.4 (CH), 129.2 (2 × CH), 145.6 (Cq), 146.5
(CH=N). MS (FAB): m/z (%) = 216 (M+, 100), 202 (34), 77 (16).
IR: m̃ [cm−1] = 3398 (s), 3074 (w), 2929 (vs), 2855 (s), 1661 (s),
1602 (vs), 1496 (s), 1456 (m), 1099 (m), 766 (m). HR-MS (FAB):
calculated for C14H20N 216.1626 g mol−1; found: 216.1634 g mol−1.
Characteristic data for the isomer: 1H-NMR (500 MHz, CDCl3):
d [ppm] = 1.87–1.91 (2 H, CH2), 2.65 (m, 1 H, CH), 6.48 (d, 3J =
7.5 Hz, 1 H, CH=N), 7.07 (d, 3J = 7.7 Hz, 2 H, 2 × CH).


Spiro[1′,3-cyclopentane-3H-indole] (21a). a) Following gen-
eral procedure D, 0.40 g (2.1 mmol) N-cyclopentylmethylene-N ′-


phenylhydrazine (20a) were stirred in anhydrous THF at room
temperature for 15 min. After column chromatography 0.13 g
(36%) spiro[1′,3-cyclopentyl-3H-indole] (21a) were isolated.


b) Following general procedure D, 0.37 g (2.0 mmol) N-
cyclopentylmethylene-N ′-phenylhydrazine (20a) were stirred in
anhydrous THF at room temperature for 30 min. After column
chromatography 0.12 g (36%) spiro[1′,3-cyclopentyl-3H-indole]
(21a) were isolated.


c) Following general procedure D, 0.37 g (2.0 mmol) N-
cyclopentylmethylene-N ′-phenylhydrazine (20a) were stirred in
anhydrous THF at room temperature for 45 min. After column
chromatography 0.11 g (31%) spiro[1′,3-cyclopentyl-3H-indole]
(21a) were isolated: 1H-NMR (500 MHz, CDCl3): d [ppm] = 1.85–
1.90 (2 H, CH2), 2.00–2.15 (6 H, 3 × CH2), 7.28 (d, 3J = 8.0 Hz, 1
H, CH), 7.33–7.38 (2 H, 2 × CH), 7.64 (d, 3J = 7.7 Hz, 1 H, CH),
8.10 (s, 1 H, CH=N). 13C-NMR (125 MHz, CDCl3): d [ppm] =
26.4 (2 × CH2), 33.3 (2 × CH2), 64.3 (Cq), 120.8 (CH), 121.3 (CH),
126.1 (CH), 127.4 (CH), 145.5 (Cq), 154.6 (Cq), 178.7 (CH=N).
MS (FAB): m/z (%) = 172 (M + H+, 74), 171 (M+, 23), 155 (49),
137 (100). IR: m̃ [cm−1] = 3041 (w), 2944 (m), 2863 (m), 1600 (s),
1475 (s), 1456 (s), 1263 (m), 1162 (m), 735 (vs). HR-MS (FAB):
calculated for C12H14N 172.1126 g mol−1; found: 172.1128 g mol−1.


Preparation of 1,2,3,4-tetrahydrocarbazole (22a) via hydra-
zone. Following general procedure D, 0.40 g (2.1 mmol) N-
cyclopentylmethylene-N ′-phenylhydrazine (20a) were stirred in
anhydrous THF at room temperature for 18 h. After column
chromatography 0.36 g (98%) 1,2,3,4-tetrahydrocarbazole (22a)
were isolated.


Spiro[1′,3-cyclohexane-3H-indole] (21b). Following general
procedure D, 0.38 g (1.9 mmol) N-cyclohexylmethylene-N ′-
phenylhydrazine (20b) were stirred in anhydrous THF at room
temperature for 18 h. After column chromatography 0.34 g (99%)
spiro[1′,3-cyclohexane-3H-indole] (21b) were isolated: 1H-NMR
(500 MHz, CDCl3): d [ppm] = 1.55–1.98 (10 H, 5 × CH2), 7.27
(dd, 3J = 7.2; 7.7 Hz, 1 H, CH), 7.37 (dd, 3J = 7.2; 7.7 Hz, 1 H,
CH), 7.42 (d, 3J = 7.2 Hz, 1 H, CH), 7.67 (d, 3J = 7.7 Hz, 1 H, CH),
8.37 (s, 1 H, CH=N). 13C-NMR (125 MHz, CDCl3): d [ppm] =
24.0 (2 × CH2), 25.6 (CH2), 31.7 (2 × CH2), 58.3 (Cq), 121.2 (CH),
122.2 (CH), 125.8 (CH), 127.7 (CH), 144.6 (Cq), 149.3 (Cq), 178.3
(CH=N). MS (FAB): m/z (%) = 186 (M + H+, 100), 185 (M+, 53),
130 (21). IR: m̃ [cm−1] = 3045 (w), 3024 (w), 2930 (m), 1600 (s), 1451
(s), 749 (vs). HR-MS (FAB): calculated for C13H16N 185.1283 g
mol−1; found: 185.1298 g mol−1.


Preparation of 5,6,7,8,9,10-hexahydrocyclohepta[b]indole (22b)
via hydrazone. Following general procedure D, 0.30 g (1.5 mmol)
N-cyclohexylmethylene-N ′-phenylhydrazine (20b) were stirred
in anhydrous dioxane at reflux temperature for 3 h. After
column chromatography 0.14 g (49%) 5,6,7,8,9,10-hexahydro-
cyclohepta[b]indole (22b) were isolated.


Spiro[1′,3-cycloheptane-3H-indole] (21c). Following general
procedure D, 0.48 g (2.2 mmol) N-cycloheptylmethylene-N ′-
phenylhydrazine (20c) were stirred in anhydrous THF at room
temperature for 1 d. After column chromatography 0.41 g (93%)
spiro[1′,3-cycloheptane-3H-indole] (21c) were isolated: 1H-NMR
(500 MHz, CDCl3): d [ppm] = 1.70–1.95 (12 H, 6 × CH2), 7.25 (dd,
3J = 7.2; 7.5 Hz, 1 H, CH), 7.31 (dd, 3J = 7.5; 7.8 Hz, 1 H, CH),
7.39 (d, 3J = 7.2 Hz, 1 H, CH), 7.60 (d, 3J = 7.8 Hz, 1 H, CH), 8.17
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(s, 1 H, CH=N). 13C-NMR (125 MHz, CDCl3): d [ppm] = 25.1
(2 × CH2), 30.4 (2 × CH2), 33.6 (2 × CH2), 60.4 (Cq), 121.0 (CH),
121.6 (CH), 126.0 (CH), 127.5 (CH), 146.2 (Cq), 154.1 (Cq), 179.7
(CH=N). MS (FAB): m/z (%) = 200 (M + H+, 100), 199 (M+,
24), 130 (37). IR: m̃ [cm−1] = 3042 (w), 2925 (vs), 2851 (s), 1597 (s),
1474 (vs), 1247 (s), 1163 (m), 738 (s). HR-MS (FAB): calculated
for C14H18N 200.1439 g mol−1; found: 200.1425 g mol−1.


Preparation of 5,6,7,8,9,10,11-heptahydrocycloocta[b]indole
(22c) via hydrazone. Following general procedure D, 0.43 g
(2.0 mmol) N-cycloheptylmethylene-N ′-phenylhydrazine (20c)
were stirred in anhydrous THF at room temperature for 18 h.
After column chromatography 0.17 g (43%) 5,6,7,8,9,10,11-
heptahydrocycloocta[b]indole (22c) were isolated.


1,3-Ethylene-2,3,4,9-tetrahydro-1H-carbazole (26). Following
general procedure A, 0.28 g (3.0 mmol) norbornene (25) were
stirred in anhydrous THF for 1 d. After purification 0.42 g (71%)
1,3-ethylene-2,3,4,9-tetrahydro-1H-carbazole (26) were isolated.
1H-NMR (400 MHz, CDCl3): d [ppm] = 1.45 (m, 1 H, CHH),
1.75–1.79 (2 H, CH2), 1.85–1.92 (2 H, CH2), 2.03 (m, 1 H, CHH),
2.49 (d, 2J = 15.8 Hz, 1 H, CHH), 2.67 (m, 1 H, CH), 3.06 (d, 2J =
15.8 Hz, 1 H, CHH), 3.31 (m, 1 H, CH), 7.05–7.08 (2 H, 2 × CH),
7.24 (d, 3J = 7.7 Hz, 1 H, CH), 7.49 (d, 3J = 8.2 Hz, 1 H, CH),
7.63 (bs, 1 H, NH). 13C-NMR (100 MHz, CDCl3): d [ppm] = 29.9
(CH2), 32.5 (CH), 33.6 (CH), 34.1 (CH2), 36.3 (CH2), 37.4 (CH2),
110.4 (CH), 117.3 (CH), 118.4 (Cq), 119.0 (CH), 120.5 (CH), 126.1
(Cq), 131.4 (Cq), 136.0 (Cq). MS (FAB): m/z (%) = 197 (M+, 30),
156 (91), 138 (100), 89 (80). IR: m̃ [cm−1] = 3404 (m), 3054 (w),
2929 (vs), 1450 (m), 748 (s). HR-MS (EI): calculated for C14H15N
197.1204 g mol−1; found: 197.1196 g mol−1. Structure was clarified
by 1D-NOESY experiments.


5,11-Dihydro-6H-benzo[a]carbazole (28). 0.25 g (2.1 mmol) in-
dene (27), 0.24 g (2.2 mmol) phenylhydrazine (3), 3 mg (0.5 mol%)
Rh(acac)(CO)2 and 0.16 g (10.1 mol%) BIPHEPHOS were
diluted in 8 ml anhydrous THF, transferred to an autoclave and
pressurised with 10 bar CO and 10 bar H2. After stirring for 3 d
at 100 ◦C the solvent was evaporated. The crude hydrazone was
dissolved in 12 g, 4 wt% H2SO4 in anhydrous THF. After stirring
the reaction mixture was washed with aqueous ammonia and dried
over MgSO4. The solvent was evaporated and the residue was
purified by flash chromatography on silica to yield 0.16 g (37%)
5,11-dihydro-6H-benzo[a]carbazole (28). The spectroscopic data
fits with the literature.31


1-(Toluene-4-sulfonyl)-2,5-dihydro-1H-pyrrole (29d). 2.54 g
(10 mmol) N,N-diallyl-4-methylbenzenesulfonamide32 and 0.40 g
(5 mol%) Grubbs I-catalyst were dissolved in 30 ml anhydrous
dichloromethane and stirred at room temperature for 1 h. The sol-
vent was evaporated and the residue was recrystallised (CH2Cl2–
cyclohexane) to yield 2.23 g (100%) 1-(toluene-4-sulfonyl)-2,5-
dihydro-1H-pyrrole (29d).33


3-Hydroxy-3-benzyloxymethyl-1,2,3,4-tetrahydrocarbazole
(30a). Following general procedure A, 0.22 g (1.1 mmol)
1-benzyloxymethylcyclopent-3-ene-1-ol (29a) were stirred in
anhydrous dioxane for 3 d. After purification 0.09 g (28%)
3-hydroxy-3-benzyloxymethyl-1,2,3,4-tetrahydrocarbazole (30a)
were isolated: 1H-NMR (500 MHz, CDCl3): d [ppm] = 1.92 (m,
1 H, CHH), 2.05 (m, 1 H, CHH), 2.59 (bs, 1 H, OH), 2.60 (m, 1


H, CHH), 2.83 (s, 2 H, CH2), 2.85 (m, 1 H, CHH), 3.49 (d, 2J =
12.6 Hz, 1 H, CHH), 3.51 (d, 2J = 12.6 Hz, 1 H, CHH), 4.56 (d,
2J = 12.0 Hz, 1 H, CHH), 4.60 (d, 2J = 12.0 Hz, 1 H, CHH), 7.06
(dd, 3J = 7.5; 7.5 Hz, 1 H, CH), 7.10 (dd, 3J = 7.5; 7.5 Hz, 1 H,
CH), 7.21 (d, 3J = 7.5 Hz, 1 H, CH), 7.27–7.36 (5 H, 5 × CH),
7.41 (d, 3J = 7.5 Hz, 1 H, CH), 7.76 (bs, 1 H, NH). 13C-NMR
(125 MHz, CDCl3): d [ppm] = 19.9 (CH2), 31.3 (2 × CH2), 71.7
(Cq), 73.5 (CH2), 76.5 (CH2), 107.3 (Cq), 110.5 (CH), 117.6 (CH),
119.1 (CH), 121.2 (CH), 127.6 (CH), 127.7 (Cq), 127.8 (2 × CH),
128.4 (2 × CH), 132.6 (Cq), 136.3 (Cq), 138.0 (Cq). MS (FAB):
m/z (%) = 307 (M+, 100), 290 (12), 176 (25), 137 (46), 107 (17), 91
(51), 77 (14). IR: m̃ [cm−1] = 3520 (vs), 3331 (s), 3048 (w), 2893 (m),
1587 (w), 1452 (m), 1326 (s), 1117 (vs), 740 (vs). HR-MS (EI):
calculated for C20H21NO2 307.1572 g mol−1; found: 307.1559 g
mol−1. Structure was clarified by 1D-NOESY experiments.


3-Hydroxy-3-tert-butyl-1,2,3,4-tetrahydrocarbazole (30b).
Following general procedure A, 0.28 g (2.0 mmol) 1-tert-
butylcyclopent-3-ene-1-ol (29b) were stirred in anhydrous
dioxane for 3 d. After purification 0.18 g (36%) 3-hydroxy-3-tert-
butyl-1,2,3,4-tetrahydrocarbazole (30b) were isolated: 1H-NMR
(400 MHz, DMSO): d [ppm] = 1.01 (s, 9 H, C(CH3)3), 1.66 (m, 1
H, CHH), 1.93 (m, 1 H, CHH), 2.58 (d, 2J = 16.0 Hz, 1 H, CHH),
2.60 (m, 1 H, CHH), 2.77 (d, 2J = 16.0 Hz, 1 H, CHH), 2.83 (m,
1 H, CHH), 3.85 (bs, 1 H, OH), 6.90 (dd, 3J = 7.5; 8.0 Hz, 1 H,
CH), 6.97 (dd, 3J = 7.5; 8.0 Hz, 1 H, CH), 7.23 (d, 3J = 8.0 Hz,
1 H, CH), 7.32 (d, 3J = 7.5 Hz, 1 H, CH), 10.58 (bs, 1 H, NH).
13C-NMR (100 MHz, DMSO): d [ppm] = 19.6 (CH2), 25.4 (3 ×
CH3), 27.8 (CH2), 28.2 (CH2), 37.8 (Cq), 73.4 (Cq), 106.8 (Cq),
110.5 (CH), 116.9 (CH), 117.8 (CH), 119.8 (CH), 128.1 (Cq),
134.0 (Cq), 136.1 (Cq). MS (EI): m/z (%) = 243 (M+, 36), 186
(26), 168 (18), 143 (100), 130 (17), 77 (12). IR: m̃ [cm−1] = 3538
(vs), 3290 (s), 2964 (m), 1626 (w), 1467 (w), 1384 (m), 1083 (m),
745 (s). HR-MS (EI): calculated for C16H21NO 243.1623 g mol−1;
found: 243.1640 g mol−1. Structure was clarified by 1D-NOESY
experiments.


3,3-Diphenyl-1,2,3,4-tetrahydro-3-silylcarbazole (30c). Fol-
lowing general procedure A, 0.16 g (0.7 mmol) 1,1-diphenyl-1-
silylcyclopent-3-ene (29c) were stirred in anhydrous dioxane for 3
d. After purification 0.09 g (39%) 3,3-diphenyl-1,2,3,4-tetrahydro-
3-silylcarbazole (30c) were isolated: 1H-NMR (500 MHz, CDCl3):
d [ppm] = 1.55 (t, 3J = 6.7 Hz, 2 H, CH2), 2.46 (s, 2 H, CH2), 3.03
(t, 3J = 6.7 Hz, 2 H, CH2), 7.10–7.18 (2 H, 2 × CH), 7.27 (d, 3J =
8.2 Hz, 1 H, CH), 7.33–7.42 (6 H, 6 × CH), 7.56–7.62 (5 H, 5 ×
CH), 7.63 (bs, 1 H, NH). 13C-NMR (125 MHz, CDCl3): d [ppm] =
5.0 (CH2), 8.0 (CH2), 21.5 (CH2), 103.4 (Cq), 110.1 (CH), 117.9
(CH), 119.1 (CH), 121.4 (CH), 128.0 (4 × CH), 129.5 (2 × CH),
130.4 (Cq), 134.6 (4 × CH), 135.3 (Cq), 135.4 (Cq), 135.7 (2 ×
Cq). MS (FAB): m/z (%) = 339 (M+, 65), 262 (10), 199 (20), 183
(100), 105 (13), 77 (6). IR: m̃ [cm−1] = 3410 (s), 3067 (w), 2894
(w), 1427 (s), 1326 (w), 1112 (s), 909 (m), 738 (vs). HR-MS (EI):
calculated for C23H21NSi 339.1443 g mol−1; found: 339.1472 g
mol−1. Structure was clarified by 1D-NOESY experiments.


2-(Toluene-4-sulfonyl)-2,3,4,9-tetrahydro-1H-b-carboline (30d).
0.45 g (2.0 mmol) 1-(toluene-4-sulfonyl)-2,5-dihydro-1H-pyrrole
(29d), 0.22 g (2.0 mmol) phenylhydrazine (3) and 3 mg (0.5 mol%)
Rh(acac)(CO)2 were diluted in 8 ml anhydrous THF, transferred
to an autoclave and pressurised with 50 bar CO and 20 bar H2.
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After stirring for 3 d at 100 ◦C the solvent was evaporated.
The crude hydrazone was dissolved in 12 g, 4 wt% H2SO4 in
anhydrous THF. After stirring for 3 h at reflux temperature the
reaction mixture was washed with aqueous ammonia and dried
over MgSO4. The solvent was evaporated and the residue was
purified by flash chromatography on silica to yield 0.64 g (98%) 2-
(toluene-4-sulfonyl)-2,3,4,9-tetrahydro-1H-b-carboline (30d): 1H-
NMR (500 MHz, DMSO): d [ppm] = 2.34 (s, 3 H, CH3), 2.65–2.73
(2 H, CH2), 3.28–3.47 (2 H, CH2), 4.25 (s, 2 H, CH2), 6.93 (dd,
3J = 7.3; 8.0 Hz, 1 H, CH), 7.02 (dd, 3J = 7.3; 7.7 Hz, 1 H, CH),
7.27 (d, 3J = 8.0 Hz, 1 H, CH), 7.31 (d, 3J = 7.7 Hz, 1 H, CH),
7.40 (d, 3J = 8.0 Hz, 2 H, 2 × CH), 7.69 (d, 3J = 8.0 Hz, 2 H,
2 × CH), 10.78 (bs, 1 H, NH). 13C-NMR (125 MHz, DMSO): d
[ppm] = 20.9 (CH2), 21.0 (CH3), 43.4 (CH2), 44.1 (CH2), 106.3
(Cq), 111.2 (CH), 117.7 (CH), 118.7 (CH), 121.1 (CH), 126.3 (Cq),
127.3 (2 × CH), 129.3 (Cq), 130.0 (2 × CH), 133.7 (Cq), 136.0 (Cq),
143.7 (Cq). MS (FAB): m/z (%) = 327 (M + H+, 25), 326 (M+,
21), 155 (100). IR: m̃ [cm−1] = 3390 (m), 3047 (w), 2909 (w), 1596
(m), 1451 (m), 1345 (s), 1165 (vs), 1092 (m), 746 (s). HR-MS (EI):
calculated for C18H19NO2S 327.1167 g mol−1; found: 327.1172 g
mol−1. Structure was clarified by 1D-NOESY experiments.
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Herein is reported an investigation towards the stereoselective synthesis of inherently chiral
pseudorotaxanes. Chiral ammonium threads were readily prepared in five steps from racemic or
enantiopure (M or P) salts of di-n-propyl-1,13-dimethoxyquinacridinium cation. Their self-assembly
with DB24C8 or disymmetrically oriented DB24C8F6 rings formed pseudorotaxanes as shown by 1H
and 19F NMR spectroscopy as well as MS measurements. A determination of the association constants
(Ka) was afforded. The crucial role played by the ammonium counter-ion in the threading process was
further demonstrated as salts of TRISPHAT (tris(tetrachlorobenzenediolato)phosphate(V)) anion were
quite more effective than their PF6


− analogues (× 7.3). A general lack of diastereoselectivity (de ≤ 8%)
was unfortunately observed.


Introduction


Molecular knots, catenanes, pretzelanes and (pseudo)rotaxanes
are fascinating objects that can display chirality without having
any classical stereogenic elements of centered, axial, planar or
helical chirality in their backbone.1 Whereas a trefoil knot is
inherently chiral,2 other topological molecules are not necessarily
so. For instance achiral catenanes are obtained if one of the two
interlocked rings is symmetrical.3 If, on the contrary, a direc-
tionality is built in both rings, the catenane becomes intrinsically
chiral.4 A schematic representation of the enantiomers is shown
on Fig. 1a. Such molecules were obtained in non racemic form
by the Okamoto, Sauvage and Vögtle groups using an efficient
preparative chiral stationary phase (CSP) HPLC methods.5


Fig. 1 Enantiomers of inherently chiral [2]-catenanes (a) and
(pseudo)rotaxanes (b). Schematic representation.


Rotaxanes and pseudorotaxanes are other members of this
class of fascinating molecules.1 They are assemblies composed
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minimally of a thread-like molecule surrounded by a macrocycle.
These supermolecules have attracted significant attention, not only
for their structural features, but also because of the variety of prop-
erties and functions that can be engineered within them.6 As for the
catenanes, (pseudo)rotaxanes are achiral if either thread or macro-
cycle (ring) are non-oriented. On the contrary, if a disymmetry is
present in both structural elements, the resulting rotaxane become
inherently chiral. A schematic representation of the enantiomers
is shown in Fig. 1b. Relatively few studies have been devoted to the
synthesis and resolution of such inherently chiral rotaxanes. The
isolation of the topologically chiral molecules in non-racemic form
was in some instances possible.7 It involved the use of effective
preparative CSP-HPLC procedures. These enantioseparations
were real “tours de force” if one considers the high conformational
flexibility of these mechanically bounded molecules.


There are two main possibilities to obtain such a chiral molecule
in an enantioenriched or enantiopure form. One is the resolution
of the racemic material. The other is a stereoselective synthesis.
Whereas the first possibility was successful in the case of inherently
chiral rotaxanes, there have been, to our knowledge and much of
our surprise, very few reports of stereoselective synthesis of this
class of compounds.8,9 This relative lack of information thus led
us to consider the stereoselective preparation of an intrinsically
chiral rotaxane-like molecule.


However, rather than embarking on a project in which the source
of stereocontrol would be an external chiral reagent, it was decided
to validate the approach through the use of an intramolecular
chiral auxiliary; the auxiliary chosen being a chiral stopper at
one end on the thread (Fig. 2). In fact, the presence of a chiral
stopper within the framework of an inherently chiral rotaxane
generates two diastereomeric complexes. Selectivity will happen if
discriminating interactions between the bulky stereogenic element
and the oriented ring occur; the chiral stopper providing a possible
source of spectroscopic differentiation of the stereoisomers and
thus the opportunity of a direct measurement of the selectivity. A
chemical system which would present (i) a sterically demanding
chiral stopper at one end of the thread, (ii) an easily oriented
macrocycle as a ring and (iii) established complementary sites for
effective host–guest interactions was thus looked for.
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Fig. 2 Chiral auxiliary approach to the stereoselective synthesis of
inherently chiral (pseudo)rotaxanes; the auxiliary being represented by
a helical stopper of M configuration.


Several rotaxanes have been reported with chiral stoppers at
one or both end(s) of the thread; the moieties being sugars, metal
complexes, terpenes, and even molecular knots.10 These moieties,
introduced to avoid the slippage of the ring, were not used as chiral
auxiliaries. Although there is no reason why they could not be used
for the targeted project, some recent results in our group led us to
consider another type of chiral bulky group.


Previously, Laursen et al. reported the synthesis of simple-to-
make 1,13-dimethoxyquinacridinium derivatives of type 1 which
contains four ortho-condensed aromatic rings.11 Owing to the
steric repulsion between the two methoxy substituents, these
compounds adopt a twisted helical conformation with P or M
configuration. As such, compounds of type 1 can be regarded as
[4]heterohelicenium moieties. They are furthermore readily iso-
lated in enantiopure form.12,13 Despite their remarkable chemical
stability, these carbocations can react with strongly nucleophilic
carbanions. In the case of salt [1][PF6], a reactivity with acetonitrile
in presence of NaH has been documented (Scheme 1) and the
product of CH2CN addition isolated (2).12


Scheme 1 Reaction of salts [1][PF6] or [1][BF4] with CH3CN/NaH to
yield adduct 2. The compounds are arbitrarily shown as the P enantiomer.


The helical part of compound 2 seemed ideal to play the
role of a sterically demanding chiral stopper on a thread and
the nitrile moiety, the perfect functional group to generate an
ammonium ion; ammonium groups being well known for their
host–guest chemistry with crown-ethers.14 In fact, it has been
shown previously that large enough crown ether rings can thread
through suitably chosen dialkylammonium ions (R2NH2


+) giving
pseudorotaxane/rotaxane species in solution by virtue of strong
[N+–H · · · O] and [C–H · · · O] hydrogen-bonding interactions.15


This approach, which has been particularly studied with R2NH2
+


salts and dibenzo-24-crown-8 (3, DB24C8) derivatives appeared
well adapted for the above mentioned project.


Herein we report the simple transformation of racemic or
enantiopure nitrile 2 into thread-like ammonium salts of type
[4·H][X] (Fig. 3) that bears a phenyl group at one end, the chiral
helical stopper at the other, and a secondary ammonium in the
core. A two step process for the desymmetrization of DB24C8 3
into an aryl substituted macrocycle DB24C8F6 5 is presented as
well as the ability of this oriented ring to form supramolecular
complexes in presence of [4·H][PF6] threads; these results being
compared to those of DB24C8 3.


Fig. 3 Chiral ammonium thread 4·H and oriented ring 5.


Results and discussion


Synthesis of ammonium thread 4·H (racemic, P and M)


As just mentioned, one sub-goal of this project was the making
of an ammonium thread-like molecule derived from the nitrile-
functionalized heterohelicene 2. The making of the desired com-
pound [4·H][PF6] was effected following three classical synthetic
steps: (i) nitrile reduction to a primary amine, (ii) reductive
amination in the presence of benzaldehyde and (iii) salt formation
in presence of HPF6. The synthesis was short and practical as these
steps, along with addition of CH2CN to the carbenium ions 1, were
conducted successively without any purification in between.


The synthesis (Schemes 1 and 2) thus started with the treatment
of salts [rac-1][BF4], [(M)-1][PF6], and [(P)-1][PF6] with NaH in
acetonitrile as a solvent affording compounds rac-2, (M)-2 and
(P)-2 respectively. The reduction of the nitrile group was then


Scheme 2 Synthesis of salts [4·H][PF6] (rac, M or P): (a) LiAlH4, Et2O,
20 ◦C; (b) PhCHO, MgSO4; NaBH4, MeOH; (c) HPF6 (2 equiv.), acetone.
Compounds are arbitrarily shown as the P enantiomer.
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performed using a standard procedure (LiAlH4, Et2O, 20 ◦C). A
rather large excess of reducing agent (10 equiv.) was necessary to
bring the reactions to completion. The sluggish reactivity of LAH
in this case may be attributed to the moderate accessibility of
the nitrile group attached to the bulky [4]heterohelicene skeleton.
After work-up, the resulting primary amines 6 (rac, M or P) were
engaged to the next step without purification. Upon treatment with
PhCHO/MgSO4 and NaBH4/MeOH,16 the secondary amines 4
(rac, M or P) were afforded.


The formation of the ammonium hexafluorophosphate salts was
performed by the direct treatment of amines 4 with HPF6 (2 equiv.)
in acetone; this protocol being preferred to the classical two
steps procedure of HCl (excess) addition and ion pair metathesis
with [NH4][PF6]. After purification by preparative chromatog-
raphy (SiO2, CH2Cl2–MeOH 98 : 2), salts [rac-4·H][PF6], [(M)-
4·H][PF6] and [(P)-4·H][PF6], were obtained in combined yields
(five chemical steps) of 29%, 8%, and 13% starting from [rac-
1][BF4], [(M)-1][PF6], and [(P)-1][PF6] respectively.17 1H and 31P
NMR spectroscopy, as well as ES-MS measurements, confirmed
the expected structure of these salts. [(M)-4·H][PF6] and [(P)-
4·H][PF6] presented rather large values for their optical rotation
[a]20


D =− 500 and +560 respectively (CH2Cl2, c = 0.05 g per 100 ml).
Circular dichroism spectra of [(M)-4·H][PF6] and [(P)-4·H][PF6]
displayed symmetrical curves as expected. Only negative and
positive Cotton effects were observed respectively and are related
to valence transitions in the helical chromophore of the salts.


Synthesis of the oriented macrocyle 5


With these chiral ammonium threads in hands, the synthesis of
the oriented ring was tackled. Whereas DB24C8 is symmetrical,
monofunctionalized derivatives of 3 with a substituent on one
aromatic catechol are always disymmetrical. The case of disubsti-
tuted derivatives of 3 is a bit more complex. Many systems contain
the substituents on the two different catechols and the resulting
rings will be oriented or not depending of the regiochemistry of
the disubstitution; anti and syn macrocycles being oriented and
non-oriented respectively. The physical separation of these doubly
substituted regioisomers being not always trivial,18 we selected to
study the synthesis of monofunctionalized derivatives exclusively.


A search of the literature indicated that most derivatives of
DB24C8 are substituted either by nitrogen atoms (introduced as
NO2 groups) or carbon-based functional groups. In the latter
case, the side chains are usually of carboxyl, carbonyl or alkyl
nature. The relatively small size and rather high conformational
freedom of these groups led us to consider the introduction of
aryl substituent instead, although, to our knowledge, no such
derivative of DB24C8 had been reported.


Another aspect taken into consideration in the design of the
oriented ring was the introduction in the skeleton of NMR sensi-
tive atoms to readily detect all species containing the macrocycle
in solution. CF3 groups were chosen for their appearance as
single signals in 19F NMR spectroscopy. Macrocycle DB24C8F6
5 containing a 3,5-bis(trifluoromethyl)phenyl substituent was
selected for the present study. Its formation was simply effected
by (i) regioselective monobromation of a catechol unit (NaBr,
CAN, CH3CN),19 followed by (ii) a Suzuki cross-coupling reac-
tion with 3,5-bis(trifluoromethyl)phenylboronic acid (ArB(OH)2,


Pd(PPh3)4 21 mol%, 80 ◦C, Scheme 3). Compounds DB24C8Br
and DB24C8F6 were isolated in 39% and 63% yield respectively.


Scheme 3 Synthesis of macrocycle 5: (a) NaBr, CAN, CH3CN;
(b) ArB(OH)2, Pd(PPh3)4 21 mol%, PhMe/H2O, 80 ◦C, 63%.


Pseudorotaxane formation


Having in hand threads [rac-4·H][PF6], [(M)-4·H][PF6] and
[(P)-4·H][PF6] and rings DB24C8 3 and DB24C8F6 5, the ability
of these components to form supramolecular systems was tested
in a succession of NMR experiments (CDCl3, 500 MHz, 3.27
10−3 mol l−1).


The novel ammonium [4·H][PF6] salts were first evaluated with
the classical DB24C8 3 to tabulate their reactivity. The 1H NMR
spectra of the equimolar mixtures were recorded. In all cases,
the complexation process was slow on the 1H NMR timescale
as three different sets of resonances were observed; one for the
free crown ether, one for the free salt, and one for the 1 : 1
complex. The consequences of the threading can be for instance
noted on the benzylic protons on the thread for which a large
downfield shift (Dd −0.37 ppm) occurs upon complexation.20


The pseudorotaxane formation was additionally established by
electrospray mass spectrometry (ES-MS, positive mode); intense
peaks being measured for the 1 : 1 complex with the loss of
the counter-ion. Evidently, the presence of the voluminous chiral
stopper does not prevent the self-assembly process with DB24C8 3.


A quantification of the threading was performed as the pro-
portion of all species could be determined by the integration
of respective signals. The best region in the 1H NMR spectra
that allowed an accurate integration of the complexed and
uncomplexed species was located between 3.4 and 3.0 ppm; the
most appropriate signal being a methoxy group of the helical
moiety (Fig. 4, spectra a and b). The equilibrium constants
(Ka) were estimated using the classical relationship Ka = [crown
ether·salt]/([crown ether]·[salt]) and the values are reported in
Table 1. Although the values are lower to that known for this
kind of supermolecules, the magnitude remains in fair agreement
with those of the literature.21


Table 1 Stability constants (Ka) for the pseudorotaxane complexes
formed between DB24C8 3 or DB24C8F6 5 and ammonium salts
[rac-4·H][PF6], [(M)-4·H][PF6], [(P)-4·H][PF6], [(M)-4·H][TRISPHAT].
Stability constants (Ka) were obtained as outlined in ref. 21 (percentage
error ≤ 15%)


Entry Ammonium salt DB24C8 3 DB24C8F6 5


1 [rac-4·H][PF6] 580 M−1 260 M−1


2 [(M)-4·H][PF6] 450 M−1 270 M−1


3 [(P)-4·H][PF6] 500 M−1 320 M−1


4 [(M)-4·H][TRISPHAT] — 2070 M−1


226 | Org. Biomol. Chem., 2006, 4, 224–231 This journal is © The Royal Society of Chemistry 2006







Fig. 4 1H NMR spectra (parts, 500 MHz) of (a) [(M)-4·H][PF6],
(b) [(M)-4·H][PF6] + 3, (c) [(M)-4·H][PF6] + 5 and 19F NMR spectra
(parts, 470 MHz) of (d) 5 and (e) 5 + [(M)-4·H][PF6].


The same experiments were then conducted in presence of the
disymmetrical DB24C8F6 5 and the profile of NMR spectra
changed. Whereas three sets of signals were observed previously,
four were now recorded; one for the free crown ether, one for the
free ammonium salt, and two for the 1 : 1 complex. This doubling
of the signals of the pseudorotaxane was easily monitored in 1H
NMR spectroscopy using again the singlet signal of one of the
methoxy substituent of the chiral stopper (Fig. 4, spectrum c).
In 19F NMR spectroscopy, the CF3 groups appeared as three
signals: one for the free oriented ring and two for the 1:1 complex.
This doubling of the frequencies of the complex is obviously the
direct consequence of the presence of two diastereomeric species
in solution.


The quantification of the complexation with 5 was performed
in a manner similar to that used previously with 3 by means
of a single effective concentration of [crown ether·salt] for both
diastereomeric species (Table 1).22 A comparison of the results
obtained for the complexation of 3 and 5 indicates clearly that
the complexes formed with the classical DB24C8 are quite more
stable than those made from 5 (× ∼1.8). This reduced treading
efficiency of 5 may be attributed to (i) a larger size (negative steric
interaction with the bulky stopper) and, more likely, to (ii) the
presence of the electron withdrawing CF3 groups on the ring that
render the oxygen atoms of the crown less prone to make effective
[N+–H · · · O] hydrogen-bonding interactions.21


Diastereoselectivity


As said, two sets of signals were observed upon the threading of
5 onto ammonium [4·H][PF6] salts corresponding to inherently
chiral diastereomeric rotaxanes (Fig. 5). Unfortunately, whereas a


difference in integration was hoped for the signals of these two
species, a 1 : 1 ratio was measured showing clearly a lack of
stereoselective induction from the stopper onto the orientation
of the ring. A possible explanation for this lack of selectivity can
be drawn from the X-ray crystallographic structure of salt [rac-
4·H][PF6] (Fig. 6).23


Fig. 6 X-Ray crystal structure of [rac-4·H][PF6]. Ellipsoids represent the
40% probability level. The PF6


− anion was removed for clarity.


In this structure, one can observe that the heterohelicene stopper
has lost the C2-symmetry of cation 1 and adopts a rigid skeleton
containing two different domains. One domain is an essentially
planar region constituted by a sequence of three 6-membered
rings—with the middle heterocycle containing a sp2-hybridized
nitrogen atom (N2). The other domain is a methoxy-substituted
phenyl group bent out of the major plane by the presence of the
sp3–hybridized central carbon and the intrinsic intramolecular
repulsion between the oxygen atoms of the MeO substituents
(dO1–O2 2.809(3) Å); the other nitrogen atom (N1, Fig. 6) exhibiting
a deformed sp2 hybridization. Consequently, stereocontrol by this
moiety ought to come from this bent domain and not from the
extended “flat” portion of the molecule.


Unfortunately, as seen on the crystallographic structure, the
heteroalkyl chain (CH2CH2N+H2CH2Ph) attached to the central
carbon atom extends itself in a direction opposite to the chiral
groove of the molecule. It is then understandable that the threading


Fig. 5 Inherently chiral diastereomeric rotaxanes.
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of the oriented ring 5 is insensitive to the presence of the chiral
stopper as the direct proximity to the “planar” domain of the
helicene provides no handle for stereoselective discriminating
interactions.


Further information can be drawn from the X-ray crystallo-
graphic structure. In the solid state, the flexible heteroalkyl chain
is bent rather than linear. Its wrapping towards the helicene side
of the molecule is however not sufficient to allow p–p interactions
between the phenyl moiety and the aromatic groups of helicene
counter-part. If this conformation is preferred in solution—
something for which we have no evidence—it would be a further
reason for the less efficient threading of 3 or 5 onto salts [4·H][PF6].


Hydrogen bonding interactions between the fluorine atoms of
the PF6


− counter ion and the hydrogen atoms of the ammonium
group were also observed in the solid state. It is more than likely
that these interactions also occur in chloroform; this low polarity
solvent maximizing electrostatic interactions in solution.


Ion pairing influence


In chloroform, salts tend also to form contact (intimate) ion
pairs.24 Recently, several studies have demonstrated the im-
portance of ion pairing in processes between two molecular
components where either one of them or both are charged.
The nature of the negative counter ion was shown to strongly
influence the behavior of the host–guest systems; anions with
well dispersed negative charges leading in low polarity media to
stronger complexes.25 Previously, we and others have shown that
the tris(tetrachlorocatecholato)phosphate(V) anion,26 abbreviated
TRISPHAT (Fig. 7), can exhibit such a behavior.27 Its association
with ammonium cation 4·H was thus considered as a stronger
association between the ammonium ion and ring 5 might possibly
result in a better chiral discrimination.


Fig. 7 TRISPHAT anion.


Salt [(M)-4·H][PF6] was dissolved in a 1:1 mixture
of dichloromethane and acetone in presence of salt
[Et2NH2


+][TRISPHAT] (1.2 equiv.). After elution over silica gel,
pure [(M)-4·H][TRISPHAT] salt was isolated as the only eluting
species (CH2Cl2 as mobile phase, 56% yield).28 The chemical
integrity of the salt was confirmed by various techniques including
1H-NMR and ES-MS. 31P-NMR spectroscopy indicated the
disappearance of the septuplet signal of PF6


− anion and the
presence of two singlet signals for the TRISPHAT anion (d −81.9;
−82.0 ppm). The doubling of the signal of the hexacoordinated
phosphate anion is induced by the enantiopure cation 4·H acting
as an NMR chiral solvating agent.29


Threading of salt [(M)-4·H][TRISPHAT] was performed with
both rings 3 and 5. No value can be reported for the making
of 3⊃[(M)-4·H][TRISPHAT] as the methoxy signals of the free
and complexed salts overlapped. With 5, a value could be
measured and a significant increase in Ka (2070 M−1) was noted
for complex 5⊃[(M)-4·H][TRISPHAT] over 5⊃[(M)-4·H][PF6] (×
∼7.3, Table 1 and Fig. 8). The weaker ion pairing of the ammonium
cation 4·H to TRISPHAT obviously favors the threading of ring
5 while the better-coordinating PF6 inhibits the pseudorotaxane
formation by competing more strongly for the ammonium ion.27


The MeO signal of one diastereomeric complex seems to be slightly
predominant over the other, as shown by a deconvolution of
the signals (54 : 46; de ∼8%); the difference being however not
sufficient to claim any decisive stereoselectivity.


Fig. 8 1H and 19F NMR spectra (parts, 500 and 470 MHz) of [(M)-4·H]
ammonium salts + 5: PF6 (top) and TRISPHAT (bottom) salts.


Conclusion


A secondary ammonium thread containing as chiral stopper a
heterohelicene moiety was synthesized in racemic and enantiopure
form (M and P). Its interaction with aryl-substituted oriented
macrocycle DB24C8F6-prepared in two steps from commercial
DB24C8-led to the formation of two inherently chiral diastere-
omeric rotaxanes as shown by 1H and 19F NMR spectra. Although
only a low diastereomeric excess resulted from the interaction
between ring and thread (de ≤ 8%), an interesting ion pairing
effect was noticed as TRISPHAT counter ion afforded a much
better supramolecular association between the ammonium salt
and the disymetrical crown ether than its PF6 analog.


Experimental


General remarks


Solvents and chemicals were used without purification unless
otherwise indicated. Salt [1][BF4] was prepared according to the
reported procedure.12 NMR spectra were recorded on Bruker
AMX-500 at room temperature. 1H-NMR: chemical shifts are
given in ppm relative to Me4Si with the solvent resonance used as
the internal standard. 13C-NMR (125 MHz): chemical shifts were
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given in ppm relative to Me4Si, with the solvent resonance used as
the internal standard (CD3CN d 117.8 ppm). Data were reported
as follows: chemical shift (d) in ppm on the d scale, multiplicity
(s = singlet, d = doublet, t = triplet and m = multiplet), coupling
constant (Hz), and integration. IR spectra were recorded with a
Perkin-Elmer 1650 FT-IR spectrometer using a diamond ATR
Golden Gate sampling. Melting points (Mp) were measured in
open capillary tubes on a Stuart Scientific SMP3 melting point
apparatus and were uncorrected. Optical rotations were measured
on a JASCO P-1030 polarimeter in a thermostated (20 ◦C) 10.0 cm
long microcell with high pressure lamps of sodium and mercury
and are reported as follows: aT


k (c (g/100 ml), solvent). Circular
dichroism spectra were recorded on a JASCO J-715 polarimeter in
a 1.0 cm quartz cell; k are given in nm and molar circular dichroic
absorptions (De in cm2 mmol−1). Electrospray mass spectra (ES-
MS) were obtained on a Finnigan SSQ 7000 spectrometer by the
Department of Mass Spectroscopy of the University of Geneva.
Accurate mass measurements were performed on an quadrupole
time of flight instrument (QStar XL, AB/MDS Sciex, Concord,
Ontario, Canada) using electrospray positive mode ionization. The
analytes were infused at typically 5–10 ll min−1 using an Haward
syringe pump. The instrument was optimized in such a way that
up-front collision induced dissociation was minimized and the
resolution was of about 10 000.


Salts [4·H][PF6]


In a typical procedure, salt [1][BF4] (0.150 g, 0.3 mmol) was
dissolved in degassed acetonitrile (5 ml). To this dark green
solution was added a large excess of NaH (120 mg). The reaction
mixture was stirred at room temperature until a colorless solution
was obtained (4 h). Then, the mixture was carefully poured into
cold water (0 ◦C, 20 ml) and dichloromethane was added (30 ml).
The organic layer was extracted, dried (Na2SO4), and concentrated
in vacuo to give an oily liquid. After dissolution in a small amount
of Et2O (∼3 ml), selective precipitation was effected by addition of
pentane to give a white solid (2) which was collected by filtration.
In a 50 ml two-necked round bottom flask, under an atmosphere
of dinitrogen, intermediate 2 dissolved in dry and degassed Et2O
(20 ml). LiAlH4 (110 mg, 2.9 mmol) was then added as a solid
and the resulting mixture stirred overnight at room temperature.
Excess lithium aluminium hydride was destroyed by carefully
pouring the mixture into cold ethanol (0 ◦C, 20 ml). After a slow
addition of water (50 ml), the aqueous solution was extracted
with dichloromethane (3 × 40 ml) and the combined organic
layers were concentrated in vacuo to give white solid (6). To a
solution of 6 in dichloromethane (2.5 ml) were added successively
benzylamine (30 ll, 0.3 mmol) and MgSO4 (0.5 g). The reaction
mixture was stirred overnight at room temperature, and the solid
removed by filtration. The resulting solution was concentrated in
vacuo and directly engaged to the next step. The obtained solid
was dissolved in hot MeOH (10 ml). NaBH4 (22.1 mg, 0.6 mmol)
was added portion-wise and the resulting solution heated at reflux
for 14 h. The reaction was allowed to cool to room temperature
and concentrated in vacuo. The resulting product (4) was triturated
in dichloromethane (20 ml). The organic layer was washed with
water and then concentrated in vacuo. Salt formation was effected
by dissolution of compound 4 in acetone, and addition of an
aqueous solution of HPF6 (4 ml, 0.15 mol l−1). After stirring for


90 min, dichloromethane was added (20 ml), and the resulting
fraction was washed with water (3 × 5 ml). The organic layer
was dried (Na2SO4) and concentrated in vacuo. Purification by
chromatography (SiO2, 25 × 1.5 cm, CH2Cl2–MeOH 99 : 1) then
afforded a white solid. The overall yield for the five consecutives
steps fluctuated from 8 to 29%: 1H NMR (CDCl3, 500 MHz) d
7.39 (t, J = 7.4 Hz, 1H), 7.33 (t, J = 7.4 Hz, 2H), 7.20 (t, J =
8.4 Hz, 1H), 7.10 (t, J = 8.2 Hz, 1H), 7.04 (m, 3H), 6.78 (d, J =
7.7 Hz, 2H), 6.59 (d, J = 8.2 Hz, 1H), 6.48 (d, J = 8.2 Hz, 2H),
6.45 (d, J = 8.2 Hz, 1H), 6.39 (d, J = 8.2 Hz, 1H), 4.05–3.85 (m,
2H), 3.78 (s, 2H), 3.71 (s, 3H), 3.65–3.50 (m, 2H), 3.28 (s, 3H),
2.78–2.69 (m, 3H), 2.53–2.49 (m, 1H), 1.97–1.89 (m, 2H), 1.71–
1.66 (m, 2H), 1.07 (t, J = 7.2 Hz, 3H), 1.02 (t, J = 7.4 Hz, 3H). 13C
NMR (CDCl3, 125 MHz) d 160.4 (C), 157.4 (C), 142.7 (C), 142.0
(C), 140.0 (C), 138.0 (C), 130.0 (CH), 129.5 (CH), 129.3 (CH),
129.1 (CH), 127.4 (CH), 126.2 (CH), 107.7 (CH), 106.1 (CH),
105.9 (CH), 105.8 (CH), 105.6 (CH), 104.6 (CH), 102.2 (CH),
56.0 (CH3), 55.0 (CH3), 52.6 (CH2), 48.7 (CH2), 48.4 (CH2), 47.3
(CH2), 39.4 (CH2), 19.9 (CH3), 19.9 (CH3). 31P NMR (CDCl3, 202
MHz) d 145.6 (m). IR 3224, 2963, 1585, 1475, 1457, 1382, 1231,
1169, 1132, 1059, 831, 733, 700. ES-MS (m/z) positive mode 549,
441, 415, 370. Mp 100 ◦C. UV–vis (CH2Cl2, 3.8 10−5 M) kmax e 286
(15670), 312 (16270), 325 (14570).


[(M)-4·H][PF6]


[a]20
D = − 500 (c = 0.05, CH2Cl2). CD (CH2Cl2, 3.8.10−5 M, 20 ◦C)


k (De) 328 (−35.2), 280 (−16.8), 247 (−17.9). Mp 101 ◦C.


[(P)-4·H][PF6]


[a]20
D = + 560 (c = 0.05, CH2Cl2). CD (CH2Cl2, 3.8.10−5 M, 20 ◦C)


k (De) 328 (39.5), 281 (19.7), 247 (19.4). Mp 103 ◦C.


4-Bromo-dibenzo-24-crown-8, DB24C8Br (7)


Under an inert atmosphere of dinitrogen, dibenzo-24-crown-8
(0.800 g, 1.78 mmol) and anhydrous NaBr (0.182 g, 1.78 mmol)
were suspended in dry acetonitrile (35 ml). To this mixture, a
solution of ceric ammonium nitrate (1.173 g, 2.14 mmol) in dry
acetonitrile (15 ml) was added dropwise over 15 min. The reaction
was stirred at room temperature for 30 min, then quenched
with H2O (50 ml) and extracted with Et2O (3 × 80 ml). The
combined organic extracts were washed with H2O (2 × 50 ml),
dried (Na2SO4) and the solvent was removed under reduced
pressure. The monobromated product was separated from the
starting materials and the dibromated adduct by repeated silica
gel column chromatography (CH2Cl2–MeOH 49 : 1). The title
compound DB24C8Br was afforded as a white solid (0.366 g, 39%).
1H NMR (400 MHz, CDCl3) d 6.99 (dd, J = 8.4, 2.3 Hz, 1H), 6.96
(d, J = 2.3 Hz, 1H), 6.91–9.83 (m, 4H), 6.71 (d, J = 8.5 Hz, 1H),
4.14 (t, J = 4.4 Hz, 8H), 4.12–4.08 (m, 8H), 3.93–3.87 (m, 8H),
3.84–3.78 (m, 8H).13C NMR (100.6 MHz, CDCl3) d 149.7, 148.9,
148.1, 123.9, 121.4, 117.1, 115.2, 114.0, 113.2, 71.3 (m), 69.9, 69.8,
69.7, 69,6, 69.5, 69.4. IR 2930.4, 2868.1, 1591.2, 1502.1, 1449.0,
1401.4, 1355.9, 1245.0, 1217.9, 1123.7, 1101.6, 1050.9, 1032.1,
958.6, 922.1, 831.0, 796.5, 739.3, 642.7. EI-MS (m/z) 526/528,
216/214, 201/199, 163, 137, 136 (100%), 121, 110, 109, 108. Mp
98 ◦C.
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4-(3,5-Bis(trifluoromethyl-)benzene-)dibenzo-24-crown-8,
DB24C8F6 (5)


The following solutions were prepared under inert conditions
and purged by bubbling dinitrogen for 15 minutes: DB24C8Br
(0.300 g, 0.569 mmol) in toluene (60 ml), 3,5-bis(trifluoromethyl-
)benzeneboronic acid (0.367 g, 1.42 mmol) in methanol (18 ml),
and aqueous Na2CO3 (30 ml, 2M). To the solution of DB24C8Br,
catalytic Pd(PPh3)4 (45 mg, 39 lmol, 7 mol%) was added, and
the other two solutions were added by canulation. The reaction
mixture was stirred at 80 ◦C for 48 h under a dinitrogen flow and
the composition was monitored by NMR (aliquots). Two further
catalyst additions were necessary during the reaction (2 × 7 mol%)
to bring the reaction to completion. After a quench with water
(50 ml), the crude product was extracted with Et2O (3 × 80 ml)
and the organic phase washed with water (50 ml), Na2CO3 (aq)


(0.1M, 2 × 50 ml) and H2O (50 ml). The solution was then
dried (Na2SO4) and the solvent removed under reduced pressure.
Purification was performed by silica gel column chromatography
(CH2Cl2–MeOH 49 : 1), followed by two selective precipitations
in CDCl3–pentane. The title compound DB24C8F6 was obtained
as a white solid (0.236 g, 63%). 1H NMR (400 MHz, CDCl3) d
7.93 (s, 2H), 7.79 (s, 1H), 7.14 (dd, J = 8.5, 2.0 Hz, 1H), 7.09 (d,
J = 2.0 Hz, 1H), 6.96 (d, J = 8.4, 1H), 6.91–6.84 (m, 4H), 4.25 (t,
J = 4.1 Hz, 2H), 4.21 (t, J = 4.3 Hz, 2H), 4.15 (m, 4H), 3.98–3.89
(m, 8H), 3.85 (s, 8H). 13C NMR (100.6 MHz, CDCl3) d 149.9,
149.4, 148.9, 143.0, 132.2, 131.9, 131.4, 126.8, 121.5, 120.5, 114.0,
113.2, 71.4, 71.4, 71.3, 70.0, 69.9, 69.9, 69.8, 69.5 69.4, 69.3. 19F
NMR (470.6 MHz, CDCl3) d −63.57. IR 2876.3, 1592.2, 1504.7,
1450.0, 1401.9, 1380.9, 1356.0, 1329.2, 1273.7, 1252.1, 1218.0,
1123.4, 1103.6, 1052.1, 959.8, 921.8, 843.4, 831.0, 810.9, 796.6,
779.0, 741.7. EI-MS (m/z) 661, 660, 349, 348, 333, 321, 137, 136,
121, 109, 80, 73, 71, 45. Mp 120 ◦C.


Salt [(M)-4·H][rac-TRISPHAT]


Salts [(M)-4·H][PF6] (7 mg, 0.01 mmol) and [Et2NH2][rac-
TRISPHAT] (10.2 mg, 0.12 mmol) were dissolved in CH2Cl2–
acetone (1 : 1, 1.5 ml). The reaction mixture was stirred for
30 min at room temperature and the solvent was removed under
reduced pressure. Column chromatography (SiO2, 13.5 × 1.2,
CH2Cl2) afforded a single eluted fraction, which was concentrated
under reduced pressure to give salt [(M)-4·H][rac-TRISPHAT] as
a solid (7.5 mg, 56%): Rf (SiO2, CH2Cl2) 0.27. 1H NMR (CDCl3,
500 MHz) d 7.31 (m, 2H), 7.16–7.10 (m, 4H), 6.91 (d, J = 7.1 Hz,
2H), 6.71 (d, J = 8.05 Hz, 1H), 6.59 (d, J = 8.2 Hz, 1H), 6.55 (d,
J = 8.3 Hz, 1H), 6.49 (d, J = 7.9 Hz, 2H), 6.45 (d, J = 8.2 Hz, 2H),
4.10 (s, 2H), 3.90–3.50 (m, 8H), 3.26 (s, 3H) 2.94–2.72 (m, 3H),
2.51–2.45 (m, 1H), 1.80–1.65 (m, 4H), 1.01 (t, J = 7.4 Hz, 3H),
0.94 (t, J = 7.4 Hz, 3H). 13C NMR (CDCl3, 125 MHz) d 160.5
(C), 157.3 (C),142.6 (C), 142.0 (C), 141.0 (C), 140.9 (C),140.9 (C),
140.8 (C), 140.1 (C), 138.1 (C), 130.2 (CH), 129.6 (CH), 129.1
(CH), 129.1 (CH), 127.6 (CH), 126.5 (CH), 123.4 (C), 123.3 (C),
116.1 (C), 114.2 (C), 114.1 (C), 114.0 (C), 110.4 (C), 109.8 (C),
107.5 (CH), 106.5 (CH), 105.9 (CH), 105.8 (CH), 104.8 (CH),
102.2 (CH), 56.2 (CH3), 55.1 (CH3), 52.0 (CH2), 48.4 (CH2), 48.3
(CH2), 46.6 (CH2), 39.3 (CH2), 30.2 (CH2), 29.6 (CH2), 19.9 (CH2),
19.8 (CH2), 11.5 (CH3), 10.9 (CH3). 31P NMR (CDCl3, 202 MHz)
d − 81.8 (s), −81.9 (s). IR 2962, 2925, 1586, 1445, 1389, 1259,


1235, 1009, 989, 817, 718, 670. Mp 117 ◦C. [a]D = − 240 (c =
0.05, CH2Cl2). UV–vis (CH2Cl2, 4.8 10−5 M) kmax e 328 (15000),
300 (26000). CD (CH2Cl2, 4.8.10−5 M, 20 ◦C) k (De) 329 (−34.6),
282 (−23.1), 247 (−22.6). ES-MS (m/z) positive mode 548, 415,
414, 370, negative mode 768.8.
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and B. Fuchs, Synthesis, 1999, 849; T. Schmidt, R. Schmieder, W. M.
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The synthesis, structure, and optical spectroscopy of hairpin oligonucleotide conjugates possessing
synthetic stilbene C-nucleosides (stilbenosides) are reported. Synthetic methods for selective
preparation of both the a- and b-stilbenosides have been developed. Both anomers are effective in
stabilizing hairpin structures when used as capping groups at the open end of the hairpin base-pair
domain. However, only the b-anomer effectively stabilizes the hairpin structure when located in the
interior of the base-pair domain opposite an abasic site. Similar results are obtained for hairpins
possessing two stilbenosides, either adjacent to each other or with one intervening base-pair. Molecular
dynamics simulations are employed to obtain averaged structures for these conjugates. The calculated
structures for the capped hairpins formed with either anomer show effective p-stacking with the
adjacent base-pair. The calculated structures for the internal stilbenosides show that the a- and
b-anomers form extrahelical and intrahelical structures, respectively. The relative orientations of the
two stilbenes in the bis-stilbenosides have been studied using a combination of exciton-coupled circular
dichroism spectroscopy and molecular modeling.


Introduction


Aromatic p–p interactions are an important contributing factor to
the stabilization of duplex DNA.1 The aromatic stacking abilities
of synthetic b-nucleosides possessing non-natural aromatic bases
have been extensively investigated by Kool and co-workers.2 They
report that the stability of self-complementary duplexes possessing
dangling synthetic b-nucleosides increases as the surface area of
the adjacent base-pair covered by the arene increases (benzene <


naphthalene < phenanthrene < pyrene).3 These workers also
investigated the thermal stability of duplexes possessing the b-
pyrenoside b-Py opposite an abasic site X (Chart 1) within the
interior of a 12-mer duplex.4,5 These duplexes proved to be slightly
more stable than a reference duplex lacking this base-pair, but less
stable than a duplex possessing an A:T base-pair in place of the
b-Py–X base-pair surrogate.


The dimensions of the conjugated aromatic trans-stilbene
provide an excellent match for those of the purine–pyrimidine
base-pairs. Thus stilbene nucleosides (stilbenosides) might serve as
effective base-pair surrogates and also serve as intrinsic fluorescent
probes of the duplex interior. We and others have reported that the
stilbenedicarboxamide Sa (Chart 1) and other stilbene derivatives
can serve as capping groups for duplexes and hairpins and as
hairpin linkers in a variety of oligonucleotide conjugates.6–10 In
the conjugates investigated to date, the stilbene is attached to the
oligonucleotide by means of short, flexible tethers. This permits the
stilbene to be positioned at the end of a duplex base-pair domain,
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Chart 1


but not in the interior. Synthetic nucleosides can be positioned
either at the end or within the interior of the base-pair domain.
The synthesis of the a-anomer of a stilbene C-nucleoside linked at
the stilbene para position has been reported by Strässler et al.;11


however it has not been incorporated into an oligonucleotide
conjugate. Neither has a comparative study of aromatic a- vs.
b-C-nucleosides been reported.


Molecular modeling of the isomeric stilbenosides suggested that
the meta isomers might provide more complete coverage of the
adjacent base-pairs without deformation of the sugar–phosphate
backbone of B-DNA than would the para isomers. Thus we have
undertaken the synthesis of the anomeric stilbenosides a-St and b-
St (Chart 1) and several hairpin-forming conjugates in which one
or two stilbenosides are located either at the end or opposite an
abasic site within the interior of a short base-pair duplex domain
(Chart 2). We report here the results of our investigation of the
synthesis, structure, and optical spectroscopy of these conjugates.
Both stilbenoside anomers can function as capping groups but
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Chart 2


only the b-anomer forms stable conjugates with an intrahelical
stilbenoside structure. Studies of the hairpin thermodynamic
stability indicate that the b-St nucleoside is comparable to b-Py in
its ability to stabilize duplex structures either as a dangling end-
capping nucleoside or opposite an abasic site within the duplex
interior. The strong electronic transition dipoles of the stilbene
chromophores permits the study of the relative orientation of
two intrahelical stilbenes using a combination of exciton-coupled
circular dichroism spectroscopy and molecular modeling.12


Results


Synthesis of the stilbenosides and oligonucleotide conjugates


The stilbene C-nucleosides a-St and b-St were prepared as
outlined in Schemes 1 and 2, respectively. The key step in
Scheme 1 is the cadmium-mediated reaction of the Grignard
derivative of m-bromostilbene with Hoffer’s chlorosugar 10.11,13,14


This reaction provides 11 as a 5 : 1 mixture of the a- and b-
anomers. The key step in Scheme 2 is coupling of lactone 13
with m-bromostilbene, which affords 14 as a 1 : 9 mixture of
a- and b-anomers.14,15 Separation of the anomers and removal
of the protecting groups provide the C-nucleosides a-St and
b-St, which are converted to their 5′-dimethoxytrityl (DMT)
derivatives 12 and 15 upon reaction with 4,4′-dimethoxytrityl
chloride in the presence of diisopropylethylamine. The stable
DMT derivatives were converted to their activated derivatives


Scheme 1 Reagents and conditions: (a) m-bromostilbene, Mg, CdCl2, 70%;
(b) NaOMe, MeOH, 83%; (c) DMT-Cl, py, DIPEA, 88%.


Scheme 2 Reagents and conditions: (a) m-bromostilbene, n-BuLi, THF
−78 ◦C, 42%; (b) TBAF, THF, 79%; (c) DMT-Cl, py, DIPEA, 88%.


by reaction with 2-cyanoethyl diisopropylchlorophosphoramidite
prior to conjugate syntheses. The preparation of trans-N,N ′-bis(3-
hydroxypropyl)stilbene-4,4′-dicarboxamide (Sa) and conversion
to its monoprotected, mono-activated diol by sequential reaction
with 4,4′-dimethoxytrityl chloride and with 2-cyanoethyl diiso-
propylchlorophosphoramidite have been described previously.6


Oligonucleotide conjugates were prepared by means of con-
ventional phosphoramidite chemistry following the procedure of
Letsinger and Wu.6 Base sequences in which complementary 5′-
and 3′-ends are connected either to the base sequence 5′-ACC or
to the stilbenedicarboxamide linker Sa are known to form stable
mini-hairpins.9,16 The reference hairpins 1, 4, and 6 employed in
this investigation have short stems consisting of 3 or 5 A:T base-
pairs with a single G:C base-pair adjacent to the ACC loops
of 1 and 6. The use of hairpin rather than duplex structures
permits study of short, stable base-pair domains. The hairpins are
thermodynamically more stable than the corresponding duplexes.9


A single stilbenoside has been introduced into the hairpin struc-
tures as a dangling base (2a,b and 5a,b) and into the interior
of the hairpin stem opposite an abasic site (3b and 7a,b). Two
stilbenosides have been introduced opposite abasic sites in the
interior of the poly(dT) strand of hairpin structure 6, both in
adjacent positions (8a,b) and with an intervening dT base (9a,b).


UV and fluorescence spectra


The normalized UV absorption spectra of 15, the DMT derivative
of nucleoside b-St and the conjugates 2b and 7b are shown in
Fig. 1. The long-wavelength band is assigned to the allowed
p,p* transition of stilbene. This band is slightly red-shifted in the
conjugates vs. the stilbenoside 15. The 260 nm band is assigned
to the overlapping absorption of the nucleobases and the weaker
stilbene absorption. The UV spectral band shapes of conjugates
possessing the a- vs. b-stilbenosides are indistinguishable, as
are the spectra of conjugates possessing two stilbenosides. The
260/315 nm absorbance ratio is proportional to the ratio of the
number of base-pairs to stilbenes within the conjugate structure.


Thermal dissociation profiles for the hairpins in Chart 2 were
determined at several wavelengths using a Peltier temperature
controller to provide a heating rate of 0.5 ◦C min−1. Hyper-
chromism is observed for the 260 nm bands of all of the conjugates.
Hyperchromism is also observed for the 315 nm bands, in contrast
to the hypochromism observed for Sa-linked hairpins.17 First
derivatives of the profiles obtained at 260 nm provide melting
temperatures which are reported in Table 1. Similar values of
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Fig. 1 UV spectra b-St (as its mono-DMT derivative 15 in acetonitrile)
and conjugates 2b and 7b (5 lM in standard buffer).


Table 1 Melting temperature for reference conjugates and conjugates
possessing one or two stilbenosidesa


Hairpin Tm/◦C DTm/◦C


1b 36 —
2a 48 12
2b 59 23
3b 33 −3
4b 64 —
5a 54 (br) −10
5b 64 0
6 50 —
7a 47 −3
7b 53 3
8a 46 −4
8b 54 4
9a 46 −4
9b 54 4


a Data for 5 lM solutions (0.1 M NaCl, 10 mM phosphate buffer, pH 7.2)
obtained with a heating rate of 0.5 ◦C min−1. b Data from ref. 9.


Tm were obtained from 280 nm profiles. In some cases, as noted
in Table 1, broad melting transitions and first derivatives were
observed.


The fluorescence spectra of the DMT derivative 15 in acetoni-
trile solution and several conjugates in aqueous buffer are shown
in Fig. 2. The vibronic structure observed for 15 is similar to that
of trans-stilbene, as is its fluorescence quantum yield (U f = 0.10
vs. 0.05 for stilbene).18 The fluorescence of the conjugates is much
weaker than that of 15. In the case of conjugate 3b, in which the
stilbene is located adjacent to a G:C base-pair, a long-wavelength
band with a maximum near 450 nm is observed in addition to the
quenched monomer band (Fig. 2). The fluorescence intensity for
7a is approximately twice as large as that of 7b.


The stilbenoside conjugates are sensitive to ultraviolet light.
Continuous 300 nm irradiation of 7b results in rapid and complete
disappearance of its 330 nm absorption band, indicative of loss
of stilbene conjugation, rather than trans,cis photoisomerization.
HPLC analysis of the irradiated solutions showed the formation
of a complex mixture of products, discouraging attempted product
isolation and identification.


Fig. 2 Fluorescence spectra of b-St (as its mono-DMT derivative 15 in
acetonitrile) and conjugates 2b, 3b, and 7b (5 lM in standard buffer).


Circular dichroism spectra


The circular dichroism (CD) spectra of conjugates 2a,b are shown
in Fig. 3a. Similar CD spectra were obtained for 3b and 7a,b (data
not shown). The bands in the 200–300 nm spectral region are
attributed to exciton coupling between the adjacent base-pairs,
and are similar to those of the mini-hairpins 1 and 6.19 Weak
negative bands are observed in the 300–340 nm spectral region of
2a,b. The CD spectra of conjugates 5a,b, 8a,b, and 9a,b are shown
in Fig. 3b,c. Their spectra in the base-pair region (200–300 nm)
are similar to those of the mini-hairpins 1 and 6. In addition, they


Fig. 3 CD spectra of (a) conjugates 2a and 2b, (b) conjugates 5a and 5b
(matched absorbance at 327.5 nm), and (c) conjugates 8a, 8b, 9a, and 9b
(matched absorbance at 316 nm) all in standard buffer.
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Fig. 4 Perspective view of the structures obtained from molecular dynamics simulations (loop regions omitted) viewed from the side and from the
stilbene end for 2a (a and b) and 2b (c and d). Stilbenosides are bold. The twist angles between the stilbene and base-pair long axes are −9 ± 16◦ for 2a
and 38 ± 6◦ for 2b.


have bands in the 300–350 nm spectral region which are more
intense than those of 2a,b and differ in both sign and intensity.


Molecular dynamics simulations


Geometries for the DNA duplex domains of 2a,b, 7a,b, 8a,b,
and 9a,b calculated using the AMBER force field by adopting
the canonical A6T6 B-form DNA structure for their base-pair
domains.20 Similar methods as described in previous work were
used to calculated the charge parameters of the stilbenoside
residues and to equilibrate the simulation systems.9 The Amber
7.0 program suite was used to run molecular dynamics simulations
in the explicit water solution.21 The total simulation time for
each conjugate structure was 4.0 ns with a time step length of
2 fs. The resulting structures represent local minima arrived at
from idealized B-DNA input structures. The twist angle and
distance between stilbenes and neighboring DNA base-pairs were
calculated by fitting the trajectories using Curves 5.2.22


Averaged structures obtained from multiple MD snapshots
for 2a,b are shown in Fig. 4. In both structures, the stilbene is
approximately parallel to the adjacent base-pairs with p-stacking
distances of 3.2 ± 0.8 Å and 3.4 ± 0.4 Å for 2a and 2b, respectively.
The calculated structure for 2b has a normal helical pitch of 38 ±
6◦ between the long axes of stilbene and the adjacent base-pair.
However, the twist angle for 2a is −9 ± 16◦, a negative twist being
necessary to provide an extent of p-stacking similar to that for 2b.


Averaged structures for 7a,b are shown in Fig. 5. Both structures
display significant perturbation of B-DNA geometry. This is most


pronounced for 7a, in which the stilbene is extrahelical. The
stilbene in 7b has a smaller base-stacking distance (3.4 ± 0.4 Å
vs. 4.2 ± 0.4 Å) and also a smaller twist angle (11 ± 5◦ vs. 56 ±
6◦) in the 3′T vs. 5′T direction. As is the case for 7a and 7b,
the calculated structures for 8a and 9a have extrahelical stilbenes
(structures not shown), whereas the calculated structures for 8b
and 9b have intrahelical stilbenes (see ESI†). The dihedral angles
between stilbenes in 8a and 8b are relatively small (−18 ± 13◦


and 1 ± 8◦, respectively), when compared to the dihedral angles
between stilbenes in 9a and 9b (77 ± 10◦ and 52 ± 8◦, respectively).
The rise and helical pitch for 8b and 9b are larger in the 5′- vs. 3′-
direction, as is the case for 7b. The p-stacking distance between
stilbenes in 8b is 3.8 ± 0.5 Å.


Discussion


Capping stilbenosides


The addition of a stilbenoside to the mini-hairpin 1 as a dangling
base results in a marked increase in hairpin stability for both
2a and 2b. The increase in Tm for 2b is approximately twice
as large as that for 2a (Table 1). Similarly, the value of Tm for
5b is the same as that for the capped hairpin 4, which has a
singly tethered Sa end-cap, whereas the Tm for 5a is 10◦ lower.
Increased thermodynamic stability has previously been observed
for hairpin structures possessing hydrophobic stilbene capping
groups.8–10 The value of DTm for a derivative of 1 possessing a Sa
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Fig. 5 Averaged truncated structures (loop regions omitted) for (a) 7a and (b) 7b (dashed line shows center of base-pairs) obtained from molecular
dynamics simulations. Stilbenosides are bold.


linker attached to the 5′-terminus of 1 via a flexible linker is 18 ◦C,
intermediate between the values for 2a and 2b.8,9 The presence
of an Sa capping group in hairpin 4 also results in a significant
increase in Tm. Kool and co-workers have investigated the ther-
modynamics of melting for self-complementary duplexes having a
dangling synthetic b-nucleosides possessing aromatic hydrocarbon
hydrophobic groups, the most effective of which is b-Py (Chart 1,
DTm = 23.1 ◦C for 5 lM duplex in 1.0 M NaCl).3 Dogan et al.
report a similar value of DTm for a self-complementary duplex
with a 5′-tethered stilbene.10 Both the pyrenoside and the tethered
stilbene duplexes have two hydrophobic aromatic capping groups,
whereas 2b has a single capping group. Thus the unsubstituted
stilbene ring of 2b appears to have a hydrophobic capping effect
on duplex stability comparable to or greater than those of Kool’s
b-Py or Dogan’s stilbene.


The CD spectra of 2a,b and 5a,b in the base-pair region (200–
300 nm, Fig. 3a,b) are similar to those of 1 and 4, and presumably
are dominated by the short A3:T3 base-pair domains (A-tracts).
Molecular modeling (Fig. 4) suggests that 2b adopts a more
“normal” B-DNA capping geometry with a rise of 3.4 Å and a
helical pitch of 38◦ between the stilbene long axis and the adjacent
A:T base-pair. In comparison, 2a adopts a smaller helical pitch
of −9◦, presumably in order to achieve optimal stilbene–base-pair
overlap.


Internal stilbenosides


The presence of a stilbenoside opposite an abasic site in the
interior of the base-pair stem of the mini-hairpin 3b results in a
small decrease in thermal stability when compared to 1 (Table 1).
Comparison of the Tm values for 7a,b with those for 6 indicates
that 7b is slightly more stable and 7a is slightly less stable. Kool
and co-workers observed a similar increase in Tm for duplexes
possessing b-Py opposite an abasic site.4,5 The CD spectra of 3b
and 7a,b in the base-pair region is similar to those of 1 or 6, and
presumably is dominated by the short A-tracts.


The effect of an abasic site on the structure and stability of
duplex DNA has been extensively investigated.23,24 Duplexes in
which a purine nucleobase is located opposite the abasic site
are generally more stable than those with a pyrimidine opposite
the abasic site; however both apurinic and apyrimidinic duplexes
adopt B-DNA geometries with intrahelical bases.24 The presence
of a single a-dA nucleoside opposite dT in a 9-mer duplex causes
only a small decrease in duplex stability (DDG◦ = 0.2 kcal mol−1)
when compared to a normal b-dA–dT base-pair.25 Molecular
modeling indicates that the a-dA–dT base-pair has an intrahelical
base-paired structure. The inability of the a-St–X base-pair to form
a hydrogen-bonded structure may account for the extrahelical
location of the stilbene in 7a predicted by molecular modeling
(Fig. 5a). In the case of 7b, the increase in base-stacking of the
intrahelical stilbene may be limited by the poor overlap with the
base-pair in the 5′T direction, as predicted by molecular modeling
(Fig. 5b).


Two internal stilbenosides


Incorporation of a second stilbenoside into the hairpin structure 6
causes little additional change in the Tm values of 8a,b or 9a,b when
compared to 7a,b (Table 1). Their base-pair CD spectra (Fig. 3c)
are similar to those of 2a,b (Fig. 3a), indicating that the short A-
tract base-pair domains separating the hairpin loop and proximal
stilbene remain largely intact. Matray and Kool prepared a duplex
having two b-Py–X base-pairs separated by two intervening G:C
base-pairs.4 They report an abnormal thermal dissociation profile
with a high apparent Tm, but a CD spectrum characteristic of
B-DNA.


The calculated structures of 8a and 9a (not shown) are highly
disordered with extrahelical stilbenes. The calculated structures of
8b and 9b both have intrahelical stilbenes with distorted base-
paired geometries in the region of the two stilbenosides (see
ESI†). The two stilbenes in 8b have a slipped parallel relationship
in which the stilbene long axes are aligned with a p-stacking
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distance of 3.8 ± 0.5 Å. The slipped geometry reduces electron–
electron repulsion and is commonly observed for pairs of aromatic
molecules.26 The two stilbenes in 9b have a parallel geometry with
a dihedral angle of 52 ± 8◦, somewhat smaller than the value
for two 36◦ steps in B-DNA. The calculated stilbene–stilbene
dihedral angles are consistent with the EC-CD spectra (vide infra).
However, it should be borne in mind that the calculated structures
represent local minima and may not accurately reflect the solution
structure of these conjugates.


Electronic interactions


Small red-shifts are observed in the long wavelength region of
the absorption spectra for conjugates 2a,b, 3b, and 7a,b when
compared to the spectra of the mono-DMT derivative of b-St
(Fig. 1). We have attributed similar UV spectral shifts for Sa-linked
hairpins and capped hairpins to weak electronic interactions
between the stilbene chromophore and adjacent base-pair.8,9,17


The weak long-wavelength CD bands for 2a,b (Fig. 3a), 3b, and
7a,b are also similar to those observed for Sa-linked hairpins and
capped hairpins. These bands are attributed to induced circular
dichroism, by analogy to the CD spectra of intercalating dyes
which have their long axes parallel to those of the adjacent base-
pairs.27


Efficient quenching of stilbene fluorescence in 2a,b, 3b, and
7a,b by neighboring nucleobases (Fig. 2) prevents the use of
the stilbenosides as intrinsic fluorescence probes of the base-pair
dynamics. Quenching might occur via either electron transfer or a
photochemical reaction involving the stilbene and a neighboring
base. Quenching of the fluorescence of stilbene hairpin linkers
having either electron-accepting or electron-donating substituents
by neighboring base-pairs has been attributed to electron transfer
in which the excited stilbene singlet can served as either an electron
acceptor or donor.7,17 An alternative explanation for the efficient
fluorescence quenching of the stilbenoside conjugates is the occur-
rence of photochemical addition reactions between the stilbene
and adjacent nucleobases. Both stilbene and thymine are known
to undergo efficient [2 + 2] duplex-templated photodimerization
reactions.28 Stilbene photodimerization is possible for 8a,b, but
not for the other conjugates. Cross-addition between stilbene and
thymine could account for the occurrence of efficient fluorescence
quenching, bleaching of the stilbene 315 nm absorption band, and
the complex appearance of HPLC traces for irradiated solutions.


Conjugates 5a,b, 8a,b, and 9a,b, which possess two stilbene
chromophores, have stronger long-wavelength CD bands than
do conjugates possessing a single stilbene chromophore (Fig. 3).
These CD bands are attributed to exciton coupling (EC-CD)
between the two stilbene chromophores.29,30 As previously reported
for capped hairpin structures possessing two Sa chromophores,
exciton coupling results in the observation of bisignate CD spectra,
the sign and intensity of which are dependent upon both the
distance between the stilbene chromophores and the dihedral
angle between their electronic transition dipoles.8,9 A second,
shorter wavelength band of the EC-CD spectrum should appear
below 300 nm but is largely obscured by the strong positive 280 nm
band of the base-pair CD spectrum.


The intensity of the positive and negative bands of the EC-CD
spectrum for two identical parallel chromophores can be described


by eqn (1),


De ≈ ± p


4k
laldR−2


da sin(2h) (1)


where ld and la are the electronic transition dipole moments of
the two chromophores, Rda is their center-to-center distance, and
h is the angle between their transition dipoles.8,9,29,31 The sin(2h)
dependence results in zero intensity when h = 0, 90, or 180◦,
and maximum intensity when h = 45 or 135◦. The low EC-CD
intensity for 8b (Fig. 3c) is consistent with the small dihedral
angle between the stilbene long-axes obtained from molecular
modeling (1 ± 8◦). Significantly higher intensity EC-CD bands
are observed for 9b (Fig. 3c) even though the value of Rda is
approximately twice as large as that for 8b. The larger EC-CD
intensity is consistent with the calculated dihedral angle (52 ±
8◦) which is close to the optimum angle of 45◦. The weaker EC-
CD signals for the a-stilbenosides 8a and 9a may reflect their
highly disordered, fluctional structures. We note that the intensity
of the EC-CD spectrum is dependent upon the magnitude of the
transition dipoles as well as the geometry of the two coupled
chromophores. The larger dipole for the stilbene vs. pyrene long-
wavelength transition makes the stilbenosides better suited for this
application.


The CD spectra of conjugates 5a and 5b (Fig. 3b) display
moderately intense negative bands in the 300–350 nm spectral
region attributed to exciton coupling between the Sa and St
chromophores. The irregular band shapes are a consequence
of coupling between chromophores with different absorption
maxima.31 The EC-CD intensity for 5b is stronger than that for
5a, indicative of a difference in capping structure similar to that
calculated for 2a vs. 2b (Fig. 4). The Sa-capped hairpin 4 (Chart
2), which has three intervening A:T base-pairs also has a negative
long-wavelength EC-CD band.9


Concluding remarks


The structure and properties of oligonucleotides possessing syn-
thetic stilbene C-nucleosides have been investigated for the first
time. Both the a- and b-stilbenosides stabilize duplex structures
when employed as dangling end-capping groups in conjugates
2a,b and 5a,b. When incorporated into duplex interior opposite
an abasic site, the b-anomer results in a modest increase in duplex
stability, whereas the presence of the a-anomer destabilizes the
duplex. Similar results were obtained for conjugates possessing
two stilbenosides either adjacent to each other or separated by
one base-pair. The ability of the b-stilbenoside to stabilize duplex
structures either as a capping group or opposite an abasic site
within the duplex interior is similar to that of Kool’s b-pyrenoside.


Molecular modeling indicates that the difference in stability of
duplexes possessing a- vs. b-stilbenosides can be related to their
structures. As capping groups, both anomers adopt structures
in which the stilbene effectively covers the hydrophobic face
of the terminal base-pair. However, when located within the
base-pair domain, the a-anomer adopts an extrahelical geometry
whereas the b-anomer adopts an intrahelical geometry. The strong
electronic transition dipole moment of the stilbene chromophore
permits observation of exciton-coupled circular dichroism for
conjugates possessing two stilbene chromophores. The combina-
tion of EC-CD spectroscopy with molecular modeling permits
assignment of the relative geometry of the two chromophores.
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Experimental


Synthetic procedures


All reactions were carried out under an argon atmosphere
with dry solvents under anhydrous conditions, unless other-
wise noted. Yields refer to chromatographically and spectro-
scopically (1H NMR) homogeneous materials, unless otherwise
stated. Reagents purchased were of the highest commercial
quality and used without further purification, unless otherwise
stated. Methylene chloride and chloroform were distilled from
calcium hydride. Tetrahydrofuran (THF) was distilled from
sodium/benzophenone. Methanol was distilled from magnesium.
Analytical thin-layer chromatography (TLC) was performed using
0.25 mm pre-coated silica gel Kieselgel 60 F254 plates. Visual-
ization of the chromatogram was by UV absorbance, iodine,
dinitrophenylhydrazine, ceric ammonium molybdate, ninhydrin or
potassium permanganate, as appropriate. Preparative and semi-
preparative TLC was performed using Merck 1 mm or 0.5 mm
coated silica gel Kieselgel 60 F254 plates respectively. Merck
silica gel (60, particle size 0.040–0.063 mm) was used for flash
column chromatography. NMR spectra were recorded on a Varian
300 MHz instrument and calibrated using residual undeuterated
solvent as an internal reference. The following abbreviations were
used to explain the multiplicities: s = singlet, d = doublet, ddd =
doublet of doublets, t = triplet, m = multiplet. Electrospray
ionization (ESI) time-of-flight reflectron experiments were per-
formed on an Agilent ESI-TOF mass spectrometer. Samples are
electrosprayed into the TOF reflectron analyzer at an ESI voltage
of 4000 V and a flow rate of 200 lL min−1). Compounds 10,13 13,15


and 3-bromostilbene32 were synthesized according to literature
procedures.


1,2-Dideoxy-a-1-[3-trans-stilbene]-3,5-di-O-(p-toluoyl)-D-erythro-
pentitol (11). A solution of m-bromostilbene32 (700 mg,
2.70 mmol) in THF (15 mL) was slowly added to Mg turnings
(139 mg, 3.38 mmol). After the addition of ∼2 mL of the m-
bromostilbene solution, I2 crystals and two drops of dibromoe-
thane were added to start the reaction. The rest of the m-
bromostilbene was then added slowly, and the solution heated
under reflux for 2 h. Subsequently, CdCl2 (576 mg, 3.14 mmol) was
added, and the mixture was heated for another 2 h under reflux.
After cooling to room temperature, a solution of chlorosugar 1013


(1.22 g, 3.14 mmol) was added slowly via a dropping funnel and
stirred for 16 h. The solution was dried in vacuo to remove the
THF and the residue was dissolved in CH2Cl2. The resulting
organic solution was washed twice with saturated NH4Cl and
dried over Na2SO4. The mixture was concentrated in vacuo and
purified by flash chromatography (EtOAc–hexanes, from 1 : 7 to
1 : 5) to yield the desired compound as a white foam (1.0 g, 70%
yield). a : b 5 : 1. 1H NMR (CDCl3, 300 MHz) d 7.56–7.51 (m,
3H), 7.48–7.42 (m, 3H), 7.38–7.16 (m, 13H), 7.13 (s, 2H), 6.85
(d, 4H, J = 8.8 Hz), 5.16 (dd, 1H, J = 7.4 Hz), 4.46 (m, 1H),
4.22 (ddd, 1H, J = 6.0, 4.6, 4.6), 3.80 (s, 6H), 3.41 (dd, 1H, J =
9.4, 4.6 Hz), 3.25 (dd, 1H, J = 9.4, 6.0 Hz), 2.73 (m, 1H), 2.07
(m, 1H). 13C{1H} NMR (CDCl3, 75 MHz) d 166.4, 166.1, 144.0,
143.8, 142.9, 137.5, 137.2, 129.8, 129.7, 129.6, 129.1, 129.1, 129.1,
128.9, 128.7, 128.7, 128.6, 128.5, 127.6, 127.0, 126.8, 126.5, 125.6,
125.0, 123.7, 82.4, 80.2, 64.6, 40.2, 21.7. ESI-TOF calc. C35H32O5


[M + H+]: 533.2322, found: 533.2313.


1,2-Dideoxy-a-1-(3-trans-stilbene)-D-ribofuranose (a-St).
Freshly prepared 0.5 M NaOMe in MeOH was added to a
solution of protected nucleoside 11 (500 mg, 0.835 mmol) in
1 : 1 MeOH–CH2Cl2 (10 mL). After stirring for 4 h at room
temperature, saturated NH4Cl (20 mL) was added, and the
solvent was evaporated. The crude material was purified using
flash chromatography (CH2Cl2–MeOH, 19 : 1) to yield the desired
compound as a white solid (205 mg, 83% yield). 1H NMR (CDCl3,
300 MHz) d 7.46–7.16 (m, 9H), 7.05 (s, 2H), 5.05 (dd, 1H, J =
7.3 Hz), 4.40 (dd, 1H, J = 6.5, 6.5 Hz), 4.07–4.04 (m, 1H), 3.72
(m, 2H), 2.63 (ddd, 1H, J = 13.2, 6.5, 6.5 Hz), 2.07–2.01 (m, 1H).
13C{1H} NMR (CDCl3, 75 MHz) d 142.9, 137.9, 137.4, 129.3,
129.1, 128.9, 128.6, 127.9, 126.7, 126.1, 125.1, 123.9, 85.4, 79.8,
73.2, 62.6, 43.6. ESI-TOF calc. C19H20O3 [M + Na+]: 319.1305,
found: 319.1305.


1,2-Dideoxy-a-1-(3-trans-stilbene)-5-O-p-dimethoxytrityl-D-
ribofuranose (12). The C-nucleoside b-St (430 mg, 1.45 mmol)
was dissolved in a 1 : 1 mixture of pyridine and methylene
chloride (18 mL). Diisopropylethylamine (280 mg, 2.17 mmol)
and 4,4′-dimethoxytrityl (DMT) chloride (982 mg, 2.90 mmol)
were added to the mixture and stirred for 4 h at room temperature
and then quenched with methanol (10 mL). The resulting mixture
was concentrated in vacuo and purified by flash chromatography
(EtOAc–hexanes, from 1 : 5 to 1 : 1) to yield the desired compound
as a yellow foam (764 mg, 88% yield). 1H NMR (C6D6, 300 MHz)
d 7.69–7.65 (m, 3H), 7.51 (dd, 4H, J = 9.1, 1.8 Hz), 7.29–6.97 (m,
12H), 6.73 (d, 4H, J = 9.1 Hz), 5.05 (dd, 1H, J = 7.3, 7.3 Hz),
4.31 (ddd, 1H, J = 5.0, 5.0, 5.0 Hz), 4.23 (ddd, 1H, J = 5.0,
5.0, 5.0 Hz), 3.54 (dddd, 2H, J = 5.0, 5.0, 5.0, 5.0 Hz) 3.25 (s,
3H), 2.24 (s, 1H), (dd, 1H, J = 12.6, 6.8, 6.8 Hz), 1.87 (ddd, 1H,
J = 12.6, 6.8, 6.8 Hz). 13C{1H} NMR (C6D6, 75 MHz) d 159.0,
145.7, 144.3, 137.7, 137.7, 136.4, 136.5, 129.1, 129.0, 128.8, 128.7,
128.6, 128.0, 127.6, 126.9, 126.8, 125.6, 125.3, 124.3, 86.6, 85.2,
79.7, 74.7, 65.1, 54.6, 43.9. ESI-TOF calc. C40H38O5 [M + Na+]:
621.2611 found: 621.2612.


3,5-O-((1,1,3,3-Tetraisopropyl)disiloxanediyl)-1,2-dideoxy-b-1-
(3-trans-stilbene)-D-ribofuranoses (14). To a solution of the
3-bromo-trans-stilbene32 (2.1 g, 8.32 mmol) in anhydrous THF
(20 mL) under N2 and at −78 ◦C was added n-BuLi (5.2 mL of
1.8 M in hexanes). The mixture was stirred at −78 ◦C for 30 min
and was then added via cannula to a solution of 1315 (2.0 g,
5.34 mmol) in anhydrous THF (20 mL) at −78 ◦C. After 1 h, the
reaction mixture was quenched at −78 ◦C with sat. aqueous NH4Cl
(80 mL) and then extracted with diethyl ether (2 × 200 mL). The
combined ether phases were washed with sat. aqueous NH4Cl,
water, and brine, and were dried over anhydrous Na2SO4. Con-
centration in vacuo produced an oil that was used without further
purification. A solution of the crude oil in CH2Cl2 (20 mL) under
N2 and at −78 ◦C was treated with Et3SiH (1.86 g, 16.00 mmol)
and BF3·OEt2 (2.27 g, 16.00 mmol). The resulting solution was
stirred at −78 ◦C for 6 h, and then quenched at −78 ◦C by the
addition of sat. NaHCO3 (100 mL). The resulting mixture was
extracted with CH2Cl2 (2 × 50 mL). The combined organic phases
were dried over anhydrous Na2SO4 and concentrated in vacuo.
Flash chromatography of the crude product using toluene as the
eluent yielded the desired compound as a colorless oil (1.2 g,
42% yield) a : b 1 : 9. 1H NMR (CDCl3, 300 Hz) d 7.52–7.46
(m, 4H), 7.42–7.21 (m, 8H), 7.09 (s, 2H), 5.10 (dd, 1H, J = 7.2,
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7.2 Hz), 4.53 (m, 1H), 4.15 (m, 1H), 3.91 (m, 2H), 2.38 (ddd,
1H, J = 12.7, 6.8, 4.3), 2.09 (ddd, 1H, J = 12.7, 6.8, 6.8 Hz),
2.13–0.93 (m, 24H). 13C{1H} NMR (CDCl3, 300 Hz) d 139.1,
135.2, 135.1, 128.8, 128.7, 128.5, 128.0, 127.8, 127.7, 127.7, 126.5,
126.4, 125.8, 123.5, 94.2, 82.3, 70.7, 62.9, 13.2, 12.5. ESI-TOF
calc. C31H46O4Si2 [M + H+]: 538.2935, found: 538.2933.


1,2-Dideoxy-b-1-(3-trans-stilbene)-D-ribofuranose (b-St). To a
solution of 14 (1.2 g, 2.22 mmol) in THF (44 mL) was added
tetrabutylammonium fluoride (6.66 mL of 1 M solution in THF).
The resulting mixture was stirred at room temperature for 3 h, then
5% aqueous NH4HCO3 (100 mL) was added to quench the reac-
tion. The mixture was extracted with diethyl ether (3 × 100 mL),
and the combined organic extracts were washed with 5% aqueous
NH4HCO3 (100 mL), water (100 mL), and brine (100 mL).
The organic layer was then dried over anhydrous Na2SO4 and
concentrated in vacuo to give the crude product as a white solid.
The crude material was purified using flash chromatography
(CH2Cl2–MeOH, 19 : 1) to yield the desired compound as a white
solid (520 mg, 79% yield). 1H NMR (CDCl3, 300 MHz) d 7.44–
7.13 (m, 9H), 5.11 (dd, 1H, J = 10.3, 5.9 Hz), 4.36–4.34 (m, 1H),
3.99–3.95 (m, 1H), 3.79–3.67 (m, 2H), 2.22 (ddd, 1H, J = 13.2,
5.6, 1.5 Hz), 1.97 (m, 1H). 13C{1H}NMR (CDCl3, 75 MHz) 141.6,
137.8, 137.3, 129.3, 129.1, 128.9, 128.5, 127.9, 126.7, 126.1, 125.4,
125.4, 87.3, 80.3, 73.9, 63.5, 43.9. ESI-TOF calc. C19H20O3 [M +
Na+]: 319.1305, found: 319.1306.


1,2-Dideoxy-b-1-(3-trans-stilbene)-5-O-p-dimethoxytrityl-D-ribo-
furanose (15). The C-nucleoside b-St (430 mg, 1.45 mmol)
was dissolved in a 1 : 1 mixture of pyridine and methylene
chloride (18 mL). Diisopropylethylamine (280 mg, 2.17 mmol)
and 4,4′-dimethoxytrityl (DMT) chloride (982 mg, 2.90 mmol)
were added to the mixture and the reaction was stirred for 4 h at
room temperature and then quenched with methanol (10 mL).
The resulting mixture was concentrated in vacuo and purified by
flash chromatography (EtOAc–hexanes, from 1 : 5 to 1 : 1) to yield
the desired compound as a yellow foam (764 mg, 88% yield). 1H
NMR (C6D6, 300 MHz) d 7.84 (s, 1H), 7.70 (d, 2H, J = 7.3 Hz),
7.53 (dd, 4H, J = 8.8, 3.0 Hz), 7.29–7.22 (m, 3H), 7.18–6.96 (m,
12H), 6.72 (d, 4H, J = 8.8 Hz), 5.26 (dd, 1H, J = 8.5, 8.5 Hz),
4.15 (t, 2H, J = 3.5 Hz), 3.54 (dd, 1H, J = 9.7, 4.1 Hz), 3.39 (dd,
1H, J = 9.7, 4.1 Hz), 3.21 (s, 3H), 3.20 (s, 3H), 2.04–2.00 (m,
2H). 13C{1H} NMR (C6D6, 75 MHz) d 159.0, 145.8, 143.4, 137.9,
137.6, 136.5, 130.5, 130.5, 129.2, 128.9, 128.8, 128.7, 128.1, 127.0,
126.8, 126.1, 125.8, 124.5, 87.1, 86.6, 80.3, 74.6, 65.1, 54.6, 44.8.
ESI-TOF calc. C40H38O5 [M + Na+]: 621.2611, found: 621.2610.


Synthesis of oligonucleotide conjugates


The preparation of trans-N,N ′-bis(3-hydroxypropyl)stilbene-4,4′-
dicarboxamide (Sa) and conversion to its monoprotected, mono-
activated diol by sequential reaction with 4,4′-dimethoxytrityl
chloride and with 2-cyanoethyl diisopropylchlorophospho-
ramidite followed literature procedures.6 Oligonucleotide conju-
gates were synthesized by means of conventional phosphoramidite
chemistry using a Millipore Expedite DNA synthesizer following
the procedure of Letsinger and Wu.6 All other reagents, including
abasic nucleotide, 2′-deoxynucleotide phosphoramidites, DNA-
synthesizing reagents, and controlled-pore glass solid supports
(CPG) were purchased from Glen Research (Sterling, VA). Fol-


lowing synthesis, the conjugates were first isolated as trityl-on
derivatives by reverse phase (RP) HPLC, then detritylated in 80%
acetic acid for 30 min, and repurified by RP-HPLC as needed.
RP-HPLC analysis was carried out on a chromatograph with a
Phenomenex Hyperclone ODS-5 (C18) column (4.6 × 250 mm)
and a 1% gradient of acetonitrile in 0.03 M triethylammonium
acetate buffer (pH 7.0) with a flow rate of 1.0 mL min−1.
Molecular weights were determined by means of MALDI TOF
mass spectroscopy following desalting using a NAP 5 column.


Electronic spectroscopy


UV spectra and thermal dissociation profiles were determined
using a Perkin–Elmer lambda 2 UV spectrophotometer equipped
with a Peltier temperature programmer for automatically increas-
ing the temperature at the rate of 0.5 ◦C min−1. Circular dichroism
spectra were obtained using a JASCO J-715 spectrometer at
the indicated concentrations. Fluorescence studies were obtained
using a Spex FluoroMax spectrometer. Photo-irradiation was
carried out in a Rayonet reactor equipped with 300 nm lamps.
Unless otherwise noted, all the spectroscopic studies were done in
0.1 M NaCl, 10 mM Phosphate buffer (pH 7.2, standard buffer)
using freshly prepared sample solutions.
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A concise, high yielding route to the naturally occurring enantiomer of grenadamide utilizing a
3,6-disubstituted 1,2-dioxine starting material is presented. The route allows for ease in synthesizing
grenadamide derivatives varying at cyclopropyl carbons 2 and 3, with access to both enantiomers.
Evidence for phosphorus-assisted deprotonation of 1,2-dioxines is also discussed.


Introduction


Grenadamide is a naturally occurring cyclopropyl amide isolated
along with debromogrenadadiene and grenadadiene by Gerwick
and Sitachitta from marine cyanobacterium Lyngbya majuscula.1


Cascarillic acid is another related trans-cyclopropyl fatty acid
isolated from the bark of Croton eluteria Benett, a West Indian
tree-like shrub.2 These natural products are all based on a simple
trans-substituted cyclopropyl fatty acid core, Fig. 1.


Fig. 1 Natural products containing related trans-cyclopropyl fatty acid
cores.


Grenadamide exhibits modest activity in cannabinoid receptor
binding activity assays and brine shrimp toxicity.1 In order
to optimize the biological activity and deduce any structure–
activity relationships, derivatives of grenadamide are required.
Modification of the grenadamide structure at the amide linkage
can be easily achieved through the carboxylic acid, with the more
synthetically challenging motifs being at carbons 2 and 3 of the
cyclopropyl ring.


Non-natural grenadamide has recently been synthesized by
Baird et al. using an enantioselective enzymatic hydrolysis to
generate the required chiral starting material.3 This synthesis
allowed the absolute stereochemistry of natural grenadamide to
be determined.


Discussed in this paper is the concise synthesis of (+)- and (−)-
grenadamide using the coupling of an intermediate cyclopropyl
carboxylic acid with Evans’ auxiliary as the method by which
the enantiomers were resolved. Utilizing a diastereoselective cy-
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clopropanation sequence, trisubstituted cyclopropanes exhibiting
the desired stereochemistry can be rapidly generated, Scheme 1.4a,b


Scheme 1


Retrosynthetically we could achieve a rapid synthesis of grena-
damide through the Arndt–Eistert homologation/amidation of
carboxylic acid 2 which in turn could be obtained via hydrol-
ysis of ester 3, Scheme 2. Ester 3 could be synthesized by
Baeyer–Villiger oxidation of aromatic ketone 4, which can be
derived from cyclopropane 5a by ester hydrolysis and Barton
decarboxylation. Finally, cyclopropanes of type 5a containing
the required stereochemical relationships can be obtained via
the aforementioned diastereoselective cyclopropanation protocol
from 1,2-dioxine 6a.4a,b This provides us with a route capable of
introducing variation of cyclopropyl substituents at C2 and C3
and provides us with a suitable intermediate carboxylic acid with
which to modify the amide linkage.


In order to accommodate the Baeyer–Villiger reaction in terms
of reaction rate and functional group migration, an electron rich
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Scheme 2 Retrosynthetic analysis.


aromatic system is required.4b For ease of synthesis and functional
group compatibility, the 4-methoxybenzene system was utilized.


1,2-Dioxines are effectively synthesized through photo-
oxidation of their corresponding 1,3-dienes in the presence
of a photosensitizer. Synthesis of the required 1,3-diene 8a
was achieved in 77% yield via the Wittig coupling of 4-
methoxycinnamaldehyde 7a and octyltriphenylphosphonium io-
dide. Photolysis of 1,3-diene 8a in the presence of oxygen and rose
bengal bis(triethylammonium) salt gave the desired 1,2-dioxine 6a
in 37% yield, Scheme 3. 1,3-Diene 8a was reclaimed as the other
major component of the photolysis and was able to be recycled.


Scheme 3 a, Octyltriphenylphosphonium iodide (1.45 equiv.), KOtBu
(1.45 equiv.), THF, 0 ◦C → rt, 16 h. b, O2, rose bengal bis(triethyl-
ammonium) salt (cat.), DCM, hm, 5 ◦C, 6 h.


Reaction of the tert-butyl ester ylide with 1,2-dioxine 6a gave
expected cyclopropane 5a in 55% yield with isomer 9a making up
the bulk of the remaining isolable reaction products, Table 1, entry
1 (Scheme 4).


Cyclopropane 5a was the expected and desired product, how-
ever, cyclopropane 9a was, unusually, the product resulting from
1,2-dioxine ring-opening through removal of the least acidic
proton; that adjacent to the heptyl side-chain. This isomer had
not previously been observed when subjecting 1,2-dioxine 6c to
identical reaction conditions, Table 1, entry 3.4a,b Therefore, it
appears that the presence of the extended alkyl chain is causing


Table 1 Optimization of cyclopropanation


Entrya 1,2-Dioxine Reaction time
Isolated yield
(5:9:10:11, %)


1 6a 15 days 55:20:0:0
2 6b 30 days 50:22:0:8
3b 6c 4 days 78:0:0:0
4 6d 7 days 52:18:0:0
5c 6b 2 days 11:5:0:0d


6e 6b 30 days 0:0:35:58f


7g 6b 30 days 46:24:0:9
8h 6b 31 days 15:6:11:24i


9j 6b 32 days 24:15:6:13
10k 6b 2 days 81:0:0:0
11l 6b 1 day 11:11:0:0m


12k 6a 2 days 83:0:0:0


a Reactions were carried out using 1.1 equiv. LiBr and 1.4 equiv.
Ph3P=CHCO2


tBu in DCM at a concentration of 0.06 M with respect
to 1,2-dioxine unless otherwise stated. b Reaction was carried out using
1.2 equiv. Ph3P=CHCO2


tBu in DCM at a concentration of 0.2 M with
respect to 1,2-dioxine. c Reaction carried out in CHCl3 at reflux. d Major
product was corresponding furan from cyclization and dehydration of cis-
c-hydroxy enone intermediate.4a e Reaction carried out in the presence
of 0.1 equiv. LiBr. f Yields adjusted to account for 58% reclaimed
starting material. g Reaction carried out in the absence of light. h Reaction
photolyzed for 5 h each day for the first two days of reaction with a sun
lamp. i Yields adjusted to account for 47% reclaimed starting material.
j Reaction carried out in the presence of 1.1 equiv. of TEMPO. k Reaction
carried out in the presence of triethylamine. l Reaction carried out in the
presence of 0.1 equiv. of Co(II)-salen. m 24% bis(epoxide)s isolated.5


this alteration in reaction mechanism. This was confirmed by the
synthesis of analogue 6d, which showed formation of cyclopropane
9d when subjected to the reaction conditions, entry 4.


Scheme 4


The first step in cyclopropanation is removal of the most
acidic proton adjacent to the O–O linkage of the 1,2-dioxine,
which induces rearrangement to give the cis-c-hydroxy enone 12,
Scheme 5. The cis-c-hydroxy enone undergoes Michael addition
and concomitant P–O bond formation with the stabilized phos-
phorus ylide giving an oxaphospholane intermediate ultimately
leading to cyclopropane 5.4b,c


It is this first step along the reaction pathway that is being
inhibited by the presence of the extended alkyl chain, as we see
no appreciable decomposition of 1,2-dioxine over these extended
reaction times. If the rearrangement to cis-c-hydroxy enone was
occurring rapidly we would expect to see cis-c-hydroxy enone
formation followed by 1,4-diketone formation through its base
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Scheme 5


catalyzed decomposition.4 This led us to propose that the extended
alkyl chain is essentially fixing the conformation of the 1,2-dioxine
so that the alkyl chain is pseudo-equatorial5 and that the removal
of the proton adjacent the O–O linkage is greatly assisted by the
phosphorus of the ylide, Scheme 5. Indeed this is potentially the
primary mechanism through which phosphorus stabilised ylides
facilitate the transformation of 1,2-dioxines into cis c-hydroxy
enones. This mechanism allows for charge stabilization of the
ylide, as well as proceeding through a very stable 6-membered
transition state. In the case of 1,2-dioxine 6c, low temperature
NMR spectroscopy has revealed that the Me substituent is
predominantly pseudo-equatorial (69:31) at this temperature.5


Variable temperature 1H NMR carried out on 6b demonstrated
that when R1 is very large then the conformation is essentially
fixed with R1 pseudo-equatorial (9:1), as only a single conformer
was observed at −91 ◦C. This strongly supports the notion that the
conformer with the extended alkyl chain pseudo axial, is present
at a considerably lower percentage of the population than its
pseudo equatorial counterpart at ambient temperature. Due to
the low population the reaction rate through 14 is extended to a
point where the generation of cyclopropane 9a, b and d, through
intermediate 15, competes on the timescale of the reaction. In
concert with this hypothesis is the observation that with increasing
electron density of the aromatic ring and steric bulk (6d→a→b)
we observe an increase in reaction time due to decreased acid-
ity of the proton a to the aromatic ring and as expected a
corresponding increase in the percent yield of cyclopropane 9,
Table 1.


1,2-Dioxine 6b, which was also investigated, showed an identical
product profile to 6a and 6d (Table 1, entries 1 and 4), with the
exception that cyclopropane isomer 11b was observed, Table 1,
entry 2.


We thus chose to investigate the reaction of 6b in order to
optimize formation of cyclopropane 5b. Refluxing in chloroform
resulted in a decreased reaction time but poor yield, entry 5.
Reduction of LiBr to 0.1 equivalents resulted in reversion to the
alternate cyclopropane reaction pathway, entry 6, Table 1, see
Scheme 1.4a To investigate whether light played a part in the ring-
opening, through photo-induced peroxide bond cleavage, to give
cyclopropane isomer 9b, the reaction was carried out in both
the presence and absence of all light. In the absence of light
an essentially identical product profile was observed, compare
entries 7 and 2, Table 1. However on photolyzing the reaction for
5 hours on each of the first two days of the reaction, we observed


partial reversion to the alternate cyclopropanation pathway, entry
8, indicating that exposure of these reactions to light was not causal
in the formation of 9. The addition of TEMPO to the reaction
mixture, entry 9, allowed investigation of possible radical cleavage
of the peroxide linkage, however, the ratio of 5:9 was identical to
that in entry 2, 7:3 respectively. Due to the poor removal of the
most acidic proton by the ylide, addition of triethylamine, which
is known to rapidly ring-open 1,2-dioxines to their corresponding
cis-c-hydroxy enones via removal of the most acidic proton, was
added to the reaction, entry 10. This resulted in only isomer 5
being generated, indicating that cis-c-hydroxy enone 12 is formed
exclusively, giving 81% isolated yield. The rapid timeframe of the
reaction indicates that rearrangement to cis-c-hydroxy enone is the
rate determining step in the reaction.


The Taylor group has investigated the ring-opening of un-
symmetrical 1,2-dioxines using Co(II)-salen catalyst.5 However
utilization of Co(II)-salen to ring-open 1,2-dioxine 6b resulted
in a 1:1 ratio of cyclopropanes 5b and 9b in poor yield, entry
11. This observation further supports Co(II) rearrangement of
cis-c-hydroxy enones is not solely dependent on 1,2-dioxine
conformation.5


Using the optimized conditions cyclopropane 5a could now be
generated in 83% isolated yield, entry 12, Table 1. With the desired
cyclopropane in hand the tert-butyl ester was hydrolyzed cleanly
in the presence of 99% formic acid to give acid 16,6 in 89% yield,
which was subsequently decarboxylated using the Barton protocol
in 86% yield.7 Baeyer–Villiger oxidation of the resultant ketone 4
using MCPBA proceeded with excellent selectivity to give phenol
ester 3 in 91% yield, Scheme 6.4b


Scheme 6 a, 99% Formic acid (excess), rt, 3 h. b, DCC (1 equiv.),
2-mercaptopyridine N-oxide (1 equiv.), DCM, 0 ◦C, 3 h. c, tBuSH
(2 equiv.), benzene, hv, rt, 2 h. d, MCPBA 70% (2 equiv.), DCM, rt,
2 days.
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Due to purification difficulties phenol ester 3 was transesterified
to furnish methyl ester 17 in 93% yield, which was subsequently
hydrolyzed to give cyclopropyl fatty acid 2 in 93% yield.4b Arndt–
Eistert homologation/amidation8 of acid 2 proceeded cleanly to
afford racemic grenadamide in 83% yield, through acid chloride9


and diazoketone10 intermediates, Scheme 7.


Scheme 7 a, MeOH (excess), conc. H2SO4 (cat.) reflux, 16 h. b, 2N KOH
(1.4 equiv.), MeOH–H2O (4:1), rt, 6 h. c, Oxalyl chloride (3 equiv.), DMF
(cat.), DCM, 0 ◦C (2 h) → rt (2 h). d, CH2N2 (1.5 equiv.), triethylamine
(1.5 equiv.), diethyl ether, 0 ◦C, 0.5 h. e, PhCO2Ag (1.1 equiv.), phenethy-
lamine (4 equiv.), THF, triethylamine, −15 ◦C → rt, 16 h.


To obtain the two enantiomers of grenadamide, cyclopropyl
fatty acid 2 was resolved by coupling it with Evans’ auxiliary
and chromatographically separating the diastereomers 18 and 19
generated, Scheme 8.9 The auxiliary was then cleaved and the
enantiomerically pure fatty acids were subjected to the Arndt–
Eistert protocol to give (−)- and (+)-grenadamide from (−)- and
(+)-2 respectively. Resolution in this manner using carboxylic acid
16 was not feasible due to incompatibility of the ketone moiety
with the conditions required to remove the Evans’ auxiliary.


Scheme 8 a, Oxalyl chloride (3 equiv.), DMF (cat.), DCM, 0 ◦C (2 h) →
rt (2 h) b, (S)-(−)-4-Benzyl-2-oxazolidinone (1 equiv.), nBuLi (1 equiv.),
THF, −78 ◦C, 4 h. c, Chromatographic separation. d, LiOH (4 equiv.),
H2O2 30% (8 equiv.), H2O, THF, 0 ◦C, 0.5 h.


Grenadamide synthesized from 19 gave an optical rotation
[a]20.5


D + 12.0 (CHCl3, c = 0.005) corresponding to that synthesized
by Baird et al. ([a]22


D + 12.6 (CHCl3, c = 0.84))3 with the
grenadamide synthesized from 18 exhibiting an equal and opposite
rotation [a]20.5


D − 12.0 (CHCl3, c = 0.005) which corresponded to
that of the natural grenadamide isolated by Gerwick and Sitachitta
([a]D − 11.0 (CHCl3, c = 0.1)).1


The route to grenadamide reported herein lends itself to the
easy synthesis of grenadamide derivatives. Variation at carbon 3
of the cyclopropyl ring can be achieved through the use of different
phosphonium salts in the generation of the 1,3-diene for photo-
oxidation. Modification of carbon 2 of the cyclopropyl ring can
be achieved by manipulation of the ester functional group, which
is at this stage redundant in the synthesis of grenadamide. This
synthesis also lends itself to the synthesis of cascarillic acid as
cascarillic acid is only 1 carbon shorter in the alkyl side chain than
cyclopropyl acid 2.


Experimental


General


Solvents were dried by appropriate methods wherever needed.
Thin-layer chromatography (TLC) used aluminium sheets coated
with silica gel 60 F254 (40 × 80 mm) and visualized under 254 nm
light, or developed in vanillin or permanganate dip. Column
chromatography was conducted using silica gel 60 of particle
size 0.040–0.063 mm. Melting points are uncorrected. 1H NMR
and 13C NMR spectra were recorded in CDCl3 solution at either
300 MHz or 600 MHz with TMS (0 ppm) and CDCl3 (77.0 ppm)
as internal standards. All yields reported refer to isolated material
judged to be homogeneous by TLC and NMR spectroscopy.


General procedure for the synthesis of 1,3-dienes 8


To a suspension of octyltriphenylphosphonium iodide (29.2 g,
58.1 mmol) in anhydrous THF (10 ml per g of phosphonium
salt) at ambient temperature and under a nitrogen atmosphere
was added potassium tert-butoxide (1.2 equiv.). After stirring for
15 minutes the orange solution was cooled to 0 ◦C and a solution
of aldehyde 7a,b,d (1 equiv.) in anhydrous THF (10 ml per g of
7) was added dropwise. The solution was stirred for 16 hours at
ambient temperature, diluted with hexanes and filtered through
silica gel. The silica was washed with 1:19 ethyl acetate–hexanes.
The filtrate was concentrated in vacuo and the resulting residue
purified by column chromatography using 1:99 ethyl acetate–
hexanes as eluent to yield 1,3-dienes 8a,b,d.


(1E,3E) and (1E,3Z)-1-(4-Methoxyphenyl)-1,3-undecadiene 8a.
Rf 0.39; (7.99 g, 77%), in a ratio of 95:5, 1E,3E:1E,3Z as a
colourless oil. E,E isomer: dH(300 MHz; CDCl3; Me4Si) 0.85–
0.90 (3H, m, Me), 1.26–1.44 (10H, m, CH2), 2.23–2.32 (2H, m,
CH2CH=CH), 3.80 (3H, s, OMe), 5.49 (1H, ddd, J 10.8, 6.0 and
6.0 Hz, CH=CH), 6.13 (1H, dd, J 10.8 and 10.8 Hz, CH=CH),
6.47 (1H, d, J 15.3 Hz, CH=CH), 6.82–6.89 (2H, m, Ph), 6.93
(1H, ddd, J 15.3, 10.8 and 0.9 Hz, CH=CH), 7.32–7.36 (2H, m,
Ph).


(1E,3E) and (1E,3Z)-1-(2-Methoxyphenyl)-1,3-undecadiene 8b.
Rf 0.40; (11.45 g, 90%), in a ratio of 85:15, 1E,3E:1E,3Z as a
colourless oil. E,E isomer: dH(300 MHz; CDCl3; Me4Si) 0.86–
0.91 (3H, m, Me), 1.25–1.47 (10H, m, 5 × CH2), 2.28 (2H, q, J
6.6 Hz, CH2), 3.90 (3H, s, OMe), 5.50 (1H, dt, J 10.8 and 7.8 Hz,
CH=CH), 6.19 (1H, dd, J 10.8 and 10.8 Hz, CH=CH), 6.77–6.89
(2H, m, CH=CH and Ph), 6.90–6.96 (1H, m, Ph), 7.09 (1H, dd,
J 15.6 and 10.8 Hz, CH=CH), 7.17–7.23 (1H, m, Ph), 7.48–7.51
(1H, m, Ph).


(1E,3E) and (1E,3Z)-1-Phenyl-1,3-undecadiene 8d. Rf 0.55;
(6.68 g, 67%), in a ratio of 20:1, 1E,3Z:1E,3E as a colourless
oil.11


General procedure for the synthesis of 1,2-dioxines 6


A solution of 1,3-dienes 8a,b,d (1 equiv.) in anhydrous dichloro-
methane (25 ml per g of 8) was irradiated with light from 3 ×
500W tungsten–halogen lamps in the presence of rose bengal
bis(triethylammonium) salt (0.01 equiv.) and oxygen bubbled
through the solution for 6 hours. The solution was concentrated
and the resulting residue purified by column chromatography
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using 1:19 ethyl acetate–hexanes as eluent to yield 1,2-dioxine
6a,b,d.


4-(6-Heptyl-3,6-dihydro-1,2-dioxin-3-yl)phenyl methyl ether 6a.
Rf 0.31; (5.65 g, 37%) as a colourless oil mmax(film)/cm−1 1689, 1681,
1612, 1586, 1513 and 1465; dH(300 MHz; CDCl3; Me4Si) 0.87 (3H,
t, J 6.6 Hz, Me), 1.22–1.54 (10H, m, CH2), 1.56–1.65 (1H, m,
CH2), 1.73–1.80 (1H, m, CH2), 3.80 (3H, s, OMe), 4.49–4.56 (1H,
m, C7H15CHCH=CH), 5.45–5.48 (1H, m, PhCHCH=CH), 6.00–
6.13 (2H, m, CH=CH), 6.86–6.91 (2H, m, Ph), 7.28–7.33 (2H, m,
Ph); dC(75 MHz; CDCl3; Me4Si) 14.0, 22.6, 25.5, 29.1, 29.5, 31.7,
33.1, 55.2, 78.4, 79.8, 113.8, 126.5, 128.8, 129.7, 130.1, 160.0; m/z
(EI) 290 (M+, 16%), 272 (53), 258 (100), 187 (9), 173 (24), 134 (22);
HRMS (ESI) C18H26O3 + Na requires 313.1780, found 313.1776.


3-Heptyl-6-(2-methoxyphenyl)-3,6-dihydro-1,2-dioxine 6b. Rf


0.39; (5.98 g, 39%) as a colourless oil mmax(film)/cm−1 1603, 1589,
1493, 1464, 1248, 1030; dH(300 MHz; CDCl3; Me4Si) 0.87 (3H,
t, J 7.2 Hz, Me), 1.22–1.76 (12H, m, 6 × CH2), 3.84 (3H, s,
OMe), 4.57–4.63 (1H, m, C7H15CHCH=CH), 5.94–5.97 (1H, m,
PhCHCH=CH), 6.01–6.10 (2H, m, CH=CH), 6.87–6.97 (2H, m,
Ph), 7.27–7.33 (1H, m, Ph), 7.37–7.40 (1H, m, Ph); dC(75 MHz;
CDCl3; Me4Si) 14.0, 22.6, 25.4, 29.1, 29.5, 31.8, 32.9, 55.5, 74.1,
78.3, 110.6, 120.3, 126.2, 126.4, 128.6, 129.2, 129.7, 157.3; m/z
(EI) 290 (M+, 25%), 272 (31), 258 (91), 187 (79), 173 (37), 159 (40),
135 (100), 121 (67), 105 (16), 77 (61), 60 (67), 43 (62); HRMS (ESI)
C18H26O3 + Na requires 313.1780, found 313.1772.


3-Heptyl-6-phenyl-3,6-dihydro-1,2-dioxine 6d. Rf 0.38; (2.21 g,
59%) as a colourless oil mmax(film)/cm−1 1682, 1494, 1455, 1067;
dH(200 MHz; CDCl3; Me4Si) 0.88 (3H, t, J 6.8 Hz, Me), 1.20–
1.80 (12H, m, 6 × CH2), 4.53–4.58 (1H, m, C7H15CHCH=CH),
5.49–5.53 (1H, m, PhCHCH=CH), 6.02–6.16 (2H, m, CH=CH),
7.33–7.42 (5H, m, Ph); dC(50 MHz; CDCl3; Me4Si) 14.0, 22.6, 25.5,
29.2, 29.5, 31.8, 33.1, 78.5, 80.2, 126.3, 128.5, 128.6, 128.7, 128.9,
137.8; m/z (EI) 260 (M+, 10%), 228 (100), 143 (46), 129 (95), 105
(40); HRMS (ESI) C17H24O2 requires 260.1776, found 260.1765.
Anal. Calcd for C17H24O2 requires C, 78.42; H, 9.29: found C,
78.12; H, 9.34%.


General procedure for the synthesis of cyclopropanes from 6


To a solution of 1,2-dioxine 6a,b,d (1 equiv.) in anhydrous
dichloromethane (53 ml per g of 6) was added lithium bromide
(1.1 equiv.) and (tert-butoxycarbonylmethylene)triphenylphospho-
rane (1.4 equiv.). The mixture was stirred at ambient temperature
for 15–30 days (Table 1). The solution was concentrated and the
resulting residue purified by column chromatography using 3:17
ethyl acetate–hexanes as eluent to give cyclopropanes 5a,b,d and
9a,b,d.


(±)-tert-Butyl [(1S,2R,3R)-2-heptyl-3-[2-(4-methoxyphenyl)-2-
oxoethyl]cyclopropane-1-carboxylate 5a and (±)-tert-butyl [(1R,
2S,3S)-2-heptyl-3-(4-methoxybenzoyl)cyclopropyl]acetate 9a. Cy-
clopropane 5a: Rf 0.43; (4.83 g, 55%) as a colourless
oil mmax(film)/cm−1 1722, 1715, 1682, 1602, 1576 and 1511;
dH(600 MHz; CDCl3; Me4Si) 0.86 (3H, t, J 6.6 Hz, Me), 1.09–1.14
(1H, m, C(3)H), 1.23–1.34 (10H, m, CH2), 1.44 (9H, s, tBu), 1.50
(1H, dd, J 9.0 and 4.8 Hz, C(2)H), 1.53–1.67 (3H, m, CH2C(3)H
and C(1)H), 2.65 (1H, dd, J 16.2 and 8.4 Hz, C(1)HCH2), 3.14
(1H, dd, J 16.2 and 6.0 Hz, C(1)HCH2), 3.87 (3H, s, OMe), 6.92–


6.94 (2H, m, Ph), 7.89–7.91 (2H, m, Ph); dC(75 MHz; CDCl3;
Me4Si) 14.0, 22.58, 22.61, 26.3, 26.7, 28.2, 29.1, 29.27, 29.32, 29.5,
31.8, 41.9, 55.4, 80.1, 113.8, 129.8, 130.4, 163.5, 171.4, 197.2; m/z
(EI) 388 (M+, 40%), 332 (33), 330 (36), 314 (100), 272 (38), 186
(7), 149 (7), 134 (55), 56 (29), 41 (18); HRMS (ESI) C24H36O4 +
Na requires 411.2511, found 411.2513. Cyclopropane 9a: Rf 0.36;
(1.76 g, 20%) as a colourless oil mmax(film)/cm−1 1714, 1614, 1515,
1365, 1247; dH(600 MHz; CDCl3; Me4Si) 0.87 (3H, t, J 7.2 Hz,
Me), 1.17 (9H, s, tBu), 1.22–1.31 (8H, m, 4 × CH2), 1.57–1.62
(2H, m, CH2), 1.76 (1H, dd, J 9.6 and 5.4 Hz, C(3)H), 2.21 (1H,
dddd, J 8.4, 7.2, 5.4 and 5.4 Hz, C(1)H), 2.29 (1H, dd, J 9.6 and
7.2 Hz, C(2)H), 2.33 (1H, dd, J 16.8 and 8.4 Hz, C(1)HCH2C(O)),
2.42–2.50 (2H, m, CH2C(O)), 2.75 (1H, dd, J 16.8 and 5.4 Hz,
C(1)HCH2C(O)), 3.77 (3H, s, OMe), 6.79–6.81 (2H, m, Ph), 7.23–
7.25 (2H, m, Ph); dC(150 MHz; CDCl3; Me4Si) 14.0, 19.8, 22.6,
23.7, 27.8, 28.8, 29.1, 29.2, 31.6, 31.7, 42.6, 45.9, 55.3, 80.3, 113.4,
128.4, 130.5, 158.4, 169.6, 209.5; m/z (EI) 388 (M+, 15%), 332 (19),
205 (44), 190 (39), 127(20), 67 (100); HRMS (ESI) C24H36O4 + Na
requires 411.2511, found 411.2514.


(±)-tert-Butyl [(1R,2R,3R)-2-heptyl-3-[2-(2-methoxyphenyl)-2-
oxoethyl]cyclopropane-1-carboxylate 5b and (±)-tert-butyl [(1R,
2S,3S)-2-heptyl-3-(2-methoxybenzoyl)cyclopropyl]acetate 9b.
Cyclopropane 5b: Rf 0.49; (3.15 g, 50%) as a colourless oil
mmax(film)/cm−1 1716, 1681, 1599, 1583, 1486, 1367, 1246, 1154,
757; dH(600 MHz; CDCl3; Me4Si) 0.87 (3H, t, J 7.2 Hz, Me),
1.04–1.09 (1H, m, C(3)H), 1.20–1.32 (10H, m, 5 × CH2), 1.34–1.50
(2H, m, C(2)H and CH2), 1.43 (9H, s, tBu), 1.55–1.62 (2H, m,
C(1)H and CH2), 2.76 (1H, dd, J 16.2 and 7.8 Hz, C(1)HCH2),
3.12 (1H, dd, J 16.2 and 6.0 Hz, C(1)HCH2), 3.88 (3H, s, OMe),
6.94–6.95 (1H, m, Ph), 6.98–7.01 (1H, m, Ph), 7.43–7.45 (1H,
m, Ph), 7.65–7.66 (1H, m, Ph); dC(75 MHz; CDCl3; Me4Si) 14.0,
22.5, 22.6, 26.0, 26.7, 28.1, 29.0, 29.2, 29.3, 29.4, 31.8, 47.2, 55.3,
79.9, 111.3, 120.6, 128.2, 130.2, 133.3, 158.3, 171.5, 201.2; m/z
(EI) 388 (M+, 6%), 359 (1), 331 (16), 287 (2), 273 (18), 247 (2), 219
(2), 175 (2), 150 (5), 135 (100), 92 (4), 57 (15), 42 (9); HRMS (ESI)
C24H36O4 + Na requires 411.2511, found 411.2504. Cyclopropane
9b: Rf 0.41; (1.40 g, 22%) as a colourless oil mmax(film)/cm−1 1718,
1708, 1603, 1585, 1497, 1459, 1365, 1250, 1146; dH(600 MHz;
CDCl3; Me4Si) 0.87 (3H, t, J 6.6 Hz, Me), 1.11 (9H, s, tBu),
1.22–1.32 (8H, m, 4 × CH2), 1.57–1.62 (2H, m, CH2), 1.82 (1H,
dd, J 9.6 and 5.4 Hz, C(3)H), 2.19 (1H, dddd, J 8.4, 7.2, 5.4 and
5.4 Hz, C(1)H), 2.24 (1H, dd, J 9.6 and 7.2 Hz, C(2)H), 2.36
(1H, dd, J 16.8 and 8.4 Hz, C(1)HCH2C(O)), 2.42–2.51 (2H, m,
CH2C(O)), 2.76 (1H, dd, J 16.8 and 5.4 Hz, C(1)HCH2C(O)),
6.77–6.79 (1H, m, Ph), 6.89–6.91 (1H, m, Ph), 7.18–7.26 (1H, m,
Ph), 7.36–7.38 (1H, m, Ph); dC(150 MHz; CDCl3; Me4Si) 14.0,
19.9, 22.5, 23.6, 27.6, 28.2, 29.0, 29.1, 31.6, 42.6, 46.0, 55.1, 79.7,
109.4, 120.0, 125.0, 127.8, 130.6, 158.5, 169.9, 209.6; m/z (EI) 388
(M+, 9%), 342 (2), 315 (12), 287 (3), 273 (1), 247 (1), 205 (11), 190
(80), 160 (41), 127 (49), 91 (14), 57 (100), 42 (54); Anal. Calcd for
C20H28O4 requires C, 74.19; H, 9.34: found C, 74.35; H, 9.29%.


(±)-tert-Butyl [(1R,2R,3R)-2-heptyl-3-(2-phenyl-2-oxoethyl)-
cyclopropane-1-carboxylate 5d and (±)-tert-butyl [(1R,2S,3S)-
2-heptyl-3-benzoylcyclopropyl]acetate 9d. Cyclopropane 5d: Rf


0.43; (3.07 g, 52%) as a colourless oil mmax(film)/cm−1 1718, 1690,
1598, 1581, 1449, 1366, 1212, 1153; dH(600 MHz; CDCl3; Me4Si)
0.87 (3H, t, J 7.2 Hz, Me), 1.11 (1H, dddd, J 9.0, 7.8, 6.6 and
6.6 Hz, C(3)H), 1.20–1.33 (10H, m, 5 × CH2), 1,45 (9H, s, tBu),
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1.46–1.52 (2H, m, C(2)H and CH2), 1.59–1.68 (2H, m, C(1)H
and CH2), 2.72 (1H, dd, J 16.2 and 7.8 Hz, CH2C(O)Ph), 3.18
(1H, dd, J 16.2 and 5.4 Hz, CH2C(O)Ph), 7.44–7.47 (2H, m,
Ph), 7.54–7.57 (1H, m, Ph), 7.91–7.93 (2H, m, Ph); dC(150 MHz;
CDCl3; Me4Si) 14.1, 22.3, 22.6, 26.3, 26.7, 28.2, 29.1, 29.26,
29.32, 29.5, 31.8, 42.2, 80.2, 128.1, 128.6, 133.0, 136.7, 171.3,
198.7; m/z (EI) 359 [(M + H)+, 4%], 285 (8), 120 (23), 105 (100),
57 (32); HRMS (ESI) C23H34O3 + Na requires 381.2406, found
381.2400. Cyclopropane 9d: Rf 0.36; (1.06 g, 18%) as a colourless
oil mmax(film)/cm−1 1723, 1714, 1605, 1367, 1146; dH(600 MHz;
CDCl3; Me4Si) 0.87 (3H, t, J 7.2 Hz, Me), 1.13 (9H, s, tBu),
1.23–1.31 (8H, m, 4 × CH2), 1.58–1.62 (2H, m, CH2), 1.81 (1H,
dd, J 9.6 and 4.8 Hz, C(3)H), 2.27 (1H, dddd, J 8.4, 6.6, 5.4 and
4.8 Hz, C(1)H), 2.33–2.37 (2H, m, C(2)H and C(2)HCH2C(O)),
2.45–2.48 (2H, m, CH2C(O)CH2C(2)H), 2.76 (1H, dd, J 16.8
and 5.4 Hz, C(2)HCH2C(O)), 7.17–7.20 (1H, m, Ph), 7.24–7.27
(2H, m, Ph), 7.32–7.34 (2H, m, Ph); dC(150 MHz; CDCl3; Me4Si)
14.0, 19.6, 22.6, 23.7, 27.7, 28.9, 29.0, 29.2, 31.6, 32.3, 42.6, 45.9,
80.3, 126.6, 127.9, 129.5, 136.3, 169.5, 209.4; m/z (EI) 358 (M+ <


1%), 302 (63), 284 (34), 257 (12), 57 (100), 41 (45); HRMS (ESI)
C23H34O3 + Na requires 381. 2406, found 381.2396.


(±)-tert-Butyl 2-[(1S,2R,3S)-2-heptyl-3-(2-methoxybenzoyl)cyclo-
propyl]acetate 10b and (±)-tert-butyl 2-[(1S,2R,3R)-2-heptyl-3-
(2-methoxybenzoyl)cyclopropyl]acetate 11b


To a solution of 1,2-dioxine 6b (1 equiv.) in anhydrous
dichloromethane (53 ml per g of 6b) was added lithium bro-
mide (0.1 equiv.) and (tert-butoxycarbonylmethylene)triphenyl-
phosphorane (1.4 equiv.). The mixture was stirred at ambient
temperature for 30 days. The solution was concentrated and the
resulting residue purified by column chromatography using 3:17
ethyl acetate–hexanes as eluent to give cyclopropane 10b: Rf 0.57;
(47 mg, 35% based on 117 mg recovered starting material) as a
colourless oil mmax(film)/cm−1 1732, 1726, 1667, 1660, 1598, 1485,
1463, 1435, 1392, 1367, 1282, 1246, 1152; dH(300 MHz; CDCl3;
Me4Si) 0.86 (3H, t, J 7.2 Hz, Me), 1.25–1.53 (21H, m), 1.64–
1.68 (2H, m), 1.85 (1H, pentet, J 7.8 Hz), 2.78–2.81 (2H, m,
CH2CO2


tBu), 3.87 (3H, s, OMe), 6.92–6.99 (2H, m, PH), 7.38–
7.46 (2H, m, Ph); dC(75 MHz; CDCl3; Me4Si) 14.1, 22.0, 22.6,
24.1, 28.1, 28.7, 29.1, 29.2, 29.3, 29.4, 29.7, 31.9, 55.5, 80.0, 111.4,
120.5, 129.3, 132.0, 132.2, 157.7, 172.9, 202.2; m/z (EI) 389 [(M +
H)+, 10%], 333 (97), 273 (33), 135 (100), 57 (12); HRMS (ESI)
C24H36O4 + H requires 389.2692, found 389.2690 and 11b: Rf 0.46;
(65 mg, 58% based on recovered starting material) as a colourless
oil mmax(film)/cm−1 1732, 1727, 1660, 1651, 1598, 1485, 1463, 1438,
1367, 1283, 1246, 1154; dH(600 MHz; CDCl3; Me4Si) 0.87 (3H, t, J
7.2 Hz, Me), 1.21–1.34 (10H, m, 5 × CH2), 1.37–1.51 (11H, m, CH2


and tBu), 1.79 (1H, dddd, J 9.0, 7.2, 7.2 and 4.2 Hz, CHC7H15),
2.04 (1H, dddd, J 9.0, 7.2, 7.2 and 4.2 Hz, CHCH2CO2


tBu), 2.30
(1H, t, J 4.2 Hz, CHC(O)), 2.37 (1H, dd, J 15.0 and 7.2 Hz,
CH2CO2


tBu), 2.38 (1H, dd, J 15.0 and 7.2 Hz, CH2CO2
tBu), 6.95–


7.00 (2H, m, Ph), 7.41–7.44 (1H, m, Ph), 7.55–7.57 (1H, m, Ph);
dC(150 MHz; CDCl3; Me4Si) 14.0, 22.6, 27.3, 27.9, 28.0, 29.2,
29.4, 31.2, 31.8, 34.6, 36.2, 55.5, 80.4, 111.5, 120.5, 129.7, 129.8,
132.8, 158.2, 171.6, 201.9; m/z (EI) 389 [(M + H)+, 13%], 333 (41),
273 (39), 135 (100), 57 (29); HRMS (ESI) C24H36O4 + H requires
389.2692, found 389.2691.


Optimized procedure for the synthesis of 5a and 5b


To a solution of 1,2-dioxine 6a or 6b (1 equiv.) in anhydrous
dichloromethane (53 ml per g of 6) was added lithium bromide
(1.1 equiv.), (tert-butoxycarbonylmethylene)triphenylphosphorane
(1.4 equiv.) followed by triethylamine (2 drops for every 50 mg
of 6). The mixture was stirred at ambient temperature for 2 days
(Table 1). The solution was concentrated and the resulting
residue purified by column chromatography using 3:17 ethyl
acetate–hexanes as eluent to give cyclopropanes 5a or 5b.


(±)-(1S,2R,3R)-2-Heptyl-3-[2-(4-methoxyphenyl)-2-
oxoethyl]cyclopropane-1-carboxylic acid 16


99% Formic acid (2 ml) was added to cyclopropyl ester 5a (400 mg,
1.03 mmol) and the solution stirred for 3 hours. The formic
acid was then removed in vacuo, the resulting crude acid 16 was
dissolved in ethyl acetate and washed with 6% NaHCO3 solution.
The organics were then dried (MgSO4), filtered and the volatiles
removed in vacuo to yield cyclopropyl acid 16 (304 mg, 89%)
as a colourless crystalline solid. Mp 116–117 ◦C (diethyl ether);
mmax(film)/cm−1 2601, 1688, 1682, 1668, 1602, 1574, 1171, 1027,
925; dH(600 MHz; CDCl3; Me4Si) 0.87 (3H, t, J 6.6 Hz, Me),
1.21–1.29 (12H, m), 1.54–1.67 (3H, m), 1.75–1.79 (1H, m), 2.79
(1H, dd, J 16.2 and 7.2 Hz, CH2), 3.09 (1H, dd, J 16.2 and 6.6 Hz,
CH2), 3.87 (3H, s, OMe), 6.93–6.94 (2H, m, Ph), 7.90–7.91 (2H,
m, Ph); dC(75 MHz; CDCl3; Me4Si) 14.1, 22.6, 24.1, 24.9, 26.6,
29.17, 29.22, 29.3, 30.4, 31.8, 41.8, 55.5, 113.8, 129.7, 130.4, 163.6,
178.3, 196.8; m/z (EI) 332 (M+, 16%), 315 (65), 273 (45), 247 (4),
219 (21), 187 (11), 150 (31), 135 (100), 121 (12), 92 (19), 77 (24),
55 (17), 41 (41); HRMS (ESI) C20H28O4 + Na requires 355.1885,
found 355.1879.


(±)-2-[(1R,2S)-2-Heptylcyclopropyl]-1-(4-methoxyphenyl)-1-
ethanone 4


To a solution of cyclopropane acid 16 (384 mg, 1.15 mmol) in
anhydrous dichloromethane (30 ml) at 0 ◦C under a nitrogen atmo-
sphere and protected from light was added 2-mercaptopyridine N-
oxide (147 mg, 1.15 mmol) followed by DCC (238 mg, 1.15 mmol).
The reaction mixture was then stirred for 3 hours under the stated
conditions. After this time the precipitate was filtered off and
washed with cold dichloromethane. The volatiles were removed in
vacuo and the crude oil reconstituted in anhydrous benzene (45 ml).
The solution was then degassed and tert-butyl thiol (0.26 ml,
2.31 mmol) added; irradiation of the solution was preformed with
1 sun lamp (at a distance of 30 cm from the reaction vessel) under a
nitrogen atmosphere for 2 hours. The volatiles were then removed
in vacuo and the crude oil purified by column chromatography
using 3:1 dichloromethane–hexanes as eluent to give cyclopropane
4. Rf 0.50; (287 mg, 86%) as a colourless oil. mmax(film)/cm−1 1681,
1602, 1577, 1510, 1259, 1170, 1033; dH(300 MHz; CDCl3; Me4Si)
0.31–0.36 (2H, m, CH2), 0.51–0.62 (1H, m, CH), 0.82–0.90 (4H, m,
Me and CH), 1.19–1.39 (12H, m, 6 × CH2), 2.82 (2H, d, J 6.9 Hz,
CH2C(O)), 3.86 (3H, s, OMe), 6.91–6.94 (2H, m, Ph), 7.91–7.94
(2H, m, Ph); dC(75 MHz; CDCl3; Me4Si) 11.9, 14.1, 14.5, 18.9,
22.6, 29.3, 29.36, 29.39, 31.8, 34.0, 43.1, 55.4, 113.7, 130.2, 130.4,
163.3, 198.6; m/z (EI) 288 (M+, 51%), 273 (79), 175 (12), 135 (65),
92 (12), 77 (11), 64 (11), 55 (13), 41 (100); HRMS (ESI) C19H28O2 +
Na requires 311.1987, found 311.1984.


328 | Org. Biomol. Chem., 2006, 4, 323–330 This journal is © The Royal Society of Chemistry 2006







(±)-4-Methoxyphenyl 2-[(1R,2S)-2-heptylcyclopropyl]acetate 3


To a solution of cyclopropane 4 (986 mg, 3.42 mmol) in
dichloromethane (10 ml) was added 70% MCPBA (1.685 g,
6.83 mmol) and the mixture was stirred for 2 days. Dichloro-
methane (20 ml) was then added and the solution extracted with
saturated Na2S2O3 followed by saturated NaHCO3. The organic
layers were combined, dried (MgSO4), filtered and the volatiles
removed in vacuo to yield 947 mg, 91% of cyclopropyl ester 3 as a
colourless oil. mmax(film)/cm−1 1760, 1608, 1598, 1506, 1249, 1196,
1036; dH(300 MHz; CDCl3; Me4Si) 0.39–0.47 (2H, m, CH2), 0.63–
0.74 (1H, m, CH), 0.88–0.98 (4H, m, Me and CH), 1.23–1.50 (12H,
m, 6 × CH2), 2.43 (1H, dd, J 15.3 and 7.5 Hz, CH2C(O)), 2.53
(1H, dd, J 15.3 and 6.6 Hz, CH2C(O)), 3.84 (3H, s, OMe), 6.90–
7.00 (2H, m, Ph), 7.03–7.08 (2H, m, Ph); dC(75 MHz; CDCl3;
Me4Si) 11.7, 14.1, 14.3, 18.8, 22.7, 29.3, 29.4, (masked carbon),
31.9, 33.9, 39.1, 55.6, 114.4, 122.3, 144.4, 157.2, 172.0; m/z (EI)
304 (M+, 51%), 273 (7), 203 (7), 175 (31), 163 (5), 135 (17), 124
(100), 109 (9), 82 (10), 55 (14), 41 (15); HRMS (ESI) C19H28O3 +
Na requires 327.1936, found 327.1936.


(±)-Methyl 2-[(1S,2R)-2-heptylcyclopropyl]acetate 17


To a solution of cyclopropyl ester 3 (1.031 g, 3.39 mmol) in
anhydrous methanol (20 ml) was added concentrated H2SO4


(1 drop) and the solution refluxed for 16 hours under a nitrogen
atmosphere. NaHCO3 (50 mg, 0.6 mmol) was then added and the
volatiles removed in vacuo until approximately 5 ml remained.
Dichloromethane (20 ml) was then added and the solution
extracted with saturated NaHCO3, dried (MgSO4), filtered and
the volatiles removed in vacuo. Column chromatography of the
crude residue using 7:3 dichloromethane–hexanes as eluent gave
cyclopropyl ester 17, Rf 0.63; (670 mg, 93%), as a colourless oil.
mmax(film)/cm−1 1746, 1436, 1256, 1171, 1020; dH(600 MHz; CDCl3;
Me4Si) 0.28–0.32 (2H, m, CH2), 0.50–0.55 (1H, m, CH), 0.74–
0.79 (1H, m, CH), 0.88 (3H, t, J 6.6 Hz, Me), 1.16–1.23 (1H,
m), 1.23–1.31 (9H, m), 1.34–1.39 (2H, m, CH2), 2.21 (1H, dd, J
15.6 and 7.2 Hz, CH2CO2Me), 2.23 (1H, dd, J 15.6 and 7.2 Hz,
CH2CO2Me), 3.68 (3H, s, OMe); dC(75 MHz; CDCl3; Me4Si) 11.6,
14.1, 14.2, 18.6, 22.7, 29.3, 29.4, (masked carbon), 31.9, 33.9, 38.9,
51.5, 173.8; m/z (EI) 213 ([M + H]+, 13%), 197 (7), 183 (8), 180
(66), 169 (14), 152 (3), 138 (50), 128 (13), 110 (16), 101 (61), 83
(57), 74 (94), 59 (85), 55 (87), 41 (100); HRMS (ESI) C19H24O3


requires 212.1776, found 212.1771.


(±)-2-[(1R,2S)-2-Heptylcyclopropyl]acetic acid 2


To a solution of cyclopropyl ester 17 (1.209 g, 5.69 mmol) in water
and methanol (15 ml, 1:4 v/v) was added aqueous KOH (4 ml, 2M)
and the solution stirred for 6 hours. After this time, water (10 ml)
was added and the solution was acidified (conc. HCl) to pH 1.
Following acidification the solution was extracted with ether, the
organics were dried (MgSO4), filtered and the volatiles removed
in vacuo to give cyclopropyl acid 2 (1.05, 93%) as a colourless oil.
mmax(film)/cm−1 2673, 1714, 1416, 1304, 1223, 940; dH(600 MHz;
CDCl3; Me4Si) 0.31–0.35 (2H, m, CH2), 0.53–0.58 (1H, m, CH),
0.75–0.80 (1H, m, CH), 0.88 (3H, t, J 7.2 Hz, Me), 1.21–1.31 (10H,
m, 5 × CH2), 1.35–1.40 (2H, m, CH2), 2.25 (1H, dd, J 16.2 and
6.7 Hz, CH2CO2H), 2.27 (1H, dd, J 16.2 and 7.7 Hz, CH2CO2H);
dC(75 MHz; CDCl3; Me4Si) 11.6, 14.0, 14.1, 18.7, 22.7, 29.32,


29.35, 29.4, 31.9, 33.8, 38.8, 179.2; m/z (EI) 199 ([M + H]+, 100%),
181 (64), 163 (20), 151 (6), 138 (63), 123 (17), 112 (34), 97 (63), 83
(98), 82 (53), 69 (45), 55 (36), 41 (53); HRMS (ESI) C12H22O2 − H
requires 197.1542, found 197.1540.


(±)-2-[(1S,2R)-2-Heptylcyclopropyl]ethanoyl chloride 20


To a solution of cyclopropyl acid 2 (413 mg, 2.08 mmol) and
DMF (1 drop) in anhydrous dichloromethane (15 ml) at 0 ◦C
under a nitrogen atmosphere was added oxalyl chloride (0.55 ml,
6.25 mmol) as a solution in anhydrous dichloromethane (15 ml).
The solution was then stirred for 2 hours at 0 ◦C then allowed to
attain ambient temperature and stirred for a further 2 hours. The
volatiles were then removed in vacuo to give crude acid chloride 20,
which was used without further purification. dH(300 MHz; CDCl3;
Me4Si) 0.37–0.45 (2H, m, CH2), 0.59–0.65 (1H, m, CH), 0.82–0.91
(4H, m, Me and CH), 1.21–1.38 (12H, m, 6 × CH2), 2.75 (1H, dd,
J 16.8 and 7.1 Hz, CH2C(O)Cl), 2.80 (1H, dd, J 16.8 and 6.8 Hz,
CH2C(O)Cl).


(4S)-4-Benzyl-3-2-[(1S,2R)-2-heptylcyclopropyl]acetyl-1,3-
oxazolan-2-one 18 and (4S)-4-benzyl-3-2-[(1R,2S)-2-heptyl-
cyclopropyl]acetyl-1,3-oxazolan-2-one 19


To a solution of (S)-(−)-4-benzyl-2-oxazolidinone (369 mg,
2.08 mmol) in anhydrous THF (20 ml) at −78 ◦C under a nitrogen
atmosphere was added nBuLi (1.1 ml, 1.88 M) and the solution
stirred for 0.5 hours. After this time the solution of acid chloride
20 (synthesized from 413 mg, 2.08 mmol of acid 2) in anhydrous
THF (15 ml) was added dropwise and the solution stirred at
−78 ◦C for 4 hours. The reaction was then quenched with saturated
NH4Cl, diluted with water and extracted with dichloromethane.
The organics were dried (MgSO4), filtered and concentrated in
vacuo to give crude oxazolidinones. Oxazolidinones 18 and 19
were purified by column chromatography to give a combined
yield of 789 mg, 59%. The oxazolidinones were resolved by suc-
cessive column chromatography using 1:4 ethyl acetate–hexanes
as eluent. Oxazolidinone 18 (1st eluted): Rf 0.44; mp 45–46 ◦C;
mmax(nujol)/cm−1 1790, 1691, 1225, 1151, 758; dH(300 MHz; CDCl3;
Me4Si) 0.33–0.41 (2H, m, CH2), 0.54–0.65 (1H, m, CH), 0.83–0.94
(4H, m, Me and CH), 1.18–1.44 (12H, m, 6 × CH2), 2.78 (1H, dd,
J 13.2 and 9.6 Hz, CH2Ph), 2.81 (1H, dd, J 17.1 and 7.2 Hz,
CH2C(O)), 2.92 (1H, dd, J 17.1 and 6.9 Hz, CH2C(O)), 3.33 (1H,
dd, J 13.2 and 3.0 Hz, CH2Ph), 4.16 (1H, dd, J 9.0 and 3.6 Hz,
CH2O), 4.20 (1H, dd, J 9.0 and 7.2 Hz, CH2O), 4.69 (1H, dddd, J
9.6, 7.2, 3.6 and 3.0 Hz, NCH), 7.20–7.37 (5H, m, Ph); dC(75 MHz;
CDCl3; Me4Si) 11.6, 13.7, 14.1, 18.5, 22.7, 29.3, 29.4, (masked
carbon), 29.5, 31.9, 34.0, 38.0, 40.3, 55.2, 66.2, 127.3, 128.9, 129.4,
135.3, 153.5, 173.0; m/z (EI) 357 (M+, 37%), 342 (5), 272 (7), 244
(19), 219 (9), 178 (43), 152 (6), 134 (20), 117 (48), 91 (83), 55 (69),
41 (100); Anal. Calcd for C22H31NO3 requires C, 73.92; H, 8.74;
N, 3.92: found C, 74.04; H, 8.67; N, 3.99%. Oxazolidinone 19 (2nd


eluted): Rf 0.38; mp 46–48 ◦C; mmax(nujol)/cm−1 1786, 1696, 1222,
1118, 998; dH(300 MHz; CDCl3; Me4Si) 0.33–0.39 (2H, m, CH2),
0.56–0.66 (1H, m, CH), 0.83–0.94 (4H, m, Me and CH), 1.22–1.44
(12H, m, 6 × CH2), 2.76 (1H, dd, J 17.1 and 7.2 Hz, CH2C(O)),
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2.78 (1H, dd, J 13.5 and 9.6 Hz, CH2Ph), 2.98 (1H, dd, J 17.1 and
6.6 Hz, CH2C(O)), 3.32 (1H, dd, J 13.5 and 3.3 Hz, CH2Ph), 4.16
(1H, dd, J 9.0 and 3.6 Hz, CH2O), 4.20 (1H, dd, J 9.0 and 7.2 Hz,
CH2O), 4.69 (1H, dddd, J = 9.6, 7.2, 3.6 and 3.3 Hz, NCH), 7.20–
7.37 (5H, m, Ph); dC(75 MHz; CDCl3; Me4Si) 11.5, 13.7, 14.1, 18.7,
22.7, 29.3, 29.4, (masked carbon), 31.9, 33.9, 38.0, 40.2, 55.2, 66.2,
127.3, 128.9, 129.4, 135.3, 153.5, 173.0; m/z (EI) 357 (M+, 23%),
342 (3), 272 (8), 244 (19), 219 (11), 181 (40), 134 (20), 117 (39),
91 (80), 55 (58), 41 (100); HRMS (ESI) C22H31NO3 + Na requires
380.2202, found 380.2199.


(−)-2-[(1S,2R)-2-Heptylcyclopropyl]acetic acid (−)-2


To a solution of oxazolidinone 18 (516 mg, 1.44 mmol) in THF
and water (10 ml, 3:1 v/v) at 0 ◦C was added 30% hydrogen
peroxide (1.31 ml, 11.6 mmol) and LiOH (138 mg, 5.76 mmol),
and the solution was then stirred for 0.5 hours. After this time
the reaction was quenched with 1.5 M Na2SO3 and extracted with
dichloromethane, the addition of brine was necessary to break up
the emulsions formed. The aqueous layer was then acidified (conc.
HCl) to pH 1 and extracted with dichloromethane. The organics
were dried (MgSO4), filtered and concentrated in vacuo to give
cyclopropyl acid (−)-2 (254 mg, 89%) as a colourless oil. [a]20.5


D


−14.0◦ (CHCl3, c = 0.01).


(+)-2-[(1R,2S)-2-Heptylcyclopropyl]acetic acid (+)-2


Procedure as for acid (−)-2 synthesis from oxazolidinone 19
(275 mg, 86%) as a colourless oil. [a]20.5


D +14.0◦ (CHCl3, c = 0.01).


(±)-Grenadamide 1


A solution of acid chloride 20 (synthesized from 250 mg,
1.26 mmol of acid 2) in anhydrous ether (8 ml) was added to a
stirred solution of diazomethane12 (∼80 mg, 1.9 mmol) in ether
(∼60 ml) and triethylamine (0.2 ml, 1.43 mmol) at 0 ◦C. The
mixture was stirred for 0.5 hours, after which time half the
volume of ether was evaporated under a stream of nitrogen. The
precipitated NEt3·HCl was then filtered off and washed with
cold ether. The volatiles were removed in vacuo to give crude
diazoketone 21. Rf 0.67 (1:9 ether–dichloromethane). Diazoketone
21 was reconstituted in anhydrous, degassed THF (4 ml) and


cooled to −15 ◦C, to this solution was added phenethylamine
(0.63 ml, 5.04 mmol). The reaction was then protected from
light and a solution of silver benzoate (317 mg, 1.39 mmol.)
in triethylamine (5.4 ml) was added. On complete addition of
the silver benzoate solution the mixture was allowed to attain
ambient temperature and was stirred for 16 hours. The volatiles
were removed in vacuo and the residue purified by column
chromatography using 1:1 ethyl acetate–hexanes as eluent to give
racemic grenadamide, Rf 0.66; (329 mg, 83%), as a colourless solid,
mp 54–56 ◦C; mmax(nujol)/cm−1 3312, 1636, 1549, 1194, 1024, 747;
dH(300 MHz; CDCl3; Me4Si) 0.12–0.21 (2H, m, CH2), 0.32–0.47
(2H, 2 × CH), 0.88 (3H, t, J 6.9 Hz, Me), 1.05–1.38 (12H, m, 6 ×
CH2), 1.44–1.57 (2H, m, CH2), 2.21 (2H, t, J 7.5 Hz, CH2C(O)),
2.82 (2H, t, J 6.9 Hz, CH2Ph), 3.52 (2H, q, J 6.9 Hz, NCH2), 5.78
(1H, br s, NH), 7.18–7.33 (5H, m, Ph); dC(75 MHz; CDCl3; Me4Si)
11.7, 14.1, 18.1, 18.8, 22.6, 29.3, 29.4, 29.6, 30.4, 31.8, 34.1, 35.6,
36.7, 40.5, 126.4, 128.6, 128.7, 138.8, 173.2; m/z (EI) 315.3 (M+,
16%), 286.3 (8), 267.4 (6), 244.2 (8), 230.1 (18), 217.3 (8), 182.2
(20), 163.1 (33), 132.1 (12), 115.1 (20), 140.1 (100), 72.1 (71), 55.1
(87), 43.1 (73); Anal. Calcd for C21H33NO requires C, 79.95; H,
10.54; N, 4.44: found C, 79.98; H, 10.68; N, 4.50%.


(−)-(R,R)-Grenadamide (−)-1


Procedure as for (±)-grenadamide synthesis from (−)-2 (296 mg,
80%) as a colourless solid. [a]20.5


D −12.0◦ (CHCl3, c = 0.005); mp
54–56 ◦C.


(+)-(S,S)-Grenadamide (+)-1


Procedure as for (±)-grenadamide synthesis from (+)-2 (308 mg,
83%) as a colourless solid. [a]20.5


D +12.0◦ (CHCl3, c = 0.005); mp
55–57 ◦C.
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In recent years, interest in the physiological functions of S-nitrosothiols has strongly increased owing to
the potential of these compounds to release nitric oxide. In contrast, little is known about similar
functions of N-nitrosated (N-terminal-blocked) tryptophan derivatives, which can be also formed at
physiological pH. Utilizing N-acetyl-N-nitrosotryptophan (NANT) and N-nitrosomelatonin
(NOMela) as model compounds, we have studied their reaction with catechol and catecholamines such
as epinephrine and dopamine. In these reactions, NANT was quantitatively converted to
N-acetyltryptophan (NAT), and nitric oxide was identified as a volatile product. During this process,
ortho-semiquinone-type radical anions deriving from catechol and dopamine, were detected by ESR
spectrometry. The catechol radical concentration was about eight times higher under normoxia than
under hypoxia and a similar relationship was found for the decay rates of NANT under these
conditions. An epinephrine-derived oxidation product, namely adrenochrome, but not a
catechol-derived one, was identified. These observations strongly indicate that N-nitrosotryptophan
derivatives transfer their nitroso-function to an oxygen atom of the catecholamines, and that the
so-formed intermediary aryl nitrite may decompose homolytically with release of nitric oxide, in
addition to a competing hydrolysis reaction to yield nitrite and the corresponding catechol. These
conclusions were supported by quantum chemical calculations performed at the CBS-QB3 level of
theory. Since nitric oxide is non-enzymatically released from N-nitrosotryptophan derivatives on
reaction with catecholamines, there might be a possibility for the development of
epinephrine-antagonizing drugs in illnesses like hypertension and pheochromocytoma.


Introduction


Catecholamines are known to be oxidized in vivo mainly enzymat-
ically by monoaminoxidase and catechol-O-methyltransferase.1


Although catecholamines are well known for their vasoconstrictor
activity, there are only a few reports about their involvement in
endogenous nitric oxide production. Girgin et al.2 hypothesized
an indirect way of enhancement of nitric oxide production in
the presence of elevated catecholamine levels, since an increased
monoaminoxidase activity would increase endogenous L-arginine
concentrations. Rigobello et al.3 reported on the release of nitric
oxide during reaction of S-nitrosoglutathione with epinephrine in
the presence of copper ions, pointing out that the latter would be
absolutely necessary for nitric oxide formation.


Since N-nitrosotryptophan derivatives are known for both
their vasodilatative activity4 and their nitric oxide releasing
potency,5,6 the question arises whether catecholamines can re-
lease nitric oxide from N-nitrosotryptophan derivatives in the
absence of copper ions. In this paper we report on the highly
complex nitric oxide yielding mechanism of the reaction between
catecholamines and N-nitrosotryptophan derivatives, such as
N-acetyl-N-nitrosotryptophan (NANT) and N-nitrosomelatonin
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(NOMela) (Scheme 1). These surprising reactions can be explained
satisfactorily by proposing the intermediacy of short-lived aryl
nitrites.


Results


Decomposition of NANT


At pH 7.4, NANT is not stable in aqueous solution and decays hy-
drolytically with an apparent first-order rate constant of khydrolysis =
(6.6 ± 0.1) × 10−5 s−1 to produce stochiometric amounts of N-
acetyltryptophan (NAT) and NO2


− (Fig. 1).7 This is confirmed by
the 15N NMR spectrum (Fig. 2A), showing partial hydrolysis of
100 mM 15N-NANT in phosphate buffer within 24 hours at 20 ◦C
(nitrite/ammonium sulfate ratio 40 : 60). The presence of either
catechol or epinephrine (100 lM each) accelerated the decay of
NANT (100 lM) with regard to the hydrolysis reaction (Fig. 1).
The decomposition of NANT in the presence of catechol follows
a clean first-order rate law with kcatechol = (1.9 ± 0.2) × 10−4 s−1.
When catechol was used in large excess (100 mM catechol and
100 lM NANT, data not shown), the decay of NANT followed
further a clean pseudo-first-order rate law with an apparent rate
constant of 7.6 × 10−4 s−1, i.e., the rate constant was increased only
about four-fold by increasing the catechol concentration 1000-
fold. Since initially a complete conversion of NANT should have
occured at this high excess of catechol, and because a first-order
rate law was additionally found at equimolar concentrations, a
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Scheme 1


Fig. 1 The decay of 100 lM NANT in phosphate buffer (50 mM, pH 7.4,
37 ◦C), monitored spectrophotometrically at 335 nm in the absence and in
the presence of either 100 lM catechol or 100 lM epinephrine. Each curve
represents the mean of at least three experiments.


complex mechanism with a pre-equilibrium should operate, where
the rate constant k−1 of the backward reaction is much faster
than the rate constants k2 and k3 of the formation of products
(Scheme 2). An even more complicated situation was evident in the
presence of epinephrine, because the decay of NANT follows an
unusual “wavy” time profile. Such behavior can be explained by the
occurrence of an intermediate having a rather strong absorptivity
compared to NANT. Only at the final stage of the reaction (1100


Scheme 2


Fig. 2 15N NMR spectra. (A) The 24 h hydrolysis of 100 mM 15N-NANT
in 70 mM phosphate buffer yielded mainly 15NO2


− and some 15NO3.
(B) In contrast, the reaction of 100 mM catechol and 100 mM 15N-NANT
in 70 mM phosphate buffer yielded only small amounts of 15NO2


−


after complete decomposition (3 h) when continuously purged with N2.
(15NH4)2SO2 was added as an internal standard after the above times. 15N
NMR data (phosphate buffer): 15N-NANT: d = 165.2/179.6 ppm; 15NO2:
d = 229.6 ppm.


to 1800 s) did the decay trace seem to follow a first-order process,
with a rate constant of k = (4.3 ± 0.9) × 10−4 s−1, i.e., ca. 10 times
higher than the first-order constant of the hydrolysis reaction of
NANT. In addition, the decay of the optical density at 335 nm
varied significantly with pH (Fig. 3). The apparent first-order
behavior at the final stage of the reaction increased with decreasing


Fig. 3 pH Dependence of the reaction of 100 lM epinephrine with
100 lM NANT in phosphate buffer (50 mM, 37 ◦C, pH 6.5, pH 7.5,
and pH 8). The decay of NANT was monitored by recording the optical
density at 335 nm. Representative measurements for each pH are shown.
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[H+] because it was most prominent at pH 8. At pH values lower
than 6.5, the NANT hydrolysis reaction competed effectively with
the bimolecular reaction and this limited the application of the
acid pH value to 6.5.


The 15N NMR spectrum shows products other than those
produced from the hydrolysis reaction. Only small amounts of
15NO2


− (nitrite/ammonium sulfate ratio 5 : 95) and 15NO3
−


(Fig. 2B) were formed. As the reaction mixture was continously
purged with oxygen-free nitrogen during the course of the reaction,
the formation of a volatile 15N product, most probably nitric oxide,
is indicated (see below). The low amounts of nitrite then represent
the fraction of NANT hydrolysis within the 3 h reaction period.
In line with these findings, under normoxic conditions the NANT-
dependent production of nitrite, as determined by the Griess assay,
corresponded to 100% and 70% in the absence and in the presence
of 100 lM epinephrine, respectively. Thus, the catechol-dependent
change in the product pattern clearly demonstrates the occurence
of a direct reaction between NANT and catechol.


Notably, the reaction with catechol and catecholamines was spe-
cific for N-nitrosotryptophan derivatives, because under copper-
free conditions GSNO did reacted neither with epinephrine nor
catechol (data not shown) in agreement with the results of
Rigobello et al.3


Formation of NAT


As the product pattern of the reaction between catechol and
NANT differed significantly from that of the hydrolysis of NANT,
we investigated whether NAT was formed quantitatively in the
former reaction. Formation of NAT was monitored by following
its fluorescence at 358 nm because NANT did not fluoresce at this
wavelength (Fig. 4A). In fact, the increase in the fluorescence of
NAT (kexc = 270 ± 5 nm, kem = 358 ± 5 nm) corresponded well with
the decrease of the NANT concentration (Fig. 4B), demonstrating
that NANT was quantitatively converted to NAT.


1H, 13C and 15N NMR product studies


In order to identify the formation of other tryptophan- and/or
catechol-derived reaction products, e.g., nitrated or nitrosated
intermediates and products, NMR spectra were performed with
100 mM catechol and 100 mM 15N-NANT or NANT, respectively,
in phosphate buffer. These spectra showed that catechol reacted
with NANT with stoichiometric formation of NAT (Fig. 5), in line
with the earlier experiments (Fig. 4B). Nitrosation and nitration
products of NAT such as 1-NO2-NAT, 6-NO2-NAT, or other C-
nitroso-NAT derivatives, as reported in ref. 8, were not detected
in phosphate buffer, nor were any other products found at levels
exceeding ca. 8%. Additionally, reaction of 10 mM 13C-catechol
with 10 mM 15N-NANT in phosphate buffer was monitored by 13C
NMR in order to detect possible nitration of catechol in aqueous
solution (data not shown). Again, these spectra did not show any
significant formation of products deriving from catechol.


Adrenochrome formation


In contrast to the experiments performed with catechol, sub-
stantial formation of an epinephrine-derived product, namely


Fig. 4 (A) Fluorescence spectra of NAT and NANT (kexc = 270 ± 5 nm,
kem = 358 ± 5 nm) in 50 mM phosphate buffer. (B) The formation of
NAT from reaction of 200 lM NANT with 200 lM epinephrine was
monitored spectrofluorophotometrically in phosphate buffer (50 mM,
room temperature). The fluorescence intensity was determined from a
10-fold diluted aliquot of the reaction mixture. The decay of NANT was
determined simultaneously by recording the absorption at 335 nm from a
2-fold diluted aliquot of the reaction mixture. Each value represents the
mean of four experiments.


adrenochrome, could easily be detected during reaction of
epinephrine with NANT or N-nitrosomelatonin (NOMela). Re-
action of 100 lM epinephrine with 100 lM NANT yielded
adrenochrome concentrations of 12.1 ± 1.01 lM at 25 ◦C and
of 26.9 ± 1.76 lM at 37 ◦C, respectively. Under the applied
experimental conditions, the reaction periods were too short to
allow autoxidation of epinephrine. A maximum concentration
of 2.9 ± 0.99 lM adrenochrome was formed by autoxidation
of 100 lM epinephrine after 30 minutes of incubation at 37 ◦C
(Fig. 6).


Characteristic UV-vis spectra from the reaction between NANT
and epinephrine at 37 ◦C are collected in Fig. 7. Since isosbestic
points were identified (236 nm, 276 nm, 309 nm, 410 nm)
during the reaction, the formation of an intermediate with a
long lifetime at substantial concentrations can be safely excluded.
Nevertheless, the formation of an intermediate, i.e., a short-
lived aryl nitrite, which either regenerates the reactants, or yields
products according to Scheme 2 is still possible.
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Fig. 5 13C NMR spectrum of the products from the reaction of 100 mM
15N-NANT with 100 mM catechol in phosphate buffer pH 7.4, after
four days. Signals of catechol and NAT are labelled “C” and “N”, respec-
tively. 13C NMR data (phosphate buffer): NANT: d = 22.06/22.1 (CH3),
27.6/27.4 (b-CH2), 54.6/54.8 (a-CH), 113.5/111.3 (C-3), 115.7/119.1
(C-7), 120.2/121.8 (C-6), 125.6/125.56 (C-5), 126.3/122.6 (C-4),
126.8/127.8 (C-2), 129.7/129.5 (C-3a), 135.4/128.4 (C-7a), 173.5/173.4
(C=O), 177.6/177.8 (COOH) ppm. NAT: d = 22.1 (CH3), 27.6 (b-CH2),
56.1 (a-CH), 110.5 (C-3), 112.0 (C-7), 118.7 (C-5), 119.3 (C-6), 121.9 (C-4),
124.4 (C-2), 127.4 (C-3a), 136.3 (C-7a), 173.4 (C=O), 178.7 (COOH) ppm.
Catechol: d = 116.5 (C-3, C-6), 121.2 (C-4, C-5), 144.3 (C-1, C-2) ppm.


Fig. 6 Adrenochrome formation from 100 lM epinephrine in the pres-
ence and absence of 100 lM NANT, monitored spectrophotometrically at
kmax = 487 nm. Autoxidation of 100 lM epinephrine in 50 mM phosphate
buffer (50 mM, pH 7.4, 37 ◦C) yielded ca. 3% adrenochrome. In the
presence of 100 lM NANT, adrenochrome formation increased to ca.
27 lM. Each value represents the mean of at least three experiments.


Identification of hidden peaks


In order to evaluate whether the region at around 335 nm is
influenced by adrenochrome, the UV-vis spectra were analyzed
in detail. The deconvolution of the adrenochrome UV-vis spectra
predicted in fact the existence of a UV-vis resonance at around
335 nm (Table 1), and this finding was confirmed by TD-DFT
calculations. Since UV-vis spectra of both adrenochrome and
NANT were accurately analyzed, peak-fitting software was used
to re-analyze kinetic runs, an example of which is outlined in
Fig. 7. The deconvolution of the UV-vis spectra predicted that the
amount of NANT should fall within the reaction period of 30 min
when 100 lM NANT is treated with 100 lM epinephrine at 37 ◦C
(data not shown). After a reaction period of 17.5 min, the UV-vis
resonances of adrenochrome, but not of any other intermediate,
were clearly distinguishable. Thus, the optical density at 335 nm


Fig. 7 UV-vis spectra from the reaction of 100 lM NANT with 100 lM
epinephrine in phosphate buffer (50 mM, pH 7.4, 37 ◦C), taken every
5 min for an overall reaction period of 30 min. Data for a representative
measurement are shown.


should be flawed by the adrenochrome formation at least for the
last 12.5 min. This conclusion, however, is in striking contrast
to the fact that during the reaction of NANT with epinephrine
(Fig. 1) the decrease of the optical density at 335 nm was strongly
enhanced during the last 12.5 min of reaction. This discrepancy
can be only explained by the occurrence of an additional reaction
(see below).


•NO-release


As NANT was almost quantitatively converted to NAT by
catechol but no 15N-labelled product could be detected in the 15N
NMR experiment (see above), nitric oxide was expected as the
second product, similar to what has been observed from reaction
of NANT with ascorbate.5 Nitric oxide formation was monitored
with an •NO-sensitive electrode at 25 ◦C and 37 ◦C. Epinephrine
(500 lM) yielded a steady-state nitric oxide concentration of
2.4 ± 0.3 lM at 25 ◦C and 3.0 ± 0.8 lM at 37 ◦C. At the
same concentrations, dopamine and catechol produced lower
steady-state concentrations of nitric oxide, viz. 1.2 ± 0.1 lM
from catechol at 25 ◦C and 2.7 ± 0.4 lM from dopamine at
37 ◦C. The steady-state nitric oxide concentration obtained from
reaction of epinephrine with 100 lM NANT at 37 ◦C followed
the epinephrine concentration in an exponential manner and
leveled off at ca. 2.8 lM •NO at epinephrine concentrations
>250 lM. The concentration-dependence of nitric oxide release
from dopamine and catechol, respectively, was similar to the one
found for epinephrine (data not shown).


Similar results were obtained when 100 lM NANT was
replaced by 100 lM NOMela. Now nearly the same steady-state
concentration of •NO was detected, viz. 2.4 ± 0.2 lM at 25 ◦C
and 3.0 ± 0.5 lM •NO at 37 ◦C with 500 lM epinephrine. Thus,
the epinephrine-stimulated release of •NO is not restricted to the
model compound NANT.


The initial rates of nitric oxide release were evaluated from the
initial slopes of the •NO-time profiles. The rates of •NO release
from 100 lM NANT increased in the presence of epinephrine in
a non-linear fashion with the epinephrine concentration (Fig. 8),
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Table 1 Evaluation of peaks in the optical density UV-vis spectra of 100 lM adrenochrome and of 100 lM NANT in 50 mM phosphate buffer were
evaluated with the PeakFit R© program as well as with the TD-DFT: MPW1B95/6–311 + + (G,d,p)//O3LYP/6-311 + G(2d,p) density functional theory
calculations


Adrenochrome NANT


TD-DFT


Exp. Deconvol. TD-DFT Exp. Deconvol. Z-Conformer E-Conformer


k/nm k/nm Area k/nm f a k/nm k/nm Area k/nm f k/nm f


218.9 219.4 69.9 223.9 0.004 201.0 199.7 65.9 212.8 0.015 210.8 0.013
228.3 0.231 225.6 0.079 228.9 0.088


271.9 8.5 278.3 0.021 236.0 17.0 236.7 0.013 235.7 0.010
303.8 303.5 35.5 296.7 0.305 265.7 264.8 26.0 241.0 0.399 240.7 0.368


332.4 7.1 323.1 0.000 308.3 11.0 299.9 0.218 — —
368.7 4.9 — — 334.8 335.5 15.7 — — 320.5 0.203
435.9 9.6 — — 365.5 12.0 364.5 0.041 365.8 0.061
483.8 10.3 — — 429.0 0.001 432.3 0.001


486.6 487.5 10.4 492.8 0.074
523.2 8.2 513.9 0.000
577.6 2.6 — —


a f = Oscillator frequency.


Fig. 8 The initial rates of •NO production from the reaction of 100 lM
NANT with epinephrine, as a function of epinephrine concentration
(25–1000 lM), determined in phosphate buffer (50 mM, pH 7.4, 25 ◦C).
Each value represents the mean of at least four experiments.


to level off at about 21 nM s−1 (25 ◦C) and 27 nM s−1 (37 ◦C),
respectively, at an epinephrine concentration of about 100 lM
(data not shown). Epinephrine (100 lM) was somewhat faster
(35 nM s−1) in releasing nitric oxide from N-nitrosomelatonin at


37 ◦C than from NANT but the rate was lower at 25 ◦C (about
16 nM s−1). Due to the leveling off in the rates of nitric oxide release
at higher epinephrine concentrations, the experimental rates were
evaluated only for epinephrine concentrations ≤100 lM. In addi-
tion, kinetic measurements were performed in order to evaluate
the corresponding NANT decay rates.


Kinetic measurements


The initial decomposition of NANT or NOMela, respectively,
was observed spectrophotometrically by monitoring the decay at
335 nm or 346 nm for the first 210 seconds of the reaction. The
NANT decay rate was almost identical to the NOMela decay
rate at equimolar conditions. When 100 lM epinephrine were
added to 100 lM NANT at 25 ◦C, NANT decayed at 14.8 ±
4.1 nM s−1 and NOMela at 16.7 ± 4.2 nM s−1. These decay rates of
the N-nitrosotryptophan derivatives corresponded very well with
the observed •NO-releasing rates shown in Fig. 8. In order to verify
whether the reaction of NANT and catechol follows a second-
order reaction, 700 lM epinephrine was added to 100 lM NANT
at 25 ◦C (Table 2). The observed decay rate of 30.2 ± 3.1 nM s−1 was
only about two times faster than the corresponding decay rate at
equimolar concentrations, whereas a factor of 7 was expected for


Table 2 Decay rates of reactions between epinephrine and NANT. Varying amounts of NANT were added to varying amounts of epinephrine in
50 mM phosphate buffer, pH 7.4. The decay of NANT was determined spectrophotometrically at 335 nm by taking measurements every 30 s at 25 ◦C or
30 ◦C. The decay rate was evaluated from the first linear 210 s of data. Experiments were also performed in the presence of superoxide dismutase as well
as under hypoxic conditions within an argon-flushed glove bag. Each data represents the mean of at least four experiments


Reactants T/◦C Decay rate/nM s−1


100 lM NANT + 100 lM epinephrine 25 14.8 ± 4.1
100 lM NANT + 100 lM epinephrine + 300 U ml−1 SOD 25 20.5 ± 2.9
100 lM NANT + 700 lM epinephrine 25 30.2 ± 3.1
100 lM NANT + 700 lM epinephrine + 300 U ml−1 SOD 25 32.1 ± 5.0
700 lM NANT + 100 lM epinephrine 25 53.5 ± 10.1
700 lM NANT + 100 lM epinephrine + 300 U ml−1 SOD 25 41.9 ± 5.1
700 lM NANT + 700 lM epinephrine 25 95.8 ± 4.7
100 lM NANT + 100 lM epinephrine 30 24.0 ± 2.5
100 lM NANT + 100 lM epinephrine under hypoxia 30 10.0 ± 1.6
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a true second-order process. When 700 lM NANT was reacted
with 100 lM epinephrine, a decay rate of 53.5 ± 10.1 nM s−1


was measured. The observed rates depended more strongly on the
concentration of NANT than on the concentration of epinephrine.
Employing 700 lM NANT and 700 lM epinephrine, the decay rate
increased only 6.5-fold (95.8 ± 4.7 nM s−1 (Table 2)) whereas a 49-
fold increase would be expected from a true second-order reaction.
Further decay rates are collected in Table 2. These results clearly
indicate that the reaction between epinephrine and NANT does
not follow a simple second-order rate law.


Since under our experimental conditions epinephrine might
yield small amounts of superoxide, which is well-known to
react with S-nitrosothiols,9–11 one may suspect that our kinetic
experiments might be somewhat flawed by the intermediacy of
this radical. However, additional experiments with 300 units ml−1


superoxide dismutase in the presence of varying concentrations
of NANT and epinephrine at 25 ◦C revealed that the decay rates
did not depend significantly on the presence of SOD (Table 2).
Thus, superoxide is obviously not involved in the reaction between
epinephrine and NANT. On the contrary, the decay rates are
influenced by molecular oxygen. Under normoxia, a decay rate of
24.0 ± 2.5 nM s−1 was found from reaction of 100 lM epinephrine
with 100 lM NANT, which was about 2.4 times faster than under
hypoxic conditions, as outlined in Table 2.


Adrenochrome–NANT reaction


The “wavy” time profile (Fig. 1) of the NANT–epinephrine
reaction not only derived from the interference with the absorption
of adrenochrome at 335 nm, but also was affected by a reaction
of adrenochrome with NANT. In order to simulate the conditions
achieved during reaction of epinephrine and NANT, in which
100 lM NANT and 100 lM epinephrine yielded about 27 lM
adrenochrome at 37 ◦C, the reaction of 25 lM adrenochrome
with 100 lM NANT was observed in phosphate buffer (Fig. 9).
At 37 ◦C, a decay at 335 nm as well as at 487 nm was observed
spectrophotometrically. Since the optical density at 335 nm is
flawed by adrenochrome, the NANT concentration cannot be
deduced spectrophotometrically, but it can be safely assumed
that ca. 4.93 ± 0.32 lM adrenochrome was consumed during


Fig. 9 The decay of 100 lM NANT in the presence and absence of
25 lM adrenochrome, followed by monitoring the optical density at 335 nm
in phosphate buffer (50 mM, pH 7.4, room temperature). Each value
represents the mean of at least three experiments.


this reaction (data not shown) by monitoring the decay of the
absorption at 487 nm. The reaction of NANT with adrenochrome
yielded NAT, in line with the reaction between NANT and
epinephrine. In contrast to the latter reaction, nitric oxide was
not detected with the •NO-sensitive electrode (data not shown), so
that the reaction mechanism between NANT and adrenochrome
is different from the reaction of NANT with epinephrine.


Catechol radical anion and dopamine radical anion


The release of the radical nitric oxide via homolysis of an
epinephrine-derived aryl nitrite necessarily implicates the forma-
tion of a second radical. Since the solubility of epinephrine was
too low for the ESR experiments, this compound was replaced
by dopamine. In fact, after mixing 7.5 mM NANT and 7.5 mM
dopamine in phosphate buffer at pH 7.4, the characteristic ESR
signal of the dopamine radical anion was immediately detected
(Fig. 10A). The ESR signal decayed, in correspondence with the
foregoing kinetic experiments. The catechol radical anion was
detected by ESR on mixing NANT with catechol under similar
conditions. In order to exclude the possibility that the catechol-
type radicals were exclusively formed from reaction of catechol
with nitrogen dioxide, which may be rapidly formed by autoxida-
tion of •NO,12 additional experiments were performed under strict
oxygen-free conditions. Although the signal intensity was about
eight times lower than under normoxic conditions, the generation


Fig. 10 (A) ESR spectrum of the dopamine radical anion recorded after
rapid mixing of 7.5 mM dopamine and 7.5 mM NANT in phosphate
buffer (50 mM, pH 7.4, room temperature). (B) Under similar conditions,
the ESR spectrum of the catechol radical anion was recorded from 7.5 mM
catechol and 7.5 mM NANT under normoxic and hypoxic conditions . The
mixtures were supplemented by 100 lM DTPA to avoid any influence of
metal ions.
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of the radicals in the absence of oxygen was unequivocally demon-
strated (Fig. 10B). This observation points clearly to the intermedi-
acy of the short-lived aryl nitrite. A possible influence of metal ions
was excluded by supplemention of 100 lM DTPA to the reaction
mixture, after which no significant effect on the steady-state con-
centration of catechol radical ion was observed (data not shown).


Discussion


Our findings demonstrate for the first time the release of nitric
oxide on reaction of catechols (ortho-hydroxyphenols) and cate-
cholamines with N-nitrosoindoles like NANT or NOMela. Prod-
uct formation proceeds either by initial electron transfer or via an
intermediate aryl nitrite. Since catechol has an oxidation potential
of Eox = 0.3 V13 it is unlikely to reduce N-nitrosotryptophan
derivatives to the corresponding N-nitrosoindole radical anions
(Ered = −0.6 V).14 Therefore, initial electron transfer can be
safely excluded. N-Nitrosotryptophan derivatives are known to
nitrosate butanol,15 thiols,6 H2O2,16 primary aromatic amines,17


and tryptophan-derivatives;18 hence, a similar transnitrosation
reaction between NANT and the catechol/catecholamines ap-
pears feasible. In line with this, Darbeau et al.19 reported on a
transfer of the nitroso function from N-nitrosoamides to alcohols.
Although our NMR and UV-vis spectrometric experiments failed
to identify intermediary formation of O-nitrosocatechols, they
should be the key intermediates. The formation of n-butyl nitrite
from the reaction of NANT with butanol, and regeneration
of NAT was described in 1977.15,20 Likewise, NANT effectively
O-nitrosates hydrogen peroxide.16 Aryl nitrites are unstable to-
wards rearrangement and transnitrosation21 and O-nitrosophenols
are known for their short lifetimes, as they are in equilibrium
with •NO and the corresponding phenoxyl-type radical.22–24 High-
level quantum mechanical calculations performed with the multi-
level method CBS-QB3, using N-nitrosoindole as placeholder
for NANT and 4-methylcatechol as placeholder for epinephrine,
indeed predict that the formation of O-nitrosocatechol and 4-
methyl-O-nitrosocatechol are moderately endergonic processes
(Table 3, entries 1–3). In aqueous solution, the aryl nitrite of
catechol is predicted not to be a stable compound because the
dissociation into nitric oxide and the corresponding catechol
radical is calculated to be slightly endergonic by 0.8 kcal mol−1


for O-nitrosocatechol and slightly exergonic by −0.4 kcal mol−1


for 4-methyl-O-nitrosocatechol (Table 3, entries 4 and 5), in
line with the experimental observations.22–24 The hydrolysis of O-
nitrosocatechol is expected to compete with the homolysis reac-
tion, as it is calculated to be exergonic for both O-nitrosocatechol
(−4.3 kcal mol−1, Table 3, entry 6) and for 4-methyl-O-
nitrosocatechol (−4.0 kcal mol−1, Table 3, entry 7). The alternative
mechanism, direct homolysis of NANT to give nitric oxide and the
NAT aminyl radical (Table 3, entry 8), can be excluded because of
its endergonic character, in line with the data of Zhu et al.14 Notice-
ably, reaction of N-nitrosoindole compounds with catechol anions
to yield the corresponding O-nitrosocatechols seems to be ther-
mochemically favored (Scheme 3). Although the formation of the
O-nitrosocatechol is predicted to be slightly endergonic (3–4 kcal
mol−1), the homolysis (−11 to −14 kcal mol−1) as well as the hy-
drolysis (ca. −12 kcal mol−1) of these aryl nitrites are calculated to
be clearly exergonic, so that the reaction between N-nitrosoindole
compounds and catechol anions appears feasible. The CBS-
QB3 calculations further predict that the homolysis reaction
(−14.3 kcal mol−1) is thermodynamically slightly favored over
the hydrolysis reaction (−11.8 kcal mol−1) for 4-methyl-O-nitroso-
catechol anion but not for O-nitrosocatechol anion (Scheme 3).


These data suggest that hydrolysis and homolytic fragmentation
represent competitive pathways with a slight preference for hydrol-
ysis of O-nitrosocatechol, but enhanced formation of •NO and the
epinephrine-derived phenoxyl radical from O-nitrosoepinephrine.
The additional release of catechol-type radicals is further predicted
to enforce the decay of NANT (Table 3, entries 9 and 10). Since
under aerobic conditions a higher NANT concentration leads to
an enhanced release of nitric oxide, and thus of nitrogen dioxide,12


the catechol radicals are additionally produced by reaction of
catechol with nitrogen dioxide,25 in line with an increased ESR-
signal intensity of the catechol radical (Fig. 10B) and a faster
decay of NANT (Table 2) under normoxic conditions. Hence,
the reaction of NANT with catechol compounds cannot follow a
simple second-order process, as was shown above. In the case of
epinephrine the system is further complicated by the fact that
the formed adrenochrome (Fig. 7) also enhances significantly
the decay of NANT, albeit slowly. Since during this reaction
nitric oxide release could not be detected by the •NO-sensitive
electrode, we assume that adrenochrome supports the hydrolysis
of NANT. As adrenochrome is mainly formed at alkaline pH,26 this
would explain the apparent first-order behaviour of NANT decay


Table 3 Quantum chemical calculations. Complete basis set (CBS-QB3) computations were carried out with Gaussian 03 (revision AM64L-G03RevC0.2)
suite of programs. Gibbs free energies of solvation for water were estimated for the optimized gas-phase geometries with the CPCM-UAHF procedure
incorporated in Gaussian 03


Entry Reactant DRG/kcal mol−1 DREsolv/kcal mol−1 DRGsolv/kcal mol−1


1 E-NO-indole + cat → indole + NO-cat 6.2 0.9 7.1
2 Z-NO-indole + cat → indole + NO-cat 6.2 1.0 7.2
3 E-NO-indole + mecat → indole + NO-mecat 5.8 1.0 6.8
4 NO-cat → •NO + cat-radical 0.4 0.4 0.8
5 NO-mecat → •NO + mecat-radical −0.8 −0.4 −0.4
6 NO-cat + H2O → trans-HNO2 + cat 1.2 −5.5 −4.3
7 NO-mecat + H2O → trans-HNO2 + mecat 1.6 −5.6 −4.0
8 E-NO-indole → indole-radical + •NO 15.5 −1.8 13.7
9 E-NO-indole + cat-radical → indole + •NO + cat ox −1.7 −11.9 −13.6


10 E-NO-indole + mecat-radical → indole + •NO + mecat ox −1.8 −11.7 −13.5


cat = catechol, mecat = methylcatechol, NO-cat = O-nitrosocatechol, NO-mecat = 4-methyl-O-nitrosocatechol, cat-radical = catechol radical, mecat-
radical = methylcatechol radical, cat ox = oxidized catechol (catechol dichinon), mecat ox = oxidized methylcatechol (quinone of 4-methylcatechol).
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Scheme 3


at pH 8 at later stages of the reaction (Fig. 3). Adrenochrome
formation can be explained by the intermediate formation of
the corresponding quinone of epinephrine. The full reaction
mechanism is shown in Scheme 4.


Zhang et al.4 observed a vasorelaxation of aorta rings from
male New Zealand white rabbits when treated with the nitrosated
dipeptide N-nitroso-Gly-Trp. In that study the vessel rings were
prepared in the presence of 1 lM phenylepinephrine. Our above
results now provide an explanation for the observed vasorelaxation
because, similarly to NANT, N-nitroso-Gly-Trp is expected to
react with phenylepinephrine in the aortic tissues with the release
of nitric oxide.


The reaction between N-nitrosated tryptophan derivatives and
catechols might offer a starting point for the development of a
new class of drugs for the treatment of diseases in which high
catecholamine levels were found, as for instance in pheochro-
mocytoma. This neuroendocrine tumor exhibits catecholamine
concentrations up to 200 nmol l−1 in the corresponding adrenal
vein,27 and the general plasma catecholamine levels are 10 times
higher than in the control group.28 Due to these high catecholamine
concentrations, pheochromocytoma patients can develop life-
threatening hypertensive crisis.29 It is conceivable that the ap-
plication of a drug based on the reaction mechanism presented
might be a useful therapeutical intervention in these illnesses
because the catecholamines can be non-enzymatically destroyed
with simultaneous release of nitric oxide (see Scheme 4).


On the other hand, Venitt et al.30 reported on the mutagenicity of
N-acetyl-N-nitrosotryptophan at high concentrations (>120 lM)
in bacteria which would counteract pharmacological use. How-
ever, one should keep in mind that a variety of drugs are harmful
at high concentrations, e.g. the drug sodium nitroprusside,31,32 but
that lower doses can sucessfully be applied.


In order to avoid any misunderstandings, we do not suggest
the application of NANT to patients with hypertensive diseases.
Nevertheless, one might speculate that in the future an optimized,
yet unavailable N-nitrosotryptophan derivative may be found
which will be both an effective vasodilatative and epinephrine-
decreasing drug.


Experimental


Chemicals and solutions


N-Acetyl-DL-tryptophan, melatonin, catechol, epinephrine,
adrenochrome, dopamine, and chelex 100 were obtained from
Sigma (Taufkirchen, Germany). 13C6-Catechol (99%) was pur-
chased from Cambridge Isotope Laboratories Inc. (Andover,
USA). Superoxide dismutase from bovine erythrocytes was
from Roche (Mannheim, Germany). N-Acetyl-N-nitroso-DL-
tryptophan (NANT), 15N-NANT, N-nitrosomelatonin, and S-
nitrosoglutathione were prepared as described in ref. 18. Stock
solutions were prepared daily and their concentrations were spec-
trophotometrically determined at 335 nm and 346 nm, respectively,
and checked at least every 6 h. All other chemicals were of the
highest purity commercially available.


Experimental conditions


Since nitrosation reactions are highly sensitive to the presence
of metal ions, phosphate buffer solutions (50 mM) were treated
with the heavy metal scavenger resin Chelex 100 (0.5 g in 15 ml).
After gently shaking, the solution was stored overnight and was
then carefully decanted from the resin. Afterwards, the pH of all
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Scheme 4


solutions was readjusted to pH 7.4 ± 0.1 by the addition of 50 mM
H3PO4 or 50 mM K3PO4.


Determination of nitric oxide with an •NO sensitive electrode


Nitric oxide formation was determined using an •NO sensitive elec-
trode (ISO-NO; World Precision Instruments, Sarasota, Florida)
as described in ref. 33. The reaction mixtures were continously
stirred throughout the measurements, and the temperature was
kept at 25 ± 1 ◦C or 37 ± 1 ◦C. The electrode was calibrated
daily, and •NO production was quantified according to the man-
ufacturer’s instructions, employing potassium iodide (100 mM) in
H2SO4 (0.1 M) as a calibration solution to which varying amounts
of NaNO2 (0.5 mM) were added. A standard concentration of
100 lM of the nitrosated tryptophan derivative was applied to
varying concentrations of catechols.


Decay kinetic experiments


The catechol- and catecholamine-induced decay of N-acetyl-
N-nitrosotryptophan and N-nitrosomelatonin, respectively, was
monitored on a SPECORD S 100 spectrophotometer from
Analytic Jena (Jena, Germany) using the molar absorptivity e487 =
2800 M−1 cm−1 for adrenochrome,34 e335 = 6100 M−1 cm−1 for
NANT,35 e335 < 70 M−1 cm−1 for NAT, e335 < 155 M−1 cm−1 for


catechol, e346 = 7070 M−1 cm−1 for N-nitrosomelatonin,36 and
e336 = 770 M−1 cm−1 for GSNO.37 The reaction between cate-
chol/catecholamines and the nitrosated tryptophan derivatives
(both 100 lM at pH 7.4) was monitored for 30 min by taking
recordings every 30 s at 25 ◦C, 30 ◦C, and 37 ◦C. Experiments
with epinephrine and NANT were performed also at pH 6.5,
pH 7, pH 7.5, and pH 8. For the determination of the reaction
order, the reaction between equimolar concentrations of catechol
and NANT (100 lM and 700 lM) was monitored. Further, both
compounds were reacted under pseudo-first-order conditions, i.e.,
at 100 mM catechol and 100 lM NANT. In addition, 700 lM
epinephrine was reacted with 100 lM NANT and vice versa.
The possible influence of superoxide anions on this reaction was
checked by adding 300 units ml−1 of superoxide dismutase (SOD)
to the reaction mixture. Similar experiments (100 lM NANT and
100 lM epinephrine) were performed under hypoxic conditions in
an argon-flushed glove box at 30 ◦C after the pO2 of the buffer
had dropped to <4.7 kPa (from 202–205 kPa at normoxia) as
determined with a LICOX MCB R© Oxygen Monitor (GMS, Kiel-
Mielkendorf, Germany).38


Detection of NAT and NANT


The formation of NAT and the decrease of NANT were simulta-
neously monitored from a solution of 200 lM NANT and 200 lM
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epinephrine in 50 mM phosphate buffer at room temperature
for 100 min. The formation of NAT was determined by 10-
fold dilution of the sample and recording of the fluorescence
(kexc = 270 ± 5 nm, kem = 358 ± 5 nm) on a Shimadzu
spectrofluorophotometer. The decomposition of NANT was spec-
trophotometrically determined by 1 : 1 dilution of the samples and
reading the optical density at 335 nm.


Measurements of nitrite


The amounts of nitrite formed from both the reaction of
100 lM catechol or catecholamines with 100 lM NANT and
the decomposition of NANT were quantified as follows: A
50 ll aliquot of the reaction mixture (NANT and catechol)
and 250 ll phosphate buffer (pH 7.4) were added to 750 ll of
the Griess reagent. The Griess reagent was prepared daily from
0.1% naphthylethylenediamine and 1% sulfanilamide (both from
Sigma). After a reaction period of 10 min, the optical density at
542 nm was recorded and the nitrite concentration was evaluated
by means of a calibration curve. All experiments were performed
in quadruplicate 24 h after mixing the reactants.


ESR measurements


The catechol radical anion as well as the dopamine radical
anion were identified by ESR spectrometry. ESR spectra were
recorded at 18 ◦C on a Bruker ESP-300E X-band spectrometer
(Bruker, Rheinstetten, Germany) equipped with a TM110 wide-
bore cavity. Solutions were prepared from 1 ml of the buffer
solution (pH 7.4) containing catechol and dopamine, respectively,
and NANT (7.5 mM each). The reaction solutions were quickly
transferred to a 0.4 mm aqueous solution quartz cell (Willmad,
Buena, NY). Experiments with catechol were performed under
normoxic and under hypoxic conditions. For the latter, a glove
bag (Roth, Karlsruhe, Germany) flushed with argon was used.
To check on the influence of metal ions, ESR spectra were also
recorded in the presence of 100 lM DTPA (diethylenetriamine
pentaacetic acid; Sigma). Recording conditions were as follows:
microwave frequency, 9.79 GHz; modulation, 0.04 mT; signal gain,
5 × 105; sweep range, 10 mT; microwave power, 2 mW; sweep time,
2.8 min. Spectrum simulation was performed using the WinSim
program.39


1H, 13C and 15N NMR measurements


NMR experiments were performed on a Bruker AVANCE DRX
500 instrument (Bruker Biospin, Rheinstetten, Germany) at
500 MHz for 1H NMR, 125.71 MHz for 13C NMR, and 50.67 MHz
for 15N NMR spectra. 1H and 13C NMR chemical shifts (d) are
given in ppm relative to TMS (d = 0) as external standard. For
15N NMR spectrometry, neat nitromethane (d = 0) was used as
external standard. 15N NMR measurements were performed on
a mixture of 0.9 M catechol and 0.9 M 15N NANT in a 9 :
1 DMSO/D6-DMSO mixture. 13C and 1H NMR spectra were
obtained from 1 M NANT and 1 M catechol in DMSO/D6-
DMSO 9 : 1 (v/v).


To elucidate the effect of water, similar measurements were
performed with 100 mM catechol and 100 mM 15N-NANT in
70 mM phosphate buffer solution at pH 7.2 in the presence of
10% D2O as an internal lock. In addition, 13C NMR spectra


from 10 mM 13C6-catechol and 10 mM 15N-NANT were measured
in phosphate buffer pH 7.45. In order to quantify the amount
of nitrite formed during the decay of 100 mM 15N-NANT in
phosphate buffer as well as during the reaction of 100 mM
15N-NANT with 100 mM catechol in 15N NMR, 50 mM 15N-
ammonium sulfate (Sigma Aldrich) was added as an internal
standard. To avoid the autoxidation of nitric oxide, the latter
reaction mixture was continously flushed with nitrogen for 3 h.


Peak deconvolution software


In order to detect hidden peaks in the performed spectrophoto-
metrical measurements, the PeakFit R© program (SeaSolve Program
Inc., Framingham, MA) was applied. Spectra from NANT,
adrenochrome, and from the reaction of NANT with epinephrine
(both 100 lM at 37 ◦C) were deconvoluted with the peak-fitting
software.


Quantum-chemical calculations


Density functional theory (DFT) and complete basis set (CBS-
QB3) computations were carried out with the Gaussian 03 (Rev
C0.2) suite of programs.40 Geometries were fully optimized to sta-
tionary points, using the O3LYP/6-311 + G(2d,p) level in the DFT
calculations. Vertical excitation energies were computed on these
optimized structures using the protocol of the time-dependent
density functional theory41 (TD-DFT) with MPW1B95/6-311 +
+ G(d,p) as model42 for the first 10 excited states, in order
to reproduce the UV-visible spectra of adrenochrome and N-
nitrosoindole, respectively. To take into account solute–solvent-
dependent spectral shifts in the UV-visible spectra, solvent effects
were evaluated for all calculations of electronic spectra with the
CPCM method. In addition, Gibbs free energies of solvation
for water were estimated for the CBS-QB3 optimized gas-phase
geometries with the CPCM-UAHF procedure incorporated in
Gaussian 03. Both the CBS-QB3 and CPCM/(U)HF/6-31 + G(d)
methodologies are known to provide thermodynamic estimates
within “chemical accuracy” (±1 kcal mol−1).43,44


Statistics


All experiments were repeated at least three times, except the ESR
and NMR measurements which were performed twice. The results
are expressed as means ± S.D.


Abbreviations


The abbreviations used are: •NO, nitric oxide; NOS, ni-
tric oxide synthase; GSNO, S-nitrosoglutathione; NAT, N-
acetyltryptophan; SOD, superoxide dismutase; NANT, N-acetyl-
N-nitrosotryptophan; NOMela, N-nitrosomelatonin; DTPA, di-
ethylenetriamine pentaacetic acid;
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The biological activity of nineteen substituted thiophenes (3) have been assessed by evaluating the
minimum inhibitory concentration required to inhibit the growth of E. coli, M. luteus and A. niger. The
series displays a wide range of activities with 2-chloro-3,5-dinitrothiophene (3a) or 2-bromo-3,5-
dinitrothiophene (3c) showing the highest activity against all three organisms, while the simplest
compound of the series, 2-nitrothiophene (3s) shows the smallest activity in each case. The mode of
action of 3a and 3c is thought to involve nucleophilic attack by intracellular thiols at the 2-position of
the heterocyclic ring leading to displacement of halogen, but other active derivatives, such as
2,4-dinitrothiophene (3h) and 5-nitrothiophene-2-carbaldehyde (3d) which have no displaceable
halogen or leaving group are thought to act by forming Meisenheimer complexes.


Introduction


A wide range of organosulfur compounds are biologically ac-
tive and some find commercial application as fungicides and
bactericides.1–4 However, their biological activity is dependent
not only on the presence of sulfur but often on the presence
of additional activating groups. For example, the fungicidal
activity of phenylthiocyanate (1a) is substantially enhanced by
the presence of electron attracting substituents in the aromatic
ring so that the 2,4-dinitro derivative (1b), which is highly effective
against the fungus Aspergillus niger, has been patented as a potent
antifungal agent.1 In contrast, heterocyclic compounds such as 3-
isothiazolones, are highly effective against the bacteria Escherichia
coli and Staphylococcus aureus but again the relative biological ef-
ficacy of these molecules is highly dependent on the nature and po-
sition of the substituents attached to the heterocyclic ring.2,3 Thus
5-chloro-N-methyl-3-isothiazolone (2a) is several orders of mag-
nitude more active than the simpler N-methyl derivative (2b).2,5


In both cases, the biological activity of these molecules is
thought to arise from their ability to initially diffuse through the
membranes of bacteria or fungal cell walls and then react with im-
portant intracellular sulfur-containing proteins, or simpler thiols
inside the cell, causing the cell function to be impaired (see later).
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Substituted thiophenes (3) are also biologically active6 and like the
phenylthiocyanates they generally require electron attracting nitro
groups to enhance activity.4,6–13 For example, 2,4-dinitrothiophene
(3h) and related derivatives are fungicides,9 2-methylamino-3,5-
dinitrothiophene (3t) is an effective marine anti-fouling agent10


and 2-acetyl-3,5-dinitrothiophene (3u) has pronounced antibiotic
properties.11,12 More recent studies have described the biocidal
properties of 2,4-dinitro-5-thiomethoxythiophene (3v) and the
related sulfoxide and sulfone derivatives,13 but there is little sys-
tematic information on the mode of action of the nitrothiophenes.


In the present studies we have synthesised and experimentally
assessed the biological activity of nineteen diverse nitrothiophenes
(3), by identifying the minimum inhibitory concentrations re-
quired to inhibit actively growing cultures of the Gram negative
bacterium, Escherichia coli (E. coli), the Gram positive bacterium,
Micrococcus luteus (M. luteus), and a typical fungus, Aspergillus
niger (A. niger), all using agar diffusion techniques. As previous
studies have shown that electron attracting groups are necessary
to enhance the biological activity of the thiophene against fungi
and bacteria, the series selected all contained one nitro group in
the 2-position of the thiophene ring.


This journal is © The Royal Society of Chemistry 2006 Org. Biomol. Chem., 2006, 4, 359–366 | 359







Results and discussion


Synthetic aspects


There were only a limited number of relevant nitrothiophene com-
pounds commercially available at the time of biological evaluation,
such as 5-nitrothiophene-2-carbaldehyde (3d) and 2-amino-3,5-
dinitrothiophene (3m), which were used directly; these compounds
were also used as suitable precursors for the preparation of
other derivatives (see later). To ensure that the activity of the
nitrothiophenes was thoroughly examined, a suitable reference
set of active compounds were devised which (i) contained a
varied set of substituents including both electron donating and
electron attracting substituents; (ii) were stable both in air and
water; and (iii) were suitably soluble both in water and organic
solvents for biological test purposes. The following derivatives
were synthesised:


2-Nitrothiophene (3s). Thiophene was nitrated using a modi-
fied literature procedure with acetyl nitrate14 taking into account
the usual precautions for this reagent.15 As the product was
found to be light sensitive, the crude nitrothiophene mixture was
extracted into petroleum spirit, cooled and isolated in the absence
of light, to give the expected product mixture of 2-nitrothiophene
(85%) and 3-nitrothiophene (15%) in an overall yield of 31%.


2,4-Dinitrothiophene (3h). The new route adopted was based
on a method used for the synthesis of azothiophene dyes by
diazotization of 2-amino-3,5-dinitrothiophene (3m) with sodium
nitrite and sulfuric acid in a mixture of acetic and propionic
acids.16 Decomposition of the diazonium salt by heating with
hypophosphorous acid17,18 gave the required product, but isolation
proved difficult. A troublesome extraction of the highly acidic
reaction mixture with dichloromethane, followed by a washing
step with a saturated solution of sodium hydrogen carbonate
finally afforded (3h) in 22% yield.


2-Chloro-5-nitrothiophene (3r) and 2-bromo-5-nitrothiophene
(3n). Nitration of the respective 2-halogenothiophene with acetyl
nitrate15,19 gave crude products which were decolourized using acti-
vated charcoal during recrystallization, and isolated in the absence
of light, to give (3r) and (3n) in 51 and 31% yield, respectively.


2-Chloro-3,5-dinitrothiophene (3a) and 2-bromo-3,5-dinitrothio-
phene (3c). These compounds were prepared by nitrating either
(3r) or (3n) using a chilled mixture of fuming nitric and concen-
trated sulfuric acids19 to give the products in 72 and 78% yield,
respectively.


N-(3,5-Dinitrothien-2-yl)acetamide (3f) and N-(3,5-dinitrothien-
2-yl)benzamide (3p). These could not be prepared by standard
acylation techniques from 2-amino-3,5-dinitrothiophene (3m) as
the electron withdrawing properties of the two nitro groups reduces
the nucleophilicity of the amino group to such an extent that it is
unreactive. Successful reaction conditions were eventually found
by adding a catalytic amount of concentrated sulfuric acid20 to
the acetylation reaction (using acetic anhydride) or benzoylation
reaction (using benzoyl chloride) both at room temperature to give
the desired products in 62 and 65% yield, respectively.


3,5-Dinitro-2-phenoxythiophene (3b). This compound was
synthesised in 52% yield (Scheme 1) from a solid state reaction
between freshly prepared potassium phenoxide and 2-chloro-3,5-
dinitrothiophene (3a).19


Scheme 1 Nucleophilic substitution reactions of 2-chloro-3,5-dinitro-
thiophene (3a).


2-Methoxy-3,5-dinitrothiophene (3e). Although the existing
synthetic method using sodium methoxide reported very small
yields,19 we have found that provided the reaction is carried out
at 0 ◦C by combining ice cold solutions of sodium methoxide
solution and (3a) in methanol, the reaction proceeds readily to
give the product in a very respectable yield of 80% (Scheme 1).


3,5-Dinitro-2-phenylsulfanylthiophene (3i). This compound
was prepared in 48% yield (Scheme 1) by adding a mixture of
thiophenol and a small amount of a 10% aqueous sodium hy-
droxide to a methanolic solution of 2-chloro-3,5-dinitrothiophene
(3a).


2-Anilino-3,5-dinitrothiophene (3q). This compound was pre-
pared in 73% yield (Scheme 1) by treating 2-chloro-3,5-dinitro-
thiophene (3a) with aniline in methanol at room temperature.19


3,5-Dinitro-2-thiocyanatothiophene (3k). This, a new com-
pound, was synthesized in 73% yield (Scheme 1) by reacting 2-
chloro-3,5-dinitrothiophene (3a) with potassium thiocyanate in
acetone.


2-(2-Methyl-propane-2-sulfanyl)-3,5-dinitrothiophene (3j) and
2-(2-methyl-propane-2-sulfonyl)-3,5-dinitrothiophene (3l). Both
new compounds, were synthesized by treating an ethanolic
solution of 2-chloro-3,5-dinitrothiophene (3a) with sodium 2-
methyl-2-propanethiolate and neutralizing the mixture with 2.5%
aqueous sulfuric acid. The mixed isolated products were separated
by column chromatography using toluene as an eluant.
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2-Methyl-2-propanethiolate was selected in preference to other
alkylthiolates because once the product is formed (3j), the sulfur
atom is sterically hindered and it does not undergo further reaction
with the initial reagent to form disulfides.


b-(5-Nitro-2-thienyl)acraldehyde (3g). was prepared in 13%
yield overall by the alkali catalysed condensation of 5-
nitrothiophene-2-carbaldehyde (3d) with acetaldehyde using acetic
anhydride in the dehydration step.21


Experimental activity of the nitrothiophenes


The minimum inhibitory concentrations of all nineteen nitrothio-
phenes (3a–s) determined against E. coli, M. luteus and A. niger
are shown in Table 1. Overall, fifteen of the nitrothiophenes
inhibited the growth of the Gram negative bacteria, E. coli, and
seventeen inhibited the growth of the Gram positive bacteria M.
luteus. The series displays a wide range of activities with 2-chloro-
3,5-dinitrothiophene (3a) and 2-bromo-3,5-dinitrothiophene (3c)


showing the highest activity against E. coli and M. luteus, respec-
tively, while the simplest compound of the series, 2-nitrothiophene
(3s) shows the smallest activity against both organisms. While
the high biological activity appears to be associated with the
presence of two nitro groups in the heterocyclic ring, there are
notable exceptions such as 5-nitrothiophene-2-carbaldehyde (3d)
and 5-nitrothiophene-2-acrylaldehyde (3g) which are both more
active against E. coli than 2,4-dinitro-2-thiocyanatothiophene (3k)
or 2-amino-3,5-dinitrothiophene (3m) (Table 1). On balance, the
activity of the nitrothiophenes does not seem to be attributable to
any simple structural feature and other factors or properties must
therefore contribute to their observed activity (see below). It is
also true that there are sometimes wide discrepancies between the
measured activities of the derivatives against E. coli and M. luteus
suggesting that the mode of action is different between Gram
negative and Gram positive bacteria respectively. For example, 5-
nitrothiophene-2-carbaldehyde (3d) is highly active against E. coli
but an order of magnitude less active against M. luteus, while 2,4-
dinitro-5-thiocyanatothiophene (3k) is highly active against M.
luteus but an order of magnitude less active against E. coli (Table 1).
This difference in activity found between Gram positive and Gram
negative bacteria probably reflects the different structure of their
cell walls, and is not unusual as 5-chloro-N-methyl-3-isothiazolone
(2a) has twice the activity against E. coli as it does against


Table 1 Minimum inhibitory concentration (MIC, lM) of the thiophene derivatives required to inhibit the growth of E. coli, M. luteus, and A. niger


E. coli M. luteus A. niger


Compound Solvent MIC log (1/C)a MIC log (1/C)a MIC


3a DMF 106 3.97 134 3.87 —
MeOH 152 3.82 115 3.94 76
Acetone 174 3.76 — — —


3b DMF 166 3.78 157 3.80 —
3c Acetone 205 3.69 78 4.11 —
3d MeOH 289 3.54 2546 2.59 743
3e DMF 1082


MeOH 336 3.47 1711 2.77 411
3f DMF 435 3.36 659 3.18 —
3g MeOH 603 3.22 1350 2.87 671
3h MeOH 633 3.20 2658 2.58 520
3i DMF 1250 2.90 816 3.09 —
3j Acetone 1650 2.78 5001 2.30 —
3k MeOH 1985 2.70 200 3.70 —
3l Acetone 3763 2.42 321 3.49 —
3m MeOH 4352 2.36 2241 2.65 >10 000
3n MeOH 14 966 1.82 17 151 1.77 —
3o MeOH >10 000 N/A 2315 2.64 —
3p DMF >100 000 N/A — — —
3q DMF >100 000 N/A >10 000 N/A —


Acetone >100 000 N/A >10 000 N/A
3r MeOH >100 000 N/A >100 000 N/A >10 000
3s MeOH >100 000 N/A >100 000 N/A >10 000


a The MIC values are also given in the form log 1/C where C is the minimum inhibitory concentration in moles per litre.
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S. aureus (Gram positive), while N-phenyl-3-isothiazolone (2c)
is highly active against S. aureus but an order of magnitude less
active against E. coli.2


The activity of the derivatives tested against A. niger appears
to follow a similar trend to the results found for E. coli with
2-chloro-3,5-dinitrothiophene (3a) showing the highest activity
while 2-nitrothiophene (3s) shows the smallest (Table 1).


However, these results suggest that the activity of the ni-
trothiophenes against A. niger are less sensitive to structural
changes than those results obtained using bacteria. Thus 2,4-
dinitrothiophene (3h) shows a similar activity to 5-nitrothiophene-
2-carbaldehyde (3d), 2-methoxy-3,5-dinitrothiophene (3e) and b-
(5-nitro-2-thienyl)acraldehyde (3g) but all are an order of magni-
tude less than that found for (3a) (Table 1).


Mode of action


The precise mechanism of how organosulfur compounds disable
the cells of bacteria and fungi is not known, but is well established
that low molecular weight thiols, such as glutathione (GSH),
and reactive protein sulfhydryls such as cysteine are primary
participants in cellular anti-oxidant processes.22–26 Glutathione is
abundant in cytoplasm, nuclei, and mitochondria (3–10 mM),
while reactive protein sulfhydryls are abundant in both soluble
proteins and in membrane-bound proteins. The sulfur atom in
these species easily accommodates the loss of a single electron
and the thiol groups can also partially ionize to produce the more
reactive and strongly nucleophilic thiolate anion, e.g.


G–SH � G–S− + H+


. While the sulfur atom in cysteine partially ionizes at neutral
or cellular pH, the high pKa of glutathione at 9.3, means there
is very little of the anion at pH = 7. Despite this, the thiolate
anion appears to be responsible for the reactivity of cellular thiols
during xenobiotic metabolism where for example, glutathione
transferases bind to glutathione in such a way that the sulfur is
induced to ionize more completely and then react with xenobiotic
materials such as carcinogens, mutagens, toxins and drugs.22–26


The mode of action of organosulfur compounds against bac-
teria or fungi will clearly vary depending on the structural and
electronic features of the biocide. For example, phenylthiocyanates
(1) are attacked by a variety of nucleophiles (X−) either at the
cyano carbon resulting in displacement of the phenylthiolate ion
[eqn (1)], or at the sulfur atom resulting in the displacement of
the cyanide ion [eqn (2)], or at the aromatic ring resulting in the
displacement of the thiocyanate ion [eqn (3)] as shown27–32


RSCN + X− → RS− + XCN (1)


RSCN + X− → RSX + CN− (2)


RSCN + X− → RX + SCN− (3)


However, the degree of attack at a given atomic centre is highly
dependent on the number and nature of substituents present in
the phenyl ring. For example, nucleophiles such as phenylthiolate
or azide ion attack phenylthiocyanate (1a) at the cyano carbon
displacing the phenylthiolate ion27 in line with eqn (1), while
2,4-dinitrophenylthiocyanate (1d) is attacked at the aryl carbon
resulting in the displacement of the thiocyanate anion27–29 in


line with eqn (3). The ultimate products obtained from these
reactions are not straightforward because the initial products
formed are able to react further either with the original nucleophile
or the displaced anion. For example, 2-nitro-5-thiocyanobenzoic
acid (1c) reacts with alkanethiols in water to form 2-nitro-5-
sulfidobenzoic acid via eqn (1), which then reacts with the initial
thiocyanate to form a symmetrical disulfide via eqn (4)31,32


RSCN + RS− → RSSR + CN− (4)


Theoretical studies on the reaction between phenylthiocyanate
(1a) and methanethiol in water also indicate that the initial
nucleophilic attack would be expected to occur at the cyano carbon
in preference to the sulfur atom.33,34


In contrast, the heterocyclic isothiazolones (2), which in theory
could be attacked at either the carbonyl carbon or the ring sulfur
atom, are attacked exclusively by a variety of alkyl thiols, such
as cysteine and glutathione, at the sulfur only to give a ring
opened alkylamidodisulfides (4) which react further with the same
nucleophile to give b-mercaptoacrylamides (5),2,3,5,35–42 i.e.


The corresponding reactions of the 2-nitrothiophenes (3) are
different to those of the phenylthiocyanates (1) or the isothia-
zolones (2) but equally complex. The most active derivatives found
in these studies against E. coli and M. luteus are 2-chloro-(3a) and
2-bromo-3,5-dinitrothiophene (3c), respectively (Table 1), suggest-
ing that their mode of action simply involves nucleophilic attack by
intracellular thiols such as glutathione at the activated 2-position
of the ring, causing displacement of the halogen atom. Indeed, it is
well established that activated halothiophenes react with a variety
of nucleophiles via a two step SNAr mechanism which involves
the displacement of the halogen,43–48 and we have used these
reactions to prepare (3b), (3e), (3k), (3i) and (3q) from 2-chloro-
3,5-dinitrothiophene (3a) (see Scheme 1). The higher activity of 2-
phenoxy-3,5-dinitrothiophene (3b) over the 2-methoxy derivative
(3e) also supports this mechanism of nucleophilic displacement
by cellular thiols at the 2-position of the thiophene ring as the
phenoxy goup is a better leaving group than the methoxy group.


However, this mode of action cannot apply to 5-nitrothiophene-
2-carbaldehyde (3d) nor to 2,4-dinitrothiophene (3h), which have
good to moderate activity against E. coli (Table 1), because
neither has a displaceable leaving group. Historically, when the
first nitrothiophenes were prepared it was noted that they formed
brightly coloured solutions on the addition of alkali.43 These were
due to the formation of Meisenheimer complexes such as (6e), (6h)
and (6s) which are, in some cases are remarkably stable in solution
and more stable than the related 1,3,5-trinitrobenzene complexes.49
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In general, these complexes (Scheme 2) are formed by attack of
the nucleophile at the 2- (or 5-) position of the thiophene ring and
the negative charge is thought to be delocalised both by the nitro
group(s) and the vacant d orbitals on the sulfur atom.


Scheme 2 Formation of Meisenheimer complexes between 2-nitrothio-
phenes and nucleophiles.


In principle, many of the nitrothiophenes could behave the same
way in vivo and react with intracellular thiols to form Meisen-
heimer complexes but there are no reports of this type of reaction
occurring though the related trinitrobenzenes (7) readily form
Meisenheimer complexes with thiolate ions in vitro (Scheme 3).50–51


For example, kinetic and equilibrium data have been reported50


for the formation of Meisenheimer complexes (8a–c) between
either 1,3,5-trinitrobenzene (7a), 2,4,6-trinitrophenetole (7b) or
1-chloro-2,4,6-trinitrobenzene (7c) and ethanethiolate, and it is
known that glutathione reacts with 1,3,5-trinitrobenzene (7d)
to form the complex (8d).51 It is possible therefore that the
nitrothiophenes (3e) and (3h), as well as many of the other
derivatives with no displaceable halogen, are biologically active
because they form stable complexes within the cell with glutathione
or related sulfhydryls.


Scheme 3 Formation of Meisenheimer complexes between 1,3,5-trini-
trobenzene and nucleophilic reagents.


In addition to these two possible modes of action there is a
further possibility which involves the opening of the heterocyclic
ring. Although these reactions are almost certainly possible when
nitrothiophenes are attacked by hard nucleophiles, it is not known
whether soft nucleophiles such as thiolates can act in the same way
as the products have rarely been identified.43,44 2-Nitrothiophene
(3s) and 3,4-dinitrothiophene readily react with secondary amines
under mild conditions to yield ring opened products via an
intermediate disulfide,43,44 e.g.:


Furthermore, 2-chloro-5-nitrothiophene (3r) reacts with sod-
ium allyloxide or ethoxide to form bis(5-nitro-2-thienyl)sulfide52


probably by a similar ring opening process to generate an
intermediate reactive thiol which presumably reacts further with
the initial thiophene, i.e.


While it is possible that the mode of action of the nitroth-
iophenes may involve a ring opening process, this seems to be
unlikely as there are no strong nucleophilic species present at
physiological pH within the cell. On balance, it seems more likely
that the mode of action involves attack by intracellular thiols,
such as glutathione, either to form stable Meisenheimer complexes
or to undergo nucleophilic displacement to liberate for example,
the chloride, bromide, phenoxide or methoxide anion. In both
these cases, the cell properties would be affected by the formation
of intracellular thiophene-containing species which would be
expected to markedly interfere with the physical properties of the
cell and its ability to replicate.


Conclusion


The mode of action of the nineteen substituted thiophenes
(3) assessed against E. coli, M. luteus and A. niger probably
arises by at least two different mechanisms within the respective
cell. Thus 2-chloro-3,5-dinitrothiophene (3a) and 2-bromo-3,5-
dinitrothiophene (3c), which show the highest activity against
all three organisms, probably react with by intracellular thiols
by displacement of halogen at the 2-position of the heterocyclic
ring, while other active derivatives, such as 2,4-dinitrothiophene
(3h) and 5-nitrothiophene-2-carbaldehyde (3d) which have no
displaceable halogen or leaving group are thought to react by
forming Meisenheimer complexes.


Experimental


Instrumentation


1H NMR and 13C NMR spectra were recorded on a Bruker AC
spectrometer operating at either 400 or 100 MHz, respectively. In
order to see the heteroaromatic 13C nuclei bonded to nitro groups,
which require a longer relaxation time, a 6 s delay was enforced
between each scan. All chemical shifts are recorded in parts per
million (d) relative to tetramethylsilane and were recorded in
deuterated chloroform unless stated otherwise. The mass spectra
were recorded by the EPSRC Mass Spectrometry Centre at
Swansea using a VG analytical quattro II triple quadrupole mass
spectrometer for the low resolution spectra. The parent ion and the
five most abundant peaks (with a mass to charge ratio of greater
than 37) have been included. Accurate mass measurements were
performed using a Finnigan MAT 900 XL mass spectrometer with
perfluorotributylamine as the reference compound for electronic
ionisation and polyethylenimine for chemical ionisation measure-
ments. Infra-red spectra were recorded on a Mattson Satelitte
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FTIR spectrometer, while ultra-violet and visible spectra were
recorded on a Unicam UV 300 UV/VIS spectrometer. Melting
points were recorded on a electrothermal IA9100 digital melting
point apparatus and are uncorrected. Thin layer chromatography
(TLC) was carried out on Whatman 250 lm layer silica gel
fluorescent plates. Flash column chromatography was performed
with matrix silica 60 (particle size 35–70 lm). The compounds were
loaded on to the column after first preabsorbing on to identical
silica using acetone as the solvent. Any crystals synthesized were
dried under vacuum in the presence of phosphorous pentoxide.


Reagents


Thiophene, 2-chlorothiophene, 2-bromothiophene and 5-nitro-
thiophene-2-carbaldehyde were supplied by Sigma-Aldrich Chem-
icals. All other reagents used were purchased from Lancaster,
Sigma-Aldrich, or Fisher chemical companies and were used as
supplied without further purification. 2-Amino-3,5-dinitrothio-
phene and 4-(N,N-bis(2-acetoxyethyl)aminophenylazo)-3,5-
dinitrothiophene were supplied by Zeneca Specialities (now
trading as Avecia Ltd).


Synthetic products


Most of the known products were synthesized using literature
procedures which are described in the text (above). However,
where the experimental procedure differed significantly from that
published, or the derivatives have not previously been described
(3j, 3l and 3k) full details have been included.


2-Amino-3,5-dinitrothiophene (3m). This compound was puri-
fied for biological testing via flash chromatography using an eluant
of toluene–acetone (90 : 10); mp 178.9–180.8 ◦C (lit.53 179–180 ◦C);
dH (d6-acetone) 8.90 (2H, broad s, NH2), 8.16 (1H, s, thio-H); dC


163.15 (C–NH2), 131.95, 126.69 (C–NO2), 126.52 (C–H); m/z (EI)
189 (7), 69 (32), 52 (68), 44 (100), 43 (35), 40 (64%); [M+] 188.9845,
C4H3N3O4S requires 188.9844.


2,4-Dinitrothiophene (3h). Nitrosylsulfuric acid was first pre-
pared by the addition of sodium nitrite (0.76 g, 11 mmol) to
concentrated sulfuric acid (4.9 ml, d = 1.84). During the addition
the mixture was continuously stirred and the temperature allowed
to rise to 30 ◦C. The solution was next cooled to 5 ◦C before
a mixture of acetic acid (29 ml) and propionic acid (5 ml)
was added followed by the portionwise addition of 2-amino-
3,5-dinitrothiophene (1.89 g, 10 mmol) over 30 min. During the
additions and for a further 45 min the mixture was continuously
stirred and the temperature kept below 5 ◦C. A solution of
hypophosphorous acid (50 wt. solution in water, 11.12 g, 15 equiv.)
was slowly added and the mixture stirred for 15 min at 0–5 ◦C
before being allowed to return to room temperature during which
time nitrogen was evolved as the diazonium salt decomposed.
The acidic solution was stirred overnight at room temperature
overnight to ensure that the reaction had gone to completion
before being carefully extracted with dichloromethane (3 × 50 ml).
The extracts were combined and washed with a saturated solution
of NaHCO3 to remove acetic and propionic acid residues. The
organic layer was washed with water (50 ml), dried over MgSO4


and evaporated to dryness to leave a dark brown coloured
solid (0.39 g, 22% yield) which was purified using flash column
chromatography using a 85 : 15 mixture of petroleum ether (30–


40 ◦C) and acetone to give (3h); mp 55.3–56 ◦C (lit.54 56 ◦C); dH


(CDCl3) 8.48 (1H, d, J 1.98 Hz, Ar–H), 8.42 (1H, d, J 1.98 Hz, Ar–
H); dC 151.29, 146.04 (C–NO2), 130.90, 122.40 (C–H); IR (Nujol)
1548 (NO2 asym. str.), 1336 cm−1 (NO2 sym. str.); m/z (EI) 174
(11), 82 (66), 69 (69), 44 (78), 40 (100), 38 (56%); [M+] 173.9736,
C4H2N2O4S requires 173.9735.


2-(2-Methylpropane-2-sulfanyl)-3,5-dinitrothiophene (3j) and 2-
(2-methylpropane-2-sulfonyl)-3,5-dinitrothiophene (3l). 2-Chloro-
3,5-dinitrothiophene (0.25 g, 1.2 mmol) was dissolved in ethanol
(50 ml) and mixed with a solution of sodium 2-methyl-2-
propanethiolate (0.4 g, 3.6 mmol, 3 equiv.) in ethanol (25 ml).
The solution which turned dark red was left overnight and
then poured into aqueous 2.5% H2SO4. The resulting yellow
precipitate was filtered off, washed with water, and dried (0.22 g).
1H NMR and TLC analysis using toluene as the eluant showed
that the crude material was a mixture of two compounds
(Rf 0.65, 0.43) present in equal amounts. The two compo-
nents were separated using flash column chromatography with
toluene as the eluant to give 2-(2-methylpropane-2-sulfanyl)-
3,5-dinitrothiophene (3j) mp 99.6–102.2 ◦C; Rf [toluene] 0.65;
dH (CDCl3) 8.32 (1H, s, Ar–H), 1.62 (9H, s, CH3); dC 150.95,
141.67 (C–NO2), 129.00 (C–S–C(CH3)3), 124.26 (C–H), 51.14
(C–SC(CH3)3), 30.04 (C–SC(CH3)3); IR (Nujol) 1543 (NO2),
1308 cm−1 (NO2); m/z (EI) 262 (1), 69 (32), 58 (15), 57 (100),
41 (63), 39 (17%); [M+] 262.0081, C8H10N2O4S2 requires 262.0082;
and 2-(2-methylpropane-2-sulfonyl)-3,5-dinitrothiophene (3l) mp
161.9–164.3 ◦C; Rf [toluene] 0.43; dH (CDCl3) 8.20 (1H, s, Ar–
H), 1.48 (9H, s, CH3); dC 153.50, 145.85 (C–NO2), 140.37 (C–
SO2C(CH3)3), 124.20 (C–H), 65.39 (C–SO2C(CH3)3), 24.19 (C–
SO2C(CH3)3); IR (Nujol) 1556 (NO2), 1343 (NO2), 1314 (S=O),
1126 cm−1 (S=O); m/z (EI) 81 (40), 69 (58), 57 (100), 41 (78), 39
(45%); (CI) 312 (30), 155 (21), 140 (12), 117 (11), 100 (100%); [M +
NH4]+ 312.0323, C8H14N3O6S2 requires 312.0324.


3,5-Dinitro-2-thiocyanatothiophene (3k). 2-Chloro-3,5-dinitro-
thiophene (0.33 g, 1.6 mmol) was dissolved in 20 ml of acetone and
potassium thiocyanate (0.165 g, 1.7 mmol, 1.1 equiv.) added and
the mixture was stirred for 5 min and then poured on to 70 ml of an
ice cold aqueous 2.5% HCl. The resulting precipitate was filtered
off, washed with water, and dried under vacuum in the presence
on P2O5 to give a light brown coloured solid, 0.27 g (73% yield),
which was purified by dissolving in hot toluene to remove insoluble
impurities, and then recrystallized from aqueous ethanol to give
glistening yellow coloured crystals of (3k); mp 108.0–109.7 ◦C;
dH (d6-acetone) 8.61 (1H, s, Ar–H); dC 141.53 (C–SCN), 124.97
(C–H), 108.784 (S–C≡N); IR (Nujol) 1553 (NO2), 1335 (NO2);
m/z (EI) 231 (9), 69 (100), 51 (26), 49 (68), 46 (43), 44 (30%); [M+]
230.9410, C5HN3O4S2 requires 230.9408.


Biological testing


Samples of Escherichia coli, Micrococcus luteus and Aspergillus
niger were provided by the School of Biological Sciences at
Swansea. E. coli and M. luteus cultures were incubated on lawns
prepared from a mixture of nutrient broth E (13 g l−1) and nutrient
agar (28 g l−1)55 using the standard agar diffusion method.55–58 A.
niger was cultivated using a mixture of soft nutrient agar (17 g
l−1) and potato dextrose agar (39 g l−1)55 for distribution and
growth of the spores.55–58 Stock solutions (0.01 M) of each of
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the nineteen nitrothiophenes (3), were prepared in an appropriate
solvent (usually methanol) and diluted with more solvent to give
a set of concentrations ranging from 10−2 M to 1.5 × 10−7 M. The
nitrothiophene solutions were then applied to standard paper
assay disks (6 mm diameter) and the impregnated disks were
placed at the centre of the prepared lawns set on Petri dishes,55–58


and incubated for 18 h at 37 ◦C for the bacteria and 28 ◦C for the
fungus. At concentrations which inhibited growth, a clear zone was
apparent around the antibiotic assay disk. A graphical technique
was then used to determine the minimum inhibitory concentration
(MIC)59 of the respective nitrothiophene by plotting the diameter
of the clear zone against the concentration and extrapolating the
line of best fit to the origin. The assay was carried out twice for
each compound; the results were plotted on the same graph and the
graphical regression trendline fitted by averaging the results of the
two assays. No obvious discrepancies were apparent between the
two sets of results. In order to check the validity of the technique,
two reference compounds with known MIC values were tested. 4,5-
Dichloro-N-methyl-3-isothiazolone (2d) and N-(2-phenylethyl)-3-
isothiazolone (2e) gave MIC values of 14 and 203 lM which were
judged to be acceptable versus the literature values5 of 9.8 and
188 lM, respectively.


The refined minimum inhibitory concentrations obtained for
each of the nineteen compounds are shown in Table 1. All of the
nitrothiophenes were evaluated against the two bacteria E. coli and
M. luteus and eight selected derivatives were tested against the
fungus A. niger. Because some of nitrothiophenes were difficult
to dissolve in methanol, either acetone or DMF were used as
alternative solvents. To check that these had no large effects, three
derivatives with high, moderate and low activity (3a, 3e and 3q)
were tested in at least two solvents (Table 1). While the change from
methanol to DMF appears to increase the activity of (3a) against
E. coli, the reverse is true for M. luteus, where the activities of both
(3a) and (3e) decrease (Table 1). However, no changes were found
for (3q) because of its very low activity (Table 1). Significantly,
the magnitude of the solvent-induced variation in the MIC values
observed shows only small changes which range from 1–2 × 102


for (3a) against both E. coli and M. luteus, and 1–2 × 103 for
(3e) against M. luteus. These variations, therefore, are relatively
small by comparison with the magnitude of the variation found in
the MIC values of the nineteen derivatives which range 102 up to
106 (Table 1). For the few compounds that displayed no activity
against the bacteria at the 10 000 lM level, the experiments were
repeated using a more concentrated 0.1 M stock solution (where
solubility would allow).
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Positively-charged gene delivery agents, such as cationic
liposomes, typically prepared by mixing a cationic lipid and
a neutral lipid in a 1 : 1 molar ratio, exhibit a fundamental
flaw: on the one hand, the charge encourages cell uptake; on
the other hand, the charge leads to aggregation in vivo with
anionic serum components. We herein report a more phase-
stable analogue of the zwitterionic and fusogenic lipid DOPE
that allows for the reduction of the cationic lipid component
of the liposome from 50 to 9 mol% with almost no apparent
loss in transfection activity. This reduction in charge may
induce important in vivo stability whilst still imparting high
cell uptake and transgene expression.


Cationic liposomes for non-viral gene therapy1 are typically
prepared by mixing a cationic lipid with a neutral, helper lipid,
such as dioleoylphosphatidylethanolamine (DOPE (1)).2 The
cationic lipid serves two purposes: complexation with anionic
DNA and interaction with anionic cellular membranes (induction
of endocytosis and endosomolysis), whereas the neutral, helper
lipid alters the physical properties of the delivery vehicle so as to
adjust its functionality. In particular, helper lipids are believed to
assist in endosomal escape. DOPE (1), one of the more commonly
used neutral lipids, exhibits lipid polymorphism under various
concentration and temperature conditions. In the presence of
cationic lipids, DOPE (1)-containing liposomes may be organised
into either the stable, bilayer (La) phase or the fusogenic, inverted
hexagonal, (HII) phase and are found to greatly enhance trans-
fection efficiency (gene delivery and expression) in vitro.3–7 This is
due to the overwhelming preference of DOPE (1) for the fusogenic
HII phase at 37 ◦C, promoting fusion with cellular membranes,8,9


especially the endosomal membrane, thereby facilitating escape of
the genetic material from the digestive, endocytic cycle.


However, due to the low La/HII phase transition temperature
(Th = 10 ◦C),10 DOPE (1) has limited utility in vivo because the
very feature of DOPE (1) that promotes transfection in vitro
renders cationic liposomes too unstable in the more complex
and hazardous in vivo environment.11 Moreover, it is desirable
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to reduce the magnitude of charge in cationic liposomes, since this
charge leads to rapid liposome clearance by the reticuloendothelial
system (RES) in vivo.12 Replacement of the cationic lipid with
increasing amounts of DOPE (1) leads to a gradual loss of
transfection in vitro and an even more substantial loss in vivo,
due to less cationic charge and increased liposome structural
instability.13,14 Furthermore, replacement of the cationic lipid with
a bilayer-forming lipid likewise leads to a loss in transfection,5,6


due to excessive stability resulting from the lack of a fusogenic
component. For sustained transfection, it is advantageous that the
neutral co-lipid should be able to access the fusogenic HII phase
under physiological conditions, such that there is a “trade-off”
where loss of transfection potency due to reduced cationic lipid
is compensated for by the inclusion of increased fusogenic lipid.
In order to prepare lower-charged, yet highly-transfecting cationic
liposomes, one approach might be to create analogues of DOPE
(1) in which the La/HII phase transition temperature is nearer the
physiological temperature of 37 ◦C.


Fig. 1 DOPE (1) and its dialkynoyl analogues (2–4).


In this manuscript, we report the synthesis of a series of
dialkynoyl analogues of DOPE (1). We hypothesised that the
inherent instability (HII phase) of DOPE (1) may be suitably
altered by substituting the cis-double bond in the oleoyl fatty
acid chains with an acetylenic bond, in varying locations along
the chains, without impairing transfection. By replacing the
cis-double bonds with the less “kinked” triple bonds, it was
anticipated that the intermolecular packing would be improved,
such that the La/HII phase transition would concomitantly be
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Scheme 1 (a) DHP, PPTS, CH2Cl2, 0 ◦C → RT, 16 h, 93%; (b) NaI, acetone, D, 15 min, 89%; (c) (i) 1-decyne, n-BuLi, THF, 0 ◦C, 15 min; (ii) HMPA,
0 ◦C, 15 min; (iii) 6, THF, 0 ◦C → RT; 48 h, 72%; (d) p-TsOH, MeOH, RT, 20 h, 92%; (e) Jones’s reagent, 0 ◦C, 2 h, 69%; (f) (i) CDI, CHCl3, RT, 30 min;
(ii) 10, DBU, DMSO, RT, 7 h, 67%; (g) phospholipase D, ethanolamine, NaOAc–CaCl2 buffer, pH 6.5, CHCl3, 30 ◦C, 94%.


raised, affording DOPE (1)-analogues that would be more phase
stable under laboratory preparation conditions, yet still allow
access to the fusogenic HII-phase under physiological conditions.
Moreover, we considered that such harnessed fusogenicity would
allow for the incorporation of reduced amounts of cationic lipid
without impairing transfection, thereby promoting such systems
for in vivo applications as well.


Fig. 1 shows the modifications that we made to the DOPE (1)
molecule, replacing the cis-double bonds at position 9 of the fatty
acid chains with triple bonds at positions 4, 9 and 14, as the
isomeric compounds 2, 3 and 4, respectively. As a representative
example, the synthesis of 3 is given in Scheme 1. First, the hydroxyl
group of 8-bromooctan-1-ol (5) was protected quantitatively as
its base-stable THP ether, and, in order to render the resultant
bromo ether more reactive for the subsequent transformation,
Br was substituted for I under Finkelstein conditions, to give
6. Treatment of 1-decyne/n-BuLi with 6 at 0 ◦C then furnished
internal alkyne 7 in good yield (72%). THP removal followed
by oxidation of the liberated primary alcohol to acid 9 (63%
for the two steps) generated the moiety required to conjugate
to the zwitterionic phospholipid headgroup 10. Activation of
acid 9 with CDI allowed the coupling to glycerophosphocholine
(10) to proceed smoothly and in good yield (67%), to af-
ford di(octadec-9-ynoyl)phosphatidylcholine (DS(9-yne)PC, 11).
Subsequent enzymatic transphosphatidylation15 of PC 11 with
phospholipase D in the presence of ethanolamine furnished
di(octadec-9-ynoyl)phosphatidylethanolamine (DS(9-yne)PE, 3)
in an excellent yield of 94%. The other lipids, DS(4-yne)PE (2)
and DS(14-yne)PE (4), were prepared in similar fashions and
in similar yields (refer to the electronic supplementary infor-
mation).


Next, the La/HII phase transition temperatures (Th) of these
dialkynoyl analogues of DOPE (1) were determined by 31P NMR
spectroscopy in neutral D2O.16 A typical bilayer (La) lipid, such
as dioleoylphosphatidylcholine (DOPC—the choline analogue of
DOPE (1)), gives an asymmetric 31P NMR spectrum comprising
a low field shoulder and a high field peak. Conversely, HII-
preferring lipids, such as DOPE (1), give a lineshape with a


reversed asymmetry.16 Hence, using the technique of 31P NMR,
the La/HII phase transition temperatures were determined and are
given in Table 1 (31P NMR data were corroborated by preliminary
X-ray diffraction studies (data not shown)). As indicated, DS(4-
yne)PE (2) exhibited the La phase up to 40 ◦C and beyond, and
was therefore anticipated to be inhibitory towards transfection.
DS(14-yne)PE (4) was considered to be potentially less inhibitory
since this lipid appeared to co-exist in both the stable La and
fusogenic HII phases between 30 and 55 ◦C. By contrast, DS(9-
yne)PE (3) exhibited the HII phase at physiological tempera-
tures. The 31P NMR static powder pattern spectra (Fig. 2) of


Fig. 2 31P NMR static powder pattern spectra of DS(9-yne)PE (3)
obtained over a range of temperatures. The La/HII phase transition occurs
around 25–35 ◦C.


Table 1 La/HII Phase transition temperatures of DOPE (1) and its
dialkynoyl analogues (2–4), as determined by 31P NMR spectroscopy


PE lipid La/HII phase transition temperature (◦C)


DOPE (1) 8-1716


DS(4-yne)PE (2) > 40
DS(9-yne)PE (3) 25–35
DS(14-yne)PE (4) 30–55
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DS(9-yne)PE (3) taken at 5 ◦C intervals from 20 to 40 ◦C show
a smooth transition from the stable La phase to the fusogenic HII


phase at around 30 ◦C. This is approximately a 20 ◦C rise in the Th,
relative to DOPE (1),10 and it is likely that this change in Th is due
to the existence of tighter intermolecular packing in DS(9-yne)PE
(3), as predicted. Moreover, this Th was considered ideal for our
purposes, since it allows for the preparation of stable liposomes
(La phase) under laboratory conditions (25 ◦C), yet also allows
access to the fusogenic HII phase under physiological conditions
(37 ◦C).


In an effort to correlate the structural properties of the
lipids to their biofunctionalities, in vitro testing on a Panc-1
cell line was performed. Since cationic charge is needed for
DNA-complexation and cellular uptake, each of the four PE
lipids were mixed in various molar ratios with the potent, tri-
amino cationic lipid N1-cholesteryloxycarbonyl-3,7-diazanonane-
1,3-diamine (CDAN,17 12, Fig. 3) to generate cationic liposomes
that were then complexed with 0.5 lg of plasmid DNA harbouring
the luciferase reporter gene, in a 12 : 1, w/w ratio. This thereby
afforded the transfection-competent cationic liposome–DNA par-
ticles (lipoplex, LD), exhibiting a range of N : P (number of
protonatable amines : number of phosphate negative charges)
ratios, as detailed in Table 2. As indicated, the N : P ratios
decrease as less cationic lipid is incorporated into the LD particle.
Whilst reduced cationic charge is anticipated to cause a drop in
transfection potency through reduced cellular uptake, the purpose
of our study is to compensate for this by incorporating increasing
fusogenic lipid to assist in endosomal escape, which is another
barrier to the transfection process. Panc-1 cells in 100% DMEM,
seeded in 24-well plates, were then treated with these LD systems
for 5 h, after which time, the cells were washed with PBS buffer,
incubated with DMEM supplemented with 10% fetal calf serum,
for a further 24 h, then harvested. Transfection results were
determined as relative light units (RLU) of luciferase standardised
by total cell protein (BCA assay).


Fig. 3 N1-Cholesteryloxycarbonyl-3,7-diazanonane-1,3-diamine
(CDAN, 12).


Table 2 N : Pa (number of amines of cationic lipid : number of phosphates
of DNA) ratios of cationic lipoplexes


CDAN : PEb CDAN : DNAc N : P ratioa


1 : 1 5.57 : 1 8.35 : 1
1 : 4 2.17 : 1 3.26 : 1
1 : 6 1.55 : 1 2.32 : 1
1 : 8 1.20 : 1 1.80 : 1
1 : 10 0.98 : 1 1.47 : 1


a N : P ratios were calculated using the following formula: (MW_DNA/
MW CDAN) × (no. of amines_CDAN/no. of phosphates_DNA) × weight
ratio. b Ratio is mol : mol. c Ratio is weight : weight.


Transfection data for CDAN : PE LD systems, at reducing
molar ratios of cationic lipid to neutral lipid are shown in Fig. 4.
Due to increasing content (to as much as 91 mol%) of PE lipid
in the cationic liposome and LD formulations, it is reasonable to
draw correlations between the phase behaviour of the PE lipids
in isolation and the transfection properties of their corresponding
LD particles. Whilst it is acknowledged that DNA complexation
may also alter the fluidity of the liposome bilayer, this work
focuses on the fluidity of liposome bilayers as dictated by lipid
stability. For CDAN : DOPE (1) LD particles, the transfection
efficiency was found to decrease systematically as the ratio was
changed from 1 : 1 to 1 : 10. This is to be expected, since the
magnitude of cationic charge was being systematically reduced
and the highly-fusogenic lipid content was being increased. It is
likely that DOPE (1), whose Th = 10 ◦C, rendering the resultant
LD particles too fusogenic, such that these particles may have
destabilised outside of the cell. A similar rationale may explain
the extremely poor transfection activity of DOPE (1)-containing
liposomes in vivo.11 DS(4-yne)PE (2) showed a similar reduction
in transfection, although we consider that this was due to the
enhanced stability associated with the lamellar phase, as exhibited
by this PE lipid at 37 ◦C. Whilst DS(14-yne)PE (4) predominantly
exhibits the stable La phase, 31P NMR data suggests there is also
limited HII phase behaviour at 37 ◦C, and this may account for
the less-marked drop in transfection down to the ratio of 1 : 8,
CDAN : DS(4-yne)PE (2). It is noteworthy that DS(14-yne)PE
(4) outperforms DS(4-yne)PE (2) by approximately an order of
magnitude at the CDAN : PE ratios of 1 : 6 and 1 : 8; it is likely
that this is due to the different polymorphic phase behaviours of
these lipids. The similarity in transfection levels at the CDAN : PE
ratio of 1 : 10 for DOPE (1), DS(4-yne)PE (2) and DS(14-yne)PE
(4) may be a consequence of excessive instability (in the case of 1)
or excessive stability (in the cases of 2 and 4), such that the cationic
charge of CDAN alone governed transfection efficiency. Most
interestingly, the transfection potency of CDAN : DS(9-yne)PE
(3)-based LD particles was maintained across the series from 1 : 1
to 1 : 10, and zeta potential measurements confirmed there was a
reduction in charge of CDAN : DS(9-yne)PE (3) liposomes 1 : 1
to 1 : 10 of +93.4 ± 3.4 to +62.4 ± 0.7 mV. This suggests that the
reduction of cationic charge resulting from the incorporation of
less cationic lipid (CDAN) is indeed offset by the incorporation of


Fig. 4 Transfection activities of lipoplexes (12 : 1, w/w, lipid : DNA)
prepared from cationic liposomes comprising different ratios of CDAN :
PE. Data are expressed as relative light units (RLU) of reporter gene
luciferase, standardised by total cell protein.
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the fusogenic lipid DS(9-yne)PE (3), whose Th has been fine-tuned
to a more physiologically-relevant temperature. It is remarkable
to note that the simple replacement of the cis-double bonds of
DOPE with triple bonds in the same positions leads to an increase
in transfection potency of almost two orders of magnitude, when
comparing the DOPE (1) and DS(9-yne)PE (3) transfection data
for the ratio of 1 : 10, CDAN : PE.


In conclusion, the substitution of the cis-double bonds of DOPE
(1) with triple bonds in varying positions along the fatty acid
chains raises the La/HII phase transition temperature, thereby
affording more phase stable lipids. By 31P NMR spectroscopy, we
have shown that DS(9-yne)PE (3) has an La/HII phase transition
temperature of approximately 30 ◦C and allows for the preparation
of lower-charged, cationic liposomes (and LD particles) without
imparing transfection since the fusogenic HII phase is accessed at
37 ◦C. Currently, we are performing further transfection studies in
the presence of serum to begin to emulate the in vivo environment.
In conjunction with toxicity and X-ray diffraction studies we
hope to elucidate further the promising behaviour of these PE-
analogues. These results shall be reported in due course.
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A divergent route for the synthesis of carbosilane wedges that contain either a bromine or amine as
focal point has been developed. These new building blocks enable the construction of various
core-functionalized carbosilane dendrimers. As a typical example carbosilane dendrimers up to the
third generation containing a N,N ′,N ′′-1,3,5-benzenetricarboxamide core (G1–G3) have been
synthesized. This new class of molecules has been studied as host molecules and they have been found
to bind protected amino acids as guest molecules via hydrogen bonding interactions. A decrease in the
association constants was observed for the higher generation dendritic hosts, which is attributed to the
increased steric hindrance around the core where the binding site is located. The binding properties of
the dendritic host molecules can be tuned by modifying the binding motif at the core of the carbosilane
dendrimers. A higher association constant for N-CBZ-protected glutamic acid 1-methyl ester (5) was
observed when the third generation N,N ′,N ′′-1,3,5-tris(L-alaninyl)benzenetricarboxamide
core-functionalized carbosilane dendrimer (G3′) was used as the host molecule compared to G3.
Different association constants for the formation of the diastereomeric G3′·L-5 (K = 295 M−1) and
G3′·D-5 (K = 236 M−1) host–guest complexes were observed, pointing to a small enantioselective
recognition effect. The difference between the association constants for the formation of the G3′·(L-5)2


and G3′·(D-5)2 host–guest complexes was much more pronounced, K = 37 M−1 versus K = 10 M−1,
respectively.


Introduction


Dendrimers are interesting macromolecules owing to their well-
defined, highly branched structures and physical properties,
and they have drawn the attention of chemical, biological and
materials scientists for more than two decades.1 The propensity
of dendrimers to enclose guest molecules and their potential
application in drug delivery and gene therapy2 has been studied
since the early developments in dendrimer chemistry. Dendrimers
specifically designed for the molecular recognition of substrates,3


including chiral ones,4 are generally synthesized by connecting
wedges (dendrons) to receptors.


Within the different dendrimer families known, the carbosilane
dendrimers form a special class. The physical properties of the
carbosilane dendrimers, such as their viscosity, core-accessibility,
the size of the internal voids and the generation at which
surface congestion occurs, can be tuned easily by choosing the
appropriate building blocks for the dendrimer growth sequence.5,6


Furthermore, carbosilane dendrimers are robust, highly apolar
macromolecules with low glass transition temperatures. The syn-
thesis of carbosilane dendrimers consists of a repetitive sequence
of x-alkenylations, using either Grignard or lithium reagents,
and platinum-catalyzed hydrosilylations with chlorosilanes.7 The
degree of branching can be varied between 1–3 by performing
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Nieuwe Achtergracht 166, 1018 WV Amsterdam, The Netherlands. E-mail:
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the hydrosilylation with either mono-, di- or trichlorosilanes. The
distance between the branching points depends on the choice of the
x-alkenylation reagent. In principle, it is possible to alter the degree
of branching as well as the branch-length at every generation. The
presence of either silicon-chloride or allyl end-groups can be used
for the introduction of a functionality at the periphery of the
dendrimer. This versatility offered by carbosilane dendrimers, has
led to the extensive use of carbosilane dendrimers as scaffolds with
various functional groups. Functional materials such as liquid
crystals,8 catalysts,9 sensors10 and unimolecular micelles11 have
been synthesized by functionalization of carbosilane dendrimers
with mesogens, catalysts, metal-complexes12 and water-soluble
groups, respectively.


Surprisingly, little attention has been devoted to core-
functionalized carbosilane dendrimers. The reaction conditions
applied during the carbosilane synthesis impose strong limita-
tions to the functional groups that can be present in the core
during the synthesis. Polar groups such as amides and esters are
neither compatible with the Grignard nor with the hydrosilylation
reactions. Therefore the number of core-functionalized carbosi-
lane dendrimers directly obtained through divergent carbosilane
dendrimer synthesis starting from a core-functionality is scarce.13


Convergent dendrimer synthesis, pioneered by Hawker and
Fréchet,14 follows a strategy in which dendritic wedges are first
prepared, which subsequently can be connected to functional
building blocks leading to core-functionalized dendrimers. This
synthetic route has led to the synthesis of a large number of
core-functionalized dendrimers.15 The availability of carbosilane
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wedges would greatly facilitate the synthesis of core-functionalized
carbosilane dendrimers. A first example of a core-functionalized
hyper-branched carbosilane polymer—obtained through a con-
vergent approach—has been reported by Lach et al.16 They
synthesized an oxazoline core-functionalized hyper-branched car-
bosilane polymer, which subsequently was condensed to 1,3,5-
benzenetricarboxylic acid yielding a N,N ′,N ′′-1,3,5-benzenetri-
carboxamide core-functionalized hyper-branched carbosilane
polymer. Gossage et al. reported the divergent synthesis of
phenol core-functionalized carbosilane dendritic wedges up to
the third generation.17 The first generation wedge was con-
densed successfully with 1,3,5-benzenetricarbonyl trichloride.
Oosterom et al. synthesized p-bromophenyl core-functionalized
wedges starting from p-bromostyrene. These dendritic build-
ing blocks were used for the synthesis of core-functionalized
dendritic phosphines.18 Müller et al. synthesized an o-
diphenylphosphinophenol core-functionalized carbosilane wedge
and applied this wedge as a ligand in the nickel-catalyzed Shell
Higher Olefin Process.19


This article describes the synthesis of three generations of 3-
bromopropyl core-functionalized carbosilane dendritic wedges
(1–3) as useful building blocks for the synthesis of core-
functionalized dendrimers. Bromine was selected as a focal
point of the carbosilane wedges because it is inert towards the
conditions applied in the dendrimer growth sequence and can
readily be modified via simple substitution reactions.20 These
wedges have been used previously to synthesize a number of core-
functionalized dendrimers in collaboration with the groups of
Nolte,21 Jerôme22 and van Maarseveen.23 In this article we illustrate
the versatility of the building blocks by the facile synthesis
of three generation N,N ′,N ′′-1,3,5-benzenetricarboxamide core-
functionalized carbosilane dendrimers (G1–G3). The dendrimers
G1–G3 have been used as hosts for the binding of (amino) acid
guests. The effect of the introduction of an L-alanine spacer,
between the core and the wedge of G3, on the binding of chiral
guest molecules is evaluated.


Results and discussion


Synthesis of carbosilane wedges and core-functionalized
dendrimers


(3-Bromopropyl)triallylsilane 1 was prepared as the smallest
wedge and starting compound for the synthesis of the higher
generations (Scheme 1). A platinum-catalyzed hydrosilylation
of allyl bromide with trichlorosilane yielded (3-bromopropyl)-


Scheme 1 Synthesis of higher generation carbosilane wedges from 1
(third generation wedge 3 is shown). Reaction conditions: (i) HSiCl3,
(Bu4N)2PtCl6, rt; (ii) (allyl)MgBr, Et2O, rt, 5–6 h.


trichlorosilane in 70% yield after vacuum distillation, which
gave 1 after a Grignard reaction with allylmagnesium bro-
mide. The catalyst used in the hydrosilylation reaction was
bis(tetrabutylammonium)platinum hexachloride (Lukevics cata-
lyst, 0.002 mol%).24 The side-product of the hydrosilylation of
allyl bromide is propyltrichlorosilane, which is also observed in
the synthesis of (3-chloropropyl)trichlorosilane,25 and originates
from the hydrosilylation of propene that is generated via a
platinum-catalyzed H/Br exchange of allyl bromide (yielding
propene and SiBrCl3). Wedge 1 could be grown in the same
way as described for the synthesis of carbosilane dendrimers by
Van der Made and Van Leeuwen,7 i.e. via a repetitive sequence
of hydrosilylation with trichlorosilane followed by a Grignard
reaction with allylmagnesium bromide. No cross-coupling of the
bromine functionalized wedges with the Grignard reagent was
observed within the duration of the experiment (5–6 hours).
Wedges up to the third generation were prepared in quantitative
conversion, 73–89% isolated yield.


The use of the Lukevics catalyst in the hydrosilylation reactions
gave 100% selectivity for the linear hydrosilylated products. It is
well-established that hydrosilylation reactions might suffer from
induction periods of variable length and the need for small
amounts of oxygen to activate the catalyst, depending on the
alkene and hydrosilane reagents.26 In the current reaction the
activity of the hydrosilylation catalyst was rather unpredictable,
but it was proven that it required the presence of oxygen in the
reaction mixture.27 Although the selectivity in all cases remained
the same (100% linear product), the reaction could take over
one week to run to completion and sometimes required additional
catalyst. The poor reproducibility of the activity is most likely
related to the oxygen sensitivity of the catalyst. Stein et al. showed
that, for poorly coordinating olefins (1-hexene), oxygen is required
to prevent the formation of inactive, multi-nuclear Pt species.26


Furthermore Kleyer et al. showed that the hydrosilylation rate
can be controlled by the amount of oxygen present in the
reaction mixture (introduced as a 1–5 weight percent mixture
with an inert gas such as nitrogen or argon).28 The addition of
either an insufficient amount or an excess of oxygen can lead
to lower reaction rates or the formation of inactive species. The
hydrosilylation reactions were performed as follows: the wedges
were dissolved together with 0.01 mol% Lukevics catalyst (with
respect to the allyl groups) under an inert atmosphere of nitrogen
in a mixture of dichloromethane (in order to dissolve the catalyst)
and diethyl ether (good solvent for the dendritic wedges), after
which trichlorosilane was added to the reaction mixture. Oxygen
was allowed to diffuse into the reaction mixture via a calcium
chloride tube on the reaction vessel after closing the nitrogen
inlet.29 By performing the hydrosilylation in this fashion sufficient
time is offered for the platinum complex to be reduced, after which
diffusion of air from the head space into the reaction mixture
slowly increases the oxygen content, thereby passing through the
optimal oxygen concentration.


Substitution of the bromine focal point by an amine could
be achieved by stirring the different generations of bromine
functionalized wedges in a large excess of liquid ammonia at
70 ◦C under 15 bar of pressure, resulting in a new series
of functionalized wedges. Importantly, the reactions should be
performed at sufficiently high dilution (≤0.11 M) since otherwise
secondary and tertiary amines are formed as a result of the
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higher nucleophilicity of the product compared to ammonia. The
dendritic wedges 2 and 3 are immiscible with liquid ammonia and
require the addition of diethyl ether as a co-solvent. In the absence
of co-solvent the reaction with liquid ammonia gave a mixture of
the starting compound and the primary, secondary and tertiary
amine products. For example, the reaction of 2.50 g of 2 in 50 mL
liquid ammonia (0.07 M) at 70 ◦C yielded a mixture of 20% 2,
50% of the desired primary amine product, 30% of the secondary
and traces of tertiary amine products after 20 hours, indicating
that the reaction is taking place in a dispersion rather than in
a homogeneous solution. When performed under the optimized
conditions, the amine wedges could be isolated as colorless oils in
90–96% yield.


The amine functionalized wedges were condensed with 1,3,5-
benzenetricarbonyl trichloride in dry CH2Cl2 in the presence
of triethylamine yielding carbosilane dendrimers containing an
N,N ′,N ′′-1,3,5-benzenetricarboxamide core (G1–G3) in 85–94%
yield after column chromatography (Scheme 2). N,N ′,N ′′-1,3,5-
Tributylbenzenetricarboxamide G0 was prepared using similar
conditions. The quality of the silica gel used for the column
chromatography is of great influence on the isolated yields
obtained. The silica gel should not be too acidic since this
leads to lower yields as a result of the de-allylation of the
carbosilane dendrimer. The Si–OH groups present on the silica
gel surface lead to immobilization of the dendrimer via Si–O–
Si bond formation. In fact Shimada et al. used this hydrolytic
procedure with functionalized allylsilanes for the covalent linking
of functional groups to silica gel.30


Scheme 2 Synthesis of different generations of carbosilane dendrimers
containing an N,N ′,N ′′-1,3,5-benzenetricarboxamide core.


Both G0 and G1 are white solids, whereas G2 and G3 are color-
less oils. All dendrimers were characterized by IR spectroscopy, 1H
and 13C NMR spectroscopy and elemental analysis. GPC analysis
(Fig. 1) revealed that the dendrimers obtained are monodisperse.
The plot of the logarithm of the calculated molecular weight of
the dendrimers as function of their GPC retention times shows
a linear correlation, as is commonly observed for molecules of
different molecular weights that have similar shapes.


The carbosilane dendrimers were subjected to MALDI-TOF
MS analysis and satisfactory mass spectra were obtained after
Ag+ labeling of the dendrimers with silver trifluoroacetate31 and
using dithranol (1,8,9-anthracenetriol) as the matrix (Fig. 2a–c).
In all cases the peak corresponding to the [M + Ag]+ ion was
the most abundant one and arises from the cation–p interaction
between Ag+ and the allylic end groups or the aromatic core.


Fig. 1 GPC traces of carbosilane dendrimers G1 (—), G2 (· · ·) and
G3 (-·-). Inset: calculated logMw of G1–G3 as function of the GPC
retention times of G1–G3.


The mass spectrum of G1 (Fig. 2a) displays a peak at m/z =
890 with the isotope pattern corresponding to [M + Ag]+ and a
peak at m/z = 769 corresponding to [M − (3 × allyl) + Ag]+.
In the case of G2 the mass spectrum (Fig. 2b) displays peaks
at m/z = 2259 with an isotope pattern corresponding to [M +
Ag]+, and at m/z = 2368 corresponding to the [M + 2Ag]+ ion.
For G3 three peaks are observed in the mass spectrum (Fig. 2c),
corresponding to [M]+ (m/z = 6267), [M + Ag]+ (m/z = 6375) and
[M + 2Ag]+ (m/z = 6484) respectively. The resolution of the mass
spectrum of G3 is insufficient for identification of a clear isotope
pattern, which indicates that at higher generations the ionization
becomes increasingly more difficult. This effect has been observed
previously for carbosilane dendrimers.32


Synthesis of a carbosilane dendrimer with an extended core


Focal point manipulation of the amine core-functionalized den-
dritic wedges can be used to introduce different binding motifs
in the core of the carbosilane dendrimers, for example by
introducing amino acid spacers using standard peptide chemistry.
This provides easy access to new dendritic receptors, which are
expected to have different affinities for guest molecules since
the introduction of an amino acid spacer increases the number
of H-bond donors/acceptors present in the core and enlarges
the volume of the void inside the dendrimer. Furthermore, the
introduction of a chiral amino acid generates a chiral binding
site that might be able to discriminate between two enantiomeric
guest molecules. Therefore, an analogue of carbosilane dendrimer
G3 containing an L-alanine spacer between the aromatic core and
the carbosilane wedges (G3′, Scheme 3) was synthesized, applying
the convergent strategy.


To this end a third generation carbosilane wedge, with saturated
peripheral groups and an amine focal point was functionalized
with L-alanine and a subsequent condensation reaction with 1,3,5-
benzenetricarboxylic acid yielded G3′ (Scheme 4). The Gabriel
synthesis33 was used to introduce the primary amine as the focal
point. The bromine focal point was substituted by a phthaloyl
group by reacting dendritic wedge 3 with potassium phthalimide
in DMF at 80 ◦C. The substituted product (7) was obtained in 56%
yield after column chromatography. The allylic peripheral groups
were fully hydrogenated using palladium on carbon under an
atmospheric pressure of hydrogen. Hydrazinolysis of the saturated
wedge 8 and an alkaline work-up afforded the amine focal point
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Fig. 2 MALDI-TOF MS spectra recorded after Ag+ labeling with silver trifluoroacetate using dithranol as the matrix: (a) G1; (b) G2; (c) G3. Insets:
calculated and observed isotope patterns.


functionalized wedge 9 in quantitative conversion, 94% isolated
yield. Next BOC-protected L-alanine was coupled to the wedge via
a DCC coupling, affording wedge 10 in 82% yield. The BOC-group
was removed by stirring the wedge in a 50% (v/v) TFA solution
in dichloromethane, affording wedge 11 in quantitative yield.
Condensation of the amine functionalized wedge 11 with 1,3,5-


benzenetricarboxylic acid (trimesic acid) using benzotriazol-1-yl-
oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) as
the carboxylic acid activating reagent yielded dendrimer G3′ in
93% yield after column chromatography. NMR and IR dilution
experiments show that G3′ does not self-associate in apolar
solvents, in contrast to its lower generation analogues.34
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Scheme 3 Schematic representation and CPK-representation of a com-
puted structure of N,N ′,N ′′-tris(L-alaninyl)-1,3,5-benzenetricarboxamide
core-functionalized carbosilane dendrimer G3′.


Scheme 4 Synthesis of N,N ′,N ′′-1,3,5-tris(L-alaninyl)benzenetricarbox-
amide core-functionalized dendrimer G3′. Reagents: (i) potassium phthal-
imide, DMF, 80 ◦C; (ii) H2, Pd/C (10%), EtOAc; (iii) H2NNH2·H2O,
EtOH, reflux followed by HCl (aq), reflux, alkaline work-up; (iv) BOC-L-
alanine, DCC, DMAP, CH2Cl2; (v) TFA–CH2Cl2 (1:1); (vi) trimesic acid,
PyBOP, DiPEA, THF.


Binding studies


The N,N ′,N ′′-1,3,5-benzenetricarboxamide core can be used as a
binding site for guest molecules.35 CPK models of the dendrimers
G1–G3 show that the cores in the higher generation dendrimers are
more shielded from the environment by the dendritic carbosilane
wedges (Fig. 3). In order to study the ability of these dendrimers
to accommodate guest molecules, the binding of three different
guest molecules was studied by IR and 1H NMR spectroscopy.


Fig. 3 CPK-representations of computed structures of the carbosilane
dendrimers G1–G3.


Binding studies were performed in dry chloroform-d with G0–
G3 at a concentration of 5 mM using FMOC-glycine 4, N-CBZ-
L-glutamic acid 1-methyl ester (L-5) and propionic acid (6) as the
guest molecules. The IR spectra of 5 mM solutions of G0 and G1
in chloroform-d showed N–H stretching vibrations at 3455 and
3451 cm−1, respectively, characteristic of non-hydrogen bonded
amides, indicating that these molecules do not self-associate in
this solvent at this concentration.36 The IR spectra of the guest
molecules 4 (13 mM)37 and 5 (25 mM) in chloroform-d also showed
only non-hydrogen bonded amide stretching vibrations at 3454
and 3430 cm−1, respectively, indicating that these molecules do
not aggregate under the conditions applied in the NMR titration
experiments. 1H NMR titration experiments were employed to
determine the association constants Ka (M−1) and complexation
induced shifts DdCIS (Hz), defined as the chemical shift difference
of a proton of the host–guest complex and that of the free
host. The shifts of the aromatic and amide proton resonances of
the dendrimers were monitored during the titration experiments
(Table 1). The titration curves were fitted assuming the formation
of 1:1 complexes, using a non-linear least-squares fitting proce-
dure, and satisfactory fits were obtained.


The observed shifts of the NMR resonances belonging to the
amide protons present in the dendrimers clearly indicate that
binding of the guest molecules is based on H-bonding. This is
substantiated by IR measurements on G2 (mNH = 3448 cm−1)
showing a new amide N–H stretching vibration at 3385 cm−1


upon complexation with 6. The low association constant found
for 6 suggests that the amide bonds in 4 and L-5 contribute to the
binding with the dendrimer core.


The association constants of G0 to G2 reveal that the binding of
guests 4 and L-5 is slightly weaker in higher generation dendrimers,
while for G3 hardly any binding is observed. These observations
reflect the increase in steric hindrance imposed by the dendritic
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Table 1 Association constants Ka and complexation induced shifts DdCIS


of the dendrimer–guest complexes in chloroform-d calculated from the
shifts of the aromatic and amide proton resonances of the dendrimer


Dendrimer Guest Ka (M−1)a DdCIS,ArH (ppm) DdCIS,NH (ppm)


G0 4 87 0.31 1.17
G1 4 69 0.26 0.99
G2 4 65 0.19 0.63
G3 4 5b


G0 L-5 40 0.33 1.05
G1 L-5 38 0.29 0.94
G2 L-5 10 0.32 1.14
G3 L-5 5b


G2 6 24 0.47 1.39


a Estimated error 5%. b Estimated K values. The small shifts prohibited
accurate determination of the association constant.


wedges in the higher generation dendrimers, shielding the binding
site located at the core of the dendrimer. In G3 the carbosilane
wedges almost fully encapsulate the binding site, as can be seen
from the CPK model (Fig. 3), hampering the binding of the guest
molecules.


The calculated changes in the free energy of formation of the
host–guest complexes (DG◦) range from −2.6 (G0) to −0.95 kcal
mol−1 (G3), indicating that the binding is based on one H-bonding
interaction (the energy of a hydrogen bond typically varies between
2–5 kcal mol−1 depending on the distance between the donor
and acceptor atom). Amino acid L-5 is bound weaker than 4,
which might be explained by a difference in the binding geometry.
Complexation induced shift values provide some structural infor-
mation about the binding geometry and a different trend in DdCIS


within the dendrimer series G0–G2 is observed for 4 compared
to L-5. A drop in the DdCIS value (upon complexation with 4)
is observed for the higher generation hosts, indicating that the
geometry of the host–guest complex of G2 differs from that of G0
and G1. Most likely this change in binding geometry is induced
by steric hindrance of the dendritic wedges. The different binding
geometry, however, reduces the association constant within the
dendrimer series to a smaller extent compared to L-5. No drop
in DdCIS is observed for L-5 within the dendrimer series G0–G2,
suggesting that the host–guest complexes have a similar geometry.
The inability to adopt a different binding geometry might explain
the relatively large drop in association constant observed for L-5
within the dendrimer series compared to 4 and might be attributed
to the steric bulk around the amide bond in L-5. The increased
steric hindrance in the higher generation dendrimer might hamper,
for example, the formation of the hydrogen bond between the
dendritic host and the amide bond of L-5 leading to a lower
association constant.


Binding studies on a carbosilane dendrimer with an extended core


The binding behavior of dendrimer G3′ with both L- and D-5
was studied using 1H NMR spectroscopy. D-5 was synthesized
starting from commercially available N-CBZ-D-glutamic acid c-
tert-butyl ester by subsequent esterification with methanol, via
a DCC coupling, and de-esterification of the tert-butyl ester
using TFA (Scheme 5). Partial racemization was observed, which
is probably the result of direct abstraction of the aH by 4-
dimethylaminopyridine (DMAP).38 Optically enriched D-5 was


Scheme 5 Synthesis of optically enriched D-5. Reaction conditions:
(i) DCC, DMAP (11%), MeOH, CH2Cl2; (ii) TFA, CH2Cl2.


obtained in 87% overall yield and 61% optical purity (determined
from the specific optical rotation by comparison with optically
pure L-5).


A Job plot analysis of G3′ with L-5 was performed to determine
the binding stoichiometry of the host–guest complex formed
(Fig. 4).39 The shift of the resonance of the aH of L-5 was monitored
as a probe in solutions containing different [G3′]:[L-5] ratios while
keeping [G3′] + [L-5] constant. The maximum of the Job plot is
found at a mole fraction L-5 of 0.50, indicating the formation of a
1:1 host–guest complex.


Fig. 4 Job plot analysis of a titration of G3′ with L-5.


1H NMR titration experiments (300 MHz) were employed to
determine the association constants of G3′ with both enantiomers
of 5 (Table 2). The shifts of the resonances belonging to the
aromatic protons, the aH of the alaninyl spacer and the amide
proton adjacent to the wedge of G3′ were monitored during the
titration experiment. Although the Job plot analysis revealed a
1:1 binding stoichiometry, the best results in the non-linear least-
squares fitting procedure were obtained when the formation of
a 1:2 host–guest complex was assumed. This discrepancy can
be explained by the fact that the binding of the second guest
is relatively weak, and consequently the shift is too small to be
detected in the Job plot titration experiment.


The association constant for the formation of the G3′·L-5 host–
guest complex (K1 = 295 M−1) is considerable higher than the
formation of the G3·L-5 host–guest complex (estimated Ka =
5 M−1), which clearly indicates that extending the core leads to
a better accessibility of guest molecules. Compared to the hosts
G0 and G1, the association constant for the binding of L-5 in the
dendritic host G3′ is a factor of 7 higher, which can be attributed to
the number of H-bonds involved in the complexation. IR spectra
of G3′ containing guest 5 showed N–H stretching vibrations at
3333 and 3306 cm−1, confirming that the binding is based on H-
bonding interactions involving the amide bonds (a non-hydrogen
bonded N–H stretching vibration belonging to free 5 was found
at 3437 cm−1).
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Table 2 Association constants K1 and K2 and complexation induced shifts DdCIS 1,2 of the dendritic host G3′–guest 5 complexes in chloroform-d calculated
from 1H NMR titration experiments


DdArH (ppm) DdNH (ppm)b DdCH (ppm)c


Guest K1 (M−1)a K2 (M−1)a CIS1 CIS2 CIS1 CIS2 CIS1 CIS2


L-5 295 37 0.045 0.47 0.27 3.5 −0.076 −0.95
D-5 236 (221)d 10 (3.3)d 0.038 1.2 0.21 4.9 −0.048 −1.4


a Estimated error 5%. b Complexation induced shifts of the amide protons adjacent to the aromatic core. c Complexation induced shifts of the aH of the
alaninyl spacer. d Value corrected for optically pure D-5.


The two enantiomers of 5 are bound in the dendritic host
G3′ with different association constants, demonstrating that the
chiral core can discriminate between the two enantiomers through
diastereomeric interactions. The calculated DG0 for the formation
of the G3′·L-5 and G3′·D-5 host–guest complexes are −3.34 kcal
mol−1− and −3.17 kcal mol−1, respectively, corresponding to DDG
(DGL − DGD) = −0.17 kcal mol−1. In a racemic mixture of 5,
57% of the bound guest is the L-5 enantiomer, indicating that the
enantioselective recognition of the first guest molecule is small.
Interestingly, the binding of the first guest molecule enhances the
enantioselective binding of the second guest molecule, which is
expressed by a larger DDG of 1.4 kcal mol−1 calculated for the
formation of the 1:2 host–guest complexes (DGL = −2.1 kcal
mol−1; DGD = −0.70 kcal mol−1). Consequently, in a racemic
mixture of 5, 92% of the L-5 would be bound as the second guest
molecule, which can be considered significant.40 This enhanced
enantioselective recognition in the binding of the second guest
molecule might be attributed to the presence of the first guest
molecule preorganizing the binding site for the binding of the
second guest molecule, leading to a higher energy barrier between
the ‘match’ and ‘mismatch’ diastereomeric interactions.


Conclusions


Carbosilane dendritic wedges both with a bromine or amine
focal point have been prepared and shown to be useful building
blocks for the construction of core-functionalized carbosilane
dendrimers that are otherwise difficult to obtain. Substitution
of the bromide focal point or using standard peptide chemistry
with the amine focal point can be used to synthesize carbosilane
dendrimers in a convergent manner. We have synthesized two
types of core-functionalized carbosilane dendrimers, which can
be used for the (enantioselective) molecular recognition of guest
molecules. The modular approach used enables the construction
of carbosilane dendrimers containing a variety of binding sites,
based on various amino acids, which might result in systems
that can bind guest molecules with higher enantioselectivities
and binding constants. These carbosilane dendrimers containing
amino acids may be used as novel recyclable organocatalysts by
binding and converting substrate molecules41 or as new materials
for the resolution of amino acid derivatives.


Experimental section


General remarks


All reactions were carried out in flame-dried glassware and under
a dry nitrogen atmosphere using standard Schlenk techniques


unless mentioned otherwise. Solvents were dried and distilled
under nitrogen; Et2O from sodium–benzophenone and CH2Cl2


from CaH2. Bis(tetrabutylammonium)platinum hexachloride
[(Bu4N)2PtCl6] was synthesized according to a literature pro-
cedure.24 Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexa-
fluorophosphate (PyBOP) and N-(benzyloxycarbonyl)-D-
glutamic acid 5-tert-butyl ester were purchased from NovaBio-
chem. Other chemicals were purchased from Acros Organics
or the Aldrich Chemical Company. Allyl bromide was distilled
prior to use. Allylmagnesium bromide was prepared in Et2O
according to modified literature procedures.42 The molarity of the
Grignard was determined prior to use via a titration with a 0.50 M
isopropanol solution in xylenes using 1,10-phenanthroline as an
indicator. Silica 60 (SDS Chromagel, 70–200 lm) was used for
column chromatography. Melting points were determined on a
Gallenkamp apparatus. Optical rotations were measured with a
Perkin Elmer 241 Polarimeter. [a]D values are given in 10−1deg cm2


g−1. IR spectra were measured on a BioRad FT-IR (FTS-7)
spectrophotometer. 1H and 13C NMR spectra were collected on
a Bruker AMX 300 spectrometer, a Varian Mercury 300 or a
Varian Inova 500 spectrophotometer. The chemical shift values
d are given in ppm, the values of the coupling constants J in
Hz. GC/MS spectra were recorded on a Hewlett Packard 5890/
5971-GC/MS (split/splitless injector, ZB-5 15 m column, film
thickness 0.25 lm, carrier gas: 0.2 bar He). FAB mass spectra
were recorded on a JOEL JMS SX/SX102A four sector mass
spectrometer coupled to a JOEL MS-MP7000 data system using
3-nitrobenzyl alcohol as a matrix. MALDI-TOF mass spectra
were collected on a Voyager-DE Biospectrometry Workstation
(PerSeptive Biosystems Inc., Framingham, MA, USA) mass
spectrometer equipped with a nitrogen laser emitting at 337 nm
(3 ns pulses). The samples were labeled using silver trifluoroacet-
ate31 and analyzed using dithranol as the matrix. Gel permeation
chromatography (GPC) was performed on a Shimadzu apparatus
equipped with three Waters Styragel Columns (HR-1, HR-2 and
HR-4) connected in series and with a RID-10A refractive index
detector and a SPD-10A VP UV/Vis detector.


CAUTION: Hydrosilylation reactions are highly exothermic
and good care should be taken. It is our experience that the occur-
rence of a vigorous reaction seems to be completely unpredictable
(if this happened, it was always between 10 and 90 minutes) and
a dry ice–acetone bath should be kept at hand when adding the
trichlorosilane as a precaution.


(3-Bromopropyl)trichlorosilane. A 250 mL flame-dried three-
necked round bottom flask equipped with a nitrogen inlet was
charged with allyl bromide (25.0 mL, 0.288 mol), dry CH2Cl2


(250 mL) and dry Et2O (12.5 mL). To this solution was added
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0.55 mL of a freshly prepared 0.050 M solution of (Bu4N)2PtCl6


(0.60 × 10−5 mol) in dry CH2Cl2. Subsequently trichlorosilane
(36.5 mL, 0.362 mol) was added to the solution. A calcium
chloride-tube was installed and the nitrogen inlet was closed. After
10 minutes an exothermic reaction occurred and the reaction vessel
was cooled using a dry ice–acetone bath if it became too vigorous.
After the exothermic reaction had subsided the reaction mixture
was stirred overnight after which it was concentrated in vacuo. The
crude product was purified by vacuum distillation, affording the
title compound as a colorless liquid (52.4, 70%). dH (300 MHz,
CDCl3) 3.47 (2H, t, J 6.6, BrCH2), 2.13 (2H, m, BrCH2CH2) and
1.58 (2H, m, CH2Si). dC (75 MHz, CDCl3) 35.7, 27.1 and 24.6.


(3-Bromopropyl)triallylsilane 1. (3-Bromopropyl)trichlorosi-
lane (52.4 g, 0.204 mol) was added dropwise over a period of
1 1


2
hours to a 1.1 M allylmagnesium bromide solution in Et2O


(612 mL, 0.673 mol). The reaction mixture was stirred for 5 hours
at room temperature after which it was hydrolyzed by carefully
pouring it into an ice-cold 10% ammonium chloride solution in
water (400 mL). The layers were separated and the water layer
was washed with Et2O (3 × 200 mL). The combined ethereal
layers were dried on MgSO4, filtered and concentrated in vacuo.
Purification of the crude product by flash chromatography over
silica using hexanes as an eluent gave 1 (40.6 g, 73%) as a colorless
liquid. (Found: C, 52.80; H, 7.67. Calc. for C12H21SiBr; C, 52.74; H,
7.75%). dH (300 MHz, CDCl3) 5.77 (3H, m, SiCH2CH=CH2), 4.88
(6H, m, SiCH2CH=CH2), 3.37 (2H, t, J 6.9, BrCH2), 1.89 (2H, m,
BrCH2CH2), 1.61 (6H, d, J 8.1, SiCH2CH=CH2) and 0.71 (2H,
m, BrCH2CH2CH2Si). dC (75 MHz, CDCl3) 135.3, 115.4, 38.2,
28.8, 20.9 and 12.2. m/z (GC/MS) 231 (M+ − allyl).


Carbosilane wedge Br[G2](allyl)9 2. Compound 1 (10.0 g,
0.0366 mol) was dissolved in dry CH2Cl2 (17.5 mL) and dry Et2O
(10.5 mL). To the solution was added 0.22 mL of a freshly prepared
0.05 M solution of (Bu4N)2PtCl6 (1.1 × 10−5 mol) in dry CH2Cl2,
followed by trichlorosilane (14.0 mL, 0.139 mol). The flask was
equipped with a calcium chloride tube and the nitrogen inlet was
closed. The reaction mixture was stirred overnight after which a
1H NMR spectrum showed complete conversion of all the allylic
end groups. The reaction mixture was concentrated in vacuo and
dissolved in dry Et2O (14.0 mL). The solution was added dropwise
to a 2.9 M solution of allylmagnesium bromide solution in Et2O
(140 mL, 0.406 mol) over a period of 1 hour. The reaction mixture
was stirred for 5 hours after which it was poured slowly into an
ice-cold 10% ammonium chloride solution in water (300 mL). The
organic layer was separated and the water layer was extracted
with Et2O (3 × 150 mL). The combined organic layers were dried
on MgSO4, filtered and concentrated in vacuo. Purification of the
crude product by flash chromatography over silica using hexanes–
Et2O (9:1) as an eluent gave 2 (23.7 g, 89%) as a colorless oil.
(Found: C, 63.85; H, 9.43. Calc. for C39H69Si4Br; C, 64.15; H,
9.52%). dH (300 MHz, CDCl3) 5.82 (9H, m, SiCH2CH=CH2),
4.91 (18H, m, SiCH2CH=CH2), 3.38 (2H, t, J 6.9, BrCH2), 1.83
(2H, m, BrCH2CH2), 1.61 (18H, d, J 8.2, SiCH2CH=CH2), 1.38
(6H, m, CH2Si(allyl)3), 0.69 (6H, SiCH2CH2CH2Si) and 0.61 (8H,
m, CH2Si(CH2)3). dC (75 MHz, CDCl3) 134.5, 113.7, 37.2, 28.2,
19.9, 18.4, 17.5, 16.8 and 11.9. m/z (MALDI-TOF) 795 (M+ +
Ag − allyl).


Carbosilane wedge Br[G3](allyl)27 3. To a solution of 2 (4.00 g,
5.48 mmol) in dry CH2Cl2 (7.8 mL) and dry Et2O (4.75 mL)
was added 0.099 mL of a freshly prepared 0.050 M solution
of (Bu4N)2PtCl6 (5.0 × 10−6 mol) in dry CH2Cl2. Subsequently
trichlorosilane (6.5 mL, 64.4 mmol) was added to the solution, a
calcium chloride tube was introduced and the nitrogen inlet was
closed. The reaction mixture was stirred for one week after which
a 1H NMR spectrum showed complete conversion of all the allylic
end groups. The solvents were evaporated and the residue was
dissolved in dry Et2O (10 mL). The silane solution was added
dropwise to a 1.1 M solution of allylmagnesium bromide in Et2O
(150 mL, 0.165 mol) over a period of 30 minutes and subsequently
stirred for 6 hours. The reaction mixture was poured slowly into
an ice-cold 10% ammonium chloride solution in water (250 mL),
the layers were separated and the water layer was extracted with
Et2O (3 × 50 mL). The combined organic layers were dried on
MgSO4, filtered and concentrated in vacuo. Purification of the
crude product by flash chromatography over silica using hexanes–
Et2O (9:1) as an eluent gave 3 (9.1 g, 79%) as a viscous, colorless oil
(Found: C, 68.63; H, 10.17. Calc. for C120H213Si13Br; C, 68.60; H,
10.22%). dH (300 MHz, CDCl3) 5.78 (27H, m, SiCH2CH=CH2),
4.86 (54H, m, SiCH2CH=CH2), 3.38 (2H, t, J 6.9, BrCH2), 1.82
(2H, m, BrCH2CH2), 1.59 (54H, d, J 8.1, SiCH2CH=CH2), 1.35
(24H, m, (3-bromopropyl)Si(CH2)3 and CH2Si(allyl)3), 0.66 (24H,
m, SiCH2CH2CH2Si) and 0.57 (26H, m, BrCH2CH2CH2 and
{CH2Si(CH2)3}3). 13C NMR (75 MHz, CDCl3) dC 134.5, 113.7,
37.4, 28.3, 19.9, 18.8, 18.5, 18.0, 17.9, 17.7, 16.8 and 11.8. m/z
(MALDI-TOF) 2164 (M+ + Ag − allyl).


(3-Aminopropyl)triallylsilane. A stainless steel autoclave was
charged with 1 (1.50 g, 5.49 mmol) and liquid ammonia (50 mL).
The solution was heated to 75 ◦C and stirred overnight (p ≈ 15
bar). The reaction mixture was cooled to room temperature and
the ammonia was evaporated. Water (15.0 mL) was added to the
residue and the water layer was extracted with Et2O (4 × 10 mL).
The combined ethereal layers were dried on MgSO4, filtered and
concentrated in vacuo, affording the title compound (1.15 g,
quantitative) as a slightly yellow liquid. dH (300 MHz, CDCl3)
5.68 (3H, m, SiCH2CH=CH2), 4.78 (6H, m, SiCH2CH=CH2),
2.59 (2H, t, J 7.0, NH2CH2), 2.57 (2H, broad s, NH2), 1.51 (6H,
d, J 8.2, SiCH2CH=CH2), 1.41 (2H, m, NH2CH2CH2) and 0.50
(2H, m, CH2Si). dC (75 MHz, CDCl3) 134.2, 113.8, 45.1, 27.0, 19.6
and 8.6. m/z (GC/MS) 168 (M+ − allyl).


Second generation carbosilane wedge H2N[G2](allyl)9. A stain-
less steel autoclave was charged with 2 (0.60 g, 0.82 mmol), Et2O
(5 mL) and liquid ammonia (50 mL). The solution was heated to
75 ◦C and stirred overnight (p ≈ 15 bar). The reaction mixture was
cooled to room temperature and the ammonia was evaporated.
To the residue was added water (5.0 mL) and the water layer
was extracted with Et2O (4 × 3 mL). The combined ethereal
layers were dried on MgSO4, filtered and concentrated in vacuo,
affording the title compound (0.46 g, 96%) as a colorless oil. dH


(300 MHz, CDCl3) 5.67 (9H, m, SiCH2CH=CH2), 4.87 (18H,
m, SiCH2CH=CH2), 2.65 (2H, t, J 7.0, NH2CH2), 1.57 (18H,
d, J 8.0, SiCH2CH=CH2), 1.34 (10H, m, NH2CH2CH2, NH2


and SiCH2CH2CH2Si), 0.65 (8H, m, CH2Si(allyl)3), 0.56 (6H,
m, Si(CH2)3) and 0.46 (2H, m, NH2CH2CH2CH2). dC (75 MHz,
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CDCl3) 134.5, 113.7, 45.9, 28.4, 19.8, 18.4, 17.6, 16.7 and 9.65.
m/z (FAB) 666.472 (M+ + H. Calc. for C39H72NSi4 666.474).


Third generation carbosilane wedge H2N[G3](allyl)27. A stain-
less steel autoclave was charged with 3 (1.10 g, 0.524 mmol), Et2O
(5 mL) and liquid ammonia (50 mL). The solution was heated to
75 ◦C and stirred overnight (p ≈ 15 bar). The reaction mixture was
cooled to room temperature and the ammonia was evaporated.
To the residue was added water (5.0 mL) and the water layer was
extracted with Et2O (4 × 3 mL). The combined ethereal layers were
dried on MgSO4, filtered and concentrated in vacuo, affording the
title compound (1.06 g, 99%) as a colorless oil (Found: C, 70.52;
H, 10.22; N, 0.68. Calc. for C120H215Si13N; C, 70.75; H, 10.64; N,
0.69%). dH (300 MHz, CDCl3) 5.78 (27H, m, SiCH2CH=CH2),
4.89 (54H, m, SiCH2CH=CH2), 2.66 (2H, t, J 7.0, NH2CH2),
1.59 (54H, d, J 8.2, SiCH2CH=CH2), 1.35 (28H, m, NH2CH2CH2


and (3-aminopropyl)Si(CH2)3, NH2 and CH2Si(allyl)3), 0.66
(24H, m, SiCH2CH2CH2Si), 0.56 (24H, m, {CH2Si(CH2)3}3)
and 0.50 (2H, NH2CH2CH2CH2). dC (75 MHz, CDCl3) 134.5,
113.7, 45.8, 28.5, 19.9, 18.8, 18.5, 18.1, 18.0, 17.7, 16.8
and 9.5.


N ,N ′,N ′′-1,3,5-Tributylbenzenetricarboxamide G0. To a solu-
tion of 1,3,5-benzenetricarbonyl trichloride (0.250 g, 0.942 mmol)
and Et3N (0.475 mL, 3.41 mmol) in THF (5.0 mL) was added
dropwise a solution of 1-aminobutane (0.279 mL, 2.83 mmol)
in THF (10 mL). The reaction mixture was stirred overnight
after which a white suspension had formed. The reaction mixture
was poured into water (30 mL). The water layer was extracted
with Et2O (4 × 10 mL). The combined ethereal layers were
dried on MgSO4, filtered and concentrated in vacuo, affording
G0 (0.332 g, 94%) as a white solid. (Found: C, 66.86; H,
8.76; N, 11.22. Calc. for C21H33N3O3; C, 67.17; H, 8.86; N,
11.19%). Mp 197.5–197.9 ◦C. mmax(KBr)/cm−1 3241 (broad), 3076,
2961, 2932, 2873, 1642 and 1561. dH (300 MHz, CDCl3) 7.65
(3H, s, ArH), 7.33 (3H, broad t, NH), 3.38 (6H, q, J 6.4,
NHCH2), 1.57 (6H, quintet, J 7.3, NHCH2CH2), 1.38 (6H,
sextet, J 7.4, NHCH2CH2CH2) and 0.95 (9H, t, J 7.3, CH3).
dC (75 MHz, CDCl3) 165.9, 135.6, 128.1, 40.3, 31.8, 20.3 and
14.0. m/z (FAB) 376.260 (M+ + H. Calc. for C21H34N3O3


376.260).


First generation N ,N ′,N ′′-1,3,5-benzenetricarboxamide core-
functionalized dendrimer G1. A solution of 4 (0.590 g, 2.82 mmol)
and Et3N (0.404 mL, 2.90 mmol) in CH2Cl2 (1.0 mL) was cooled to
0 ◦C. To the solution was added dropwise 1,3,5-benzenetricarbonyl
trichloride (0.224 g, 0.845 mmol) in CH2Cl2 (1.0 mL). The reaction
mixture was warmed to room temperature and stirred overnight
after which the reaction mixture was poured into water (5 mL).
The layer were separated and the water layer was extracted with
CH2Cl2 (3 × 3 mL). The combined organic layers were dried
on MgSO4, filtered and concentrated in vacuo. Purification by
column chromatography over silica using CH2Cl2–Et2O (4:1) as
an eluent gave G1 (0.600 g, 91%) as a white solid. (Found: C,
68.34; H, 8.59; N, 5.51. Calc. for C45H69N3O3Si3; C, 68.91; H,
8.87, N, 5.36%). mmax(KBr)/cm−1 3247 (broad), 3085, 2995, 2972,
2920, 2883, 1634 and 1560. dH (300 MHz, CDCl3) 8.37 (3H, s,
ArH), 6.54 (3H, t, J 5.6, NH), 5.78 (9H, m, SiCH2CH=CH2),
4.90 (18H, m, SiCH2CH=CH2), 3.45 (6H, J 6.7, NHCH2), 1.63


(6H, m, NHCH2CH2), 1.62 (18H, d, J 8.0, SiCH2CH=CH2) and
0.66 (6H, m, CH2Si). dC (75 MHz, CDCl3) 165.8, 135.4, 134.3,
128.3, 114.2, 43.7, 24.0, 19.7 and 9.0. m/z (MALDI-TOF) 890
(M+ + Ag). m/z (FAB) 784.476 (M+ + H. Calc. for C45H70N3O3Si3


784.472).


Second generation N ,N ′,N ′′-1,3,5-benzenetricarboxamide core-
functionalized dendrimer G2. A solution of 5 (0.200 g,
0.300 mmol) and Et3N (0.070 mL, 0.50 mmol) in CH2Cl2 (1.0 mL)
was cooled to 0 ◦C. To the solution was added dropwise 1,3,5-
benzenetricarbonyl trichloride (0.0241 g, 0.0909 mmol) in CH2Cl2


(1.0 mL). The reaction mixture was warmed to room temperature
and stirred overnight. The resulting white suspension was poured
into water (5.0 mL) and the layers were separated. The water layer
was extracted with CH2Cl2 (3 × 3.0 mL). The combined organic
layers were dried on MgSO4, filtered and concentrated in vacuo.
Purification of the crude product by column chromatography over
silica using hexanes–Et2O (2:1) as an eluent gave G2 (0.148 g, 94%)
as a colorless oil. (Found: C, 69.99, H, 10.01, N, 1.91. Calc. for
C126H213N3O3Si12: C, 70.22, H, 9.96, N, 1.95%). mmax(KBr)/cm−1


3354 (broad), 3075, 2994, 2970, 2914, 2876, 2795, 1790, 1667,
1629 and 1519. dH (300 MHz, CDCl3) 8.35 (3H, s, ArH), 6.44
(3H, t, J 5.6, NH), 5.77 (27H, m, SiCH2CH=CH2), 4.88 (54H,
m, SiCH2CH=CH2), 3.44 (6H, q, J 6.7, NHCH2), 1.58 (6H, m,
NHCH2CH2), 1.58 (54H, d, J 8.0, SiCH2CH=CH2), 1.36 (18H,
m, CH2Si(allyl)3), 0.67 (18H, m, SiCH2CH2CH2Si), 0.59 (18H, m,
CH2Si(CH2)3) and 0.54 (6H, m, NHCH2CH2CH2). dC (75 MHz,
CDCl3) 165.4, 135.3, 134.6, 128.0, 113.7, 43.9, 24.6, 19.9, 18.4,
17.5, 16.8 and 10.1. m/z (MALDI-TOF) 2261 (M+ + Ag).


Third generation N ,N ′,N ′′-1,3,5-benzenetricarboxamide core-
functionalized dendrimer G3. A solution of 6 (0.137 g,
0.0673 mmol) and Et3N (0.030 mL, 0.21 mmol) in CH2Cl2 (1.0 mL)
was cooled to 0 ◦C. To the solution was added dropwise 1,3,5-
benzenetricarbonyl trichloride (5.4 mg, 0.020 mmol) in CH2Cl2


(1.0 mL). The reaction mixture was warmed to room temperature
and stirred overnight. The reaction mixture was poured into
water (5.0 mL) and the layers were separated. The water layer
was extracted with CH2Cl2 (3 × 3 mL). The combined organic
layers were dried on MgSO4, filtered and concentrated in vacuo.
Purification of the crude product by column chromatography
over silica using hexanes–Et2O (19:1) as an eluent gave G3
(0.106 g, 85%) as a colorless oil. (Found: C, 70.52, H, 10.22, N,
0.68. Calc. for C369H645N3O3Si39; C, 70.71, H, 10.37, N, 0.67%).
mmax(KBr)/cm−1 3431, 3076, 3059, 2996, 2971, 2913, 2877, 2795,
1793, 1674, 1629 and 1517. dH (300 MHz, CDCl3) 8.35 (3H, s,
ArH), 6.43 (3H, broad t, NH), 5.77 (81H, m, SiCH2CH=CH2),
4.89 (162H, m, SiCH2CH=CH2), 3.42 (6H, q, J 5.8, NHCH2),
1.59 (168H, d, J 8.1, NHCH2CH2CH2 and SiCH2CH=CH2), 1.36
(72H, m, NHCH2CH2CH2Si(CH2)3 and CH2Si(allyl)3), 0.66 (72H,
m, SiCH2CH2CH2Si) and 0.61 ppm (78H, m, NHCH2CH2CH2


and {CH2Si(CH2)3}3). dC (75 MHz, CDCl3) 165.2, 135.2, 134.9,
134.6, 113.8, 44.2, 24.7, 19.6, 18.5, 18.3, 17.9, 17.7, 16.8 and 10.2.
m/z (MALDI-TOF) 6375 (M+ + Ag).


Carbosilane wedge Pht[G3](allyl)27 7. Compound 3 (5.03 g,
2.39 mmol) and potassium phthalimide (0.58 g, 3.13 mmol)
were suspended in DMF (25 mL) and heated to 80 ◦C for a
period of 1 hour. The reaction mixture was poured into water
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(200 mL) and extracted with Et2O (3 × 80 mL). The combined
ethereal layers were washed with water (2 × 60 mL), dried on
MgSO4, filtered and concentrated in vacuo. Purification of the
crude product by flash column chromatography using hexanes–
Et2O (9:1) as an eluent gave 7 (2.90 g, 56%) as a colorless oil.
(Found: C, 70.90; H, 10.15; N, 0.72. Calc. for C128H217NO2Si13;
C, 70.94; H, 10.09; N, 0.65%). dH (500 MHz, CDCl3) 7.81 (2H,
m, ArH), 7.68 (2H, m, ArH), 5.73 (27H, m, SiCH2CH=CH2),
4.86 (54H, m, SiCH2CH=CH2), 3.62 (2H, t, J 7.5, NCH2),
1.57 (56H, d, J 8.1, SiCH2CH=CH2 and NCH2CH2), 1.33
(24H, m, {3-(Pht)propyl}SiCH2 and CH2Si(allyl)3), 0.64 (24H,
m, SiCH2CH2CH2Si) and 0.56 (26H, m, PhtCH2CH2CH2 and
{CH2Si(CH2)3}3). dC (125.8 MHz, CDCl3) 168.4, 134.7, 134.0,
132.5, 123.3, 113.8, 41.4, 23.6, 19.9, 18.8, 18.5, 18.1, 17.9, 17.7,
16.9 and 9.9. m/z (MALDI-TOF) 2126.4 (M+ − C3H6).


Carbosilane wedge Pht[G3](propyl)27 8. To 7 (3.91 g,
1.80 mmol) and Pd on C (10%, 0.26 g) was added EtOAc (90 mL).
The mixture was placed under an atmospheric pressure of H2 and
stirred overnight. The reaction mixture was filtered over Celite and
concentrated in vacuo, affording 8 (3.61, 90%) as a colorless oil.
(Found: C, 69.34; H, 12.45; N, 0.62. Calc. for C128H271NO2Si13; C,
69.20; H, 12.30; N, 0.63%). dH (500 MHz, CDCl3) 7.82 (2H, m,
ArH), 7.68 (2H, m, ArH), 3.63 (2H, t, J 7.5, NCH2), 1.64 (2H, m,
NCH2CH2), 1.29 (78H, m, SiCH2CH2CH3 and SiCH2CH2CH2Si),
0.94 (81H, t, J 7.1, CH3), 0.55 (48H, m, CH2SiCH2) and 0.48
(56H, m, SiCH2CH2CH3 and Pht–CH2CH2CH2). dC (125.8 MHz,
CDCl3) 168.2, 133.7, 132.3, 123.1, 41.2, 23.4, 18.7 (2C), 18.5, 18.2,
17.9, 17.8, 17.7, 17.5, 15.5 and 9.8. m/z (MALDI-TOF) 2179
(M+ − C3H6).


Carbosilane wedge H2N[G3](propyl)27 9. Compound 8 (3.50 g,
1.58 mmol) was dissolved in EtOH (85 mL) and hydrazine
monohydrate (0.79 mL, 16 mmol) was added. The solution was
heated to 90 ◦C and the resulting white dispersion was stirred
overnight. The reaction mixture was cooled to room temperature
after which a concentrated HCl solution (15 mL) was added to
the dispersion. The resulting mixture was heated at 90 ◦C for
5 hours after which a white, crystalline precipitate had formed.
The mixture was cooled and poured into an ice-cold NaOH
solution (1.5 M, 125 mL). The mixture was partially concentrated
and subsequently extracted with Et2O (3 × 40 mL). The organic
layer was washed with water (2 × 40 mL), dried on MgSO4,
filtered and concentrated in vacuo, affording 9 (3.10 g, 94%) as
a colorless oil. (Found: C, 68.40; H, 13.04; N, 0.61. Calc. for
C120H269NSi13; C, 68.91; H, 12.96; N, 0.67%). dH (500 MHz, CDCl3)
2.66 (2H, t, J 6.8, NH2CH2), 1.41 (2H, m, NH2CH2CH2), 1.31
(80H, m, SiCH2CH2CH3, SiCH2CH2CH2Si and NH2), 0.96 (81H,
t, J 7.3, CH3), 0.56 (48H, m, CH2SiCH2) and 0.50 (56H, m,
SiCH2CH2CH3 and NH2CH2CH2CH2). dC (125.8 MHz, CDCl3)
45.9, 28.7, 18.7, 18.6, 18.1, 17.9, 17.8, 17.5, 15.4 and 9.5. m/z
(MALDI-TOF) 2093 (M+ + H).


Carbosilane wedge BOC-L-alaninyl[G3](propyl)27 10. Com-
pound 9 (0.796 g, 0.381 mmol), BOC-L-Ala (0.0720 g,
0.381 mmol), DCC (0.0785 g, 0.381 mmol) and DMAP (4.65 mg,
0.0381 mmol) were dissolved in CH2Cl2 (10 mL) and stirred for
2 hours. The solution was concentrated in vacuo. Purification of
the crude product by column chromatography over silica using
hexanes–EtOAc (9:1) as an eluent gave 10 (0.707 g, 82%) as


a colorless oil. (Found: C, 68.11; H, 12.47; N, 1.20. Calc. for
C128H282N2O3Si13; C, 67.94; H, 12.56; N, 1.24%). [a]20


D −3.7◦ (c
1.0 in CHCl3). mmax(CHCl3)/cm−1 3442, 2956, 2919, 2869, 2795,
1700 and 1676. dH (500 MHz, CDCl3) 6.03 (1H, broad t, NH),
5.02 (1H, broad s, NH), 4.13 (1H, broad m, CH), 3.28 (1H,
dt, J 13.5 and 6.6, NHCHH′), 3.20 (1H, dt, J 13.5 and 6.6,
NHCHH ′), 1.47 (12H, s, CH3 (BOC and Ala)), 1.34 (80H, m,
NHCH2CH2, SiCH2CH2CH3 and SiCH2CH2CH2Si), 0.98 (81H,
t, J 7.0, SiCH2CH2CH3), 0.59 (48H, m, CH2SiCH2) and 0.52
(56H, m, SiCH2CH2CH3 and NHCH2CH2CH2). dC (125.8 MHz,
CDCl3) 179.8, 172.4, 43.1, 31.2, 28.6, 24.6, 18.9, 18.8, 18.5, 18.1,
18.0, 17.9, 17.8, 15.7 and 10.0.


Carbosilane wedge L-alaninyl[G3](propyl)27 ammonium trifluo-
roacetate salt 11. A solution of 10 (0.668 g, 0.295 mmol) in
CH2Cl2 (10.0 mL) was cooled under dry, aerobic conditions
(CaCl2 tube) to 0 ◦C using an ice–water bath. To this solution
was added TFA (5.0 mL) in 1.0 mL portions. The reaction was
stirred for 10 minutes at 0 ◦C, followed by stirring for 1 hour
at room temperature. To the reaction mixture was added toluene
(15 mL) and the solvents were removed in vacuo. The residue
was re-dissolved and evaporated to dryness twice using toluene
(15 mL) and once using diethyl ether (20 mL), affording 10 (0.671 g,
quantitative) as a colorless oil. (Found: C, 63.88; H, 12.42; N, 0.96.
Calc. for C125H275F3N2O3Si13; C, 65.95; H, 12.18; N, 1.23%). [a]20


D


−0.9◦ (c 1.0 in CHCl3). mmax(CHCl3)/cm−1 3280, 2956, 2918, 2869,
2795 and 1676. dH (500 MHz, CDCl3) 6.35 (1H, broad s, NH), 4.09
(1H, broad s, CH), 3.38 (1H, broad m, NHCHH′), 3.14 (1H, broad
m, NHCHH ′), 1.57 (83H, m, NH3


+CH2CH2, SiCH2CH2CH3 and
SiCH2CH2CH2Si), 0.98 (81H, t, J 7.3, SiCH2CH2CH3), 0.59
(48H, m, CH2SiCH2) and 0.52 (56H, m, SiCH2CH2CH3 and
NHCH2CH2CH2). dC (125.8 MHz, CDCl3) 179.7, 169.2, 134.5,
49.7, 43.8, 24.2, 18.9, 18.1, 18.0, 17.8, 15.7 and 10.2. m/z (FAB)
2162.9 (M+ − CF3COO).


N ,N ′,N ′′-1,3,5-Tris(L-alaninyl)benzenetricarboxamide core-
functionalized dendrimer G3′. 1,3,5-Benzenetricarboxylic acid
(0.0192 g, 0.0914 mmol), 11 (0.635 g, 0.279 mmol) and PyBOP
(0.145 g, 0.279 mmol) were suspended in THF (10.0 mL). To
the suspension was added DiPEA (0.107 mL, 0.614 mmol) after
which a clear solution was obtained. The reaction mixture was
stirred overnight. The solvent was removed in vacuo. Purification
of the residue by column chromatography over silica using
hexanes–EtOAc (4:1) as an eluent gave G3′ (0566 g, 93%), as
a colorless oil. (Found: C, 68.39; H, 12.72; N, 1.42. Calc. for
C378H822N6O6Si39; C, 68.33; H, 12.47; N, 1.26%). [a]20


D −2.5◦ (c 1.0
in CHCl3). dH (500 MHz, CDCl3) 8.40 (3H, s, ArH), 7.12 (3H, d,
J 7.0, ArC(O)NH), 5.72 (3H, broad s, C(O)NHCH2), 4.62 (3H,
quintet, J 7.0, CH), 3.45 (3H, dt, J 11.7 and 3.8, NHCHH ′),
3.08 (3H, dt, J 9.6 and 3.5, NHCHH ′), 1.50 (15H, d, J 7.0,
CH3(Ala) and NHCH2CH2), 1.31 (234H, m, SiCH2CH2CH3


and SiCH2CH2CH2Si), 0.95 (243, t, J 7.3, SiCH2CH2CH3), 0.56
(144H, m, CH2SiCH2) and 0.50 (168H, m, SiCH2CH2CH3 and
NHCH2CH2CH2). dC (125.8 MHz, CDCl3) 171.8, 165.2, 135.1,
128.9, 49.7, 43.4, 24.5, 19.5, 18.9, 18.8, 18.5, 18.1, 18.0, 17.9, 17.8,
15.7 and 10.2. m/z (MALDI-TOF) 6669 (M+ + Na).


N-(Benzyloxycarbonyl)-D-glutamic acid 5-tert-butyl ester 1-
methyl ester. To a solution of N-(benzyloxycarbonyl)-D-glutamic
acid 5-tert-butyl ester (0.25 g, 0.742 mmol), DCC (0.135 g,
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0.741 mmol) and DMAP (9.6 mg, 79 lmol) in CH2Cl2 (4.0 mL)
was added MeOH (50.0 lL, 1.23 mmol). The reaction mixture was
stirred for 2 hours after which the solvent was removed in vacuo.
Purification of the crude product by column chromatography
over silica using EtOAc–hexanes (99:1) as an eluent gave the title
compound (0.246 g, 95%) as a colorless oil. [a]20


D −3.7◦ (c 1.0
in CHCl3). mmax(CDCl3)/cm−1 3431, 3008, 2982, 2961, 2937 and
1723. dH (300 MHz, CDCl3) 7.31 (5H, m, ArH), 5.49 (1H, d, J 8.1,
NH), 5.07 (2H, s, PhCH2), 4.36 (1H, q, J 8.1, CH), 3.71 (3H, s,
C(O)OCH3), 2.29 (2H, q, J 6.9, CH2C(O)OtBu), 2.11 (1H, m,
CHCHH′), 1.92 (1H, m, CHCHH ′) and 1.40 (9H, s, CH3 (BOC)).
dC (75 MHz, CDCl3) 172.7, 172.2, 156.2, 136.4, 128.7, 128.4, 128.3,
81.0, 67.2, 53.7, 52.7, 31.6, 28.2 and 27.8. m/z (GC/MS) 295
(M+ − tBu).


N-(Benzyloxycarbonyl)-D-glutamic acid 1-methyl ester D-5. N-
(Benzyloxycarbonyl)-D-glutamic acid 5-tert-butyl ester 1-methyl
ester (0.161 g, 0.457 mmol) was dissolved under a dry atmosphere
(CaCl2 tube) in CH2Cl2 (6.0 mL). The solution was cooled
with an ice–water bath and TFA (1.0 mL) was added to the
solution. The reaction mixture was stirred for 10 minutes at 0 ◦C
and subsequently 1 hour at room temperature. To the reaction
mixture was added toluene (10 mL) after which the solvents were
removed in vacuo. Purification of the crude product by column
chromatography over silica using EtOAc–hexanes (19:1) as an
eluent gave D-5 (0.124 g, 92%) as a white solid. [a]20


D −4.8◦ (c 1.0 in
CHCl3), 61% optical purity.43 mmax(CDCl3)/cm−1 3511, 3430, 3036,
2951, 2856 and 1716. dH (300 MHz, CDCl3) 7.34 (5H, m, ArH),
5.43 (1H, d, J 7.8, NH), 5.10 (2H, s, PhCH2), 4.43 (1H, q, J 7.2,
CH), 3.74 (3H, s, C(O)OCH3), 2.44 (2H, q, J 7.0, CH2COOH),
2.20 (1H, m, CHCHH′) and 1.97 (1H, m, CHCHH ′). dC (75 MHz,
CDCl3) 177.5, 172.5, 156.2, 136.3, 128.8, 128.5, 128.3, 67.4, 53.4,
52.9, 30.0 and 27.8.


NMR titration experiments39. The NMR titration experiments
(300 MHz, 24 ◦C) were performed in CDCl3 that was previously
distilled from calcium hydride and stored on molecular sieves
(4 Å). The dendrimer concentration in the prepared solutions was
ca. 5 mM and contained up to 5 equivalents of guest, except for the
titration with propionic acid in which the dendrimer concentration
was 14 mM and solutions containing up to 10 equivalents of
acid were measured. The association constants and complexation
induced shifts were obtained by non-linear least-squares fitting
using the GraFit 4.0 software package.44 The uncertainties are
the standard deviations determined by the error analysis of the
program.


The binding constants K1 and K2 of host G3′ with both
enantiomers of guest N-CBZ-glutamic acid 1-methyl ester (5) in
CDCl3 (T = 24 ◦C) were determined by varying the guest concen-
tration between 0.76–14 mM while keeping the host concentration
constant at approximately 3.4 mM. The downfield shifts of the
G3′ aromatic, Ala-CH and C(O)NHCH2 proton resonances were
followed. The association constants were calculated from the data
using a non-linear least-squares fitting program.45 The best fits
were obtained assuming a 1:2 host–guest binding stoichiometry.
The titration experiments were performed in duplo.


Job plot analysis39. Two stock solutions of 9.34 mM L-5 and
9.07 mM G3′ in CDCl3 were prepared. Nine solutions with varying


[H]:[G] while keeping [H] + [G] constant were prepared in NMR
tubes by mixing the stock solution in different proportions (total
volume: 500 lL). 1H NMR spectra were recorded for each NMR
tube. The Dd values were calculated by subtracting the chemical
shift of the aH resonance of L-5 in the spectrum (dx) from the same
resonance of the pure L-5 solution (d0). A graph of the Dd value
as function of the mole fraction L-5 was plotted. The maximum
corresponds to 0.5 mole fraction, corresponding to a 1:1 binding
stoichiometry.


Acknowledgements


The authors would like to thank Dr Roel H. Fokkens for
measurement of the MALDI-TOF MS spectra. The Netherlands
Organization for Scientific Research (NWO/STW) is acknowl-
edged for financial support (RvH).


References


1 For some general reading on dendrimers see: Dendrimers and Other
Dendritic Polymers, ed. J. M. J. Fréchet and D. A. Tomalia, John Wiley
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The thermodynamic parameters for the inclusion of some naturally occurring amino acids into a series
of p-sulfonated calix[4]arenes, were determined via both 1H NMR and calorimetric titrations in
buffered aqueous solution at 25 ◦C. The calorimetric data show that inclusion is enthalpically driven in
all cases, regardless of flexibility of the host and the nature of the guest. The most efficient receptor is
the calix[4]arene tetrasulfonate 1, which exists in solution at pH 7 in a cone conformation, stiffened by
H-bonding at the lower rim.
Molecular mechanics data help in the understanding of why some hosts do not form inclusion
complexes at all. The comparison of our data with literature reports shows that there are dramatic
buffer-dependent changes in the binding affinities.


Introduction


Molecular recognition is one of the key processes in living systems.1


Mimicking this process in water, where the vast majority of
biological processes takes place, using simplified synthetic models,
is of paramount importance for the understanding of the forces
involved in the recognition process. Among these studies, the
inclusion of amino acids and peptides in appropriate cavities
assumes a pivotal role. Whereas the inclusion of these small guests
in natural cyclodextrins has been extensively studied,2 very few
studies have been reported on the inclusion of amino acids and
peptides in synthetic receptors. On the other hand, quite recently
several examples of biologically active, water soluble calixarenes3


have been reported in the literature.
Pinhal et al.4 found that p-sulfonatocalix[8]arene stimulates the


synthesis of heparan sulfate proteoglycan secreted by endothelial
cells from rabbit aortae and human umbilical veins in culture.
Coleman et al.5 reported that water soluble calixarenes are
excellent candidates as heparin mimics with respect to peptide
folding and even protein–protein interactions. The considerable
interest in water-soluble calixarenes for biological and medical
applications has resulted in a few patents; in fact, they have been
registered as antiviral agents,6 blockers of chloride ion channels,7


antithrombotic agents8 as well as inhibitors of lysyl oxidase
activity.9


Due to this wide interest, we studied the complexation of
several guests of biological relevance in water soluble calix[4]arenes
and were the first to report quantitative values on the inclusion
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Area delle Scienze 17/A, I-43100, Parma, Italy
dIstituto di Biostrutture e Bioimmagini, CNR, Catania, Viale A. Doria 6,
95125, Catania, Italy


of naturally occurring amino acids into a series of calixarenes
(Scheme 1) in physiological conditions10 whereas other authors
had investigated the inclusion of arginine and lysine into some
p-sulfonato-calix[n]arenes (n = 4, 6, 8) exploring the acidic region
only.5


Scheme 1


Following our earlier preliminary studies,10,11 we now report a
full thermodynamic (1H NMR and calorimetric) characterization
of the inclusion of some naturally occurring amino acids into a
series of water soluble calix[4]arenes (Scheme 1). This allows better
identification of the factors that control this binding process, as
knowledge of the nature and strength of the interactions may
provide important information on the mechanism of the binding12


of p-sulfonated calixarenes to complex bio-macromolecules. As
shown in the scheme, we have included both sulfonated (1, 2,
4 and 5) and non-sulfonated (3) calixarenes, to evaluate the
role played by the presence of negative charges (–SO3


−); we
have also varied the nature, the length and the number (viz.
4 and 5) of the groups attached at the lower rim. Both the
calorimetric and 1H NMR experiments were carried out at pH 7
(pD 7.3) and in 0.1 mol dm−3 phosphate buffer to reproduce
the physiological conditions as much as possible: moreover, using
two different techniques allows the stability constants to be cross
checked. The molecular mechanics optimization of the systems
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shown in Scheme 1 provides additional information that helps in
understanding the binding mechanism.


Results and discussion


Binding constants


The results obtained by us via 1H NMR in buffered aqueous
solutions (pD = 7.3; pH = 7.0) are reported in Table 1,
together with some literature data obtained under comparable
conditions. All the amino acids are in their zwitterionic form in
the experimental conditions studied by us. The data reported
by Coleman et al.13 for 1 have not been included in Table 1
since they were obtained under conditions that differ significantly
from those employed in the present study as far both the pH
(pH = 2) and the solvent (acetonitrile–water–trifluoroacetic acid
or methanol–water–trifluoroacetic acid) are concerned. The logK
values obtained by us via 1H NMR and calorimetry under
homogeneous conditions are close to one another and are well
within the experimental error. Obtaining consistently the same
results by probing two different parameters (chemical shifts and
heat) makes us confident of the accuracy of the data reported in
the present investigation.


The changes in chemical shift resulting from complexation
(Ddobs) for 2-L-Leu are shown Fig. 1 as an example. They show
that upon inclusion, the aliphatic protons of the guest undergo
a significant upfield shift, the methyl protons being the most
shifted ones; the same pattern is obtained for the inclusion of L-
Val. This indicates that these aliphatic amino acids form inclusion
complexes by inserting their apolar tail into the calixarene cavity;
the same occurs with the aromatic amino acids. Our experiments
also show no detectable complex formation of any of the


Fig. 1 Plots of Ddobs (ppm) versus [2]/[L-Leu], in D2O, 25 ◦C, [L-Leu] =
1 × 10−3 mol dm−3, pD 7.3 (0.1 mol dm−3 phosphate buffer).


Table 1 Stability constants for the complexes of L-aminoacids with hosts 1–5


Complexa log K pH/pDb Buffer Medium/Conc. Technique Reference


1-L-Ala NDc 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
1.89 8b No/adjd ? 1H NMR 16


1-L-Val 1.2 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
1.1 (2) 7.0 PBS PBS/0.1 mol dm−3 Calorimetry This work
3.20 NSe No ? Calorimetry 17


1-L-Leu 1.7 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
1.8 (1) 7.0 PBS PBS/0.1 mol dm−3 Calorimetry This work
3.08 NSe No ? Calorimetry 17
2.89 8b No/adjd ? 1H NMR 16


1-L-Phe 1.8 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
1.7 (1) 7.0 PBS PBS/0.1 mol dm−3 Calorimetry This work
3.14 NSe No ? Calorimetry 17
2.91 8b No/adjd ? 1H NMR 16


1-L-His 1.3 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
2.70 8b No/adjd ? 1H NMR 16


1-L-Trp 1.4 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
2-L-Ala NDc 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
2-L-Val 1.0 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work


1.1 (4) 7.0 PBS PBS/0.1 mol dm−3 Calorimetry This work
2-L-Leu 1.9 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work


1.9 (1) 7.0 PBS PBS/0.1 mol dm−3 Calorimetry This work
2-L-Phe 1.7 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work


1.5 (1) 7.0 PBS PBS/0.1 mol dm−3 Calorimetry This work
2-L-His NDc — PBS PBS/0.1 mol dm−3 1H NMR This work
2-L-Trp 1.3 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
3-L-AA NCFf This work
4-L-Ala NDc 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
4-L-Phe 1.4 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
4-L-Val NDc 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
4-L-Leu 0.9 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
4-L-His NDc 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
4-L-Trp 1.0 (1) 7.3b PBS PBS/0.1 mol dm−3 1H NMR This work
5-L-AA NCFf This work


a The complex results from the reaction: C + L-AA � C–L-AA where C and L-AA are the appropriate calixarene (1, 2, 3, 4,or 5) and amino acid,
respectively. b pD values. c ND indicates not detected in our experimental conditions, d No/adj. indicates that no buffer is used. The pD of the titrate is
brought up to 8 by simply adding the appropriate amount of NaOH. e NS indicates not specified. f NCF indicates no complex formed with any of the
amino acids investigated.
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investigated ligands with alanine in the experimental conditions
used. This is not surprising; Kazakova et al.14 investigating the
inclusion of amino acids into calixresorcinarenes in 0.1 mol dm−3


phosphate buffer, concluded that only the amino acids possessing
hydrophobic moieties or a long hydrophobic chain form inclusion
complexes.


It is very likely that the alanine side chain (i.e. the –CH3 group) is
too short to be inserted into the cavity while the charged residue of
the amino acid simultaneously interacts with the sulfonato groups
and the water molecules.


The data confirm the importance of the sulfonato groups at the
upper rim.15 Host 3, which lacks these negatively charged residues,
forms no complexes with any of the investigated amino acids,
showing that the docking provided by the interaction between
the sulfonato groups and the protonated amino residue helps
somehow the insertion of the aliphatic (L-Val, L-Leu) or aromatic
(L-Phe, L-His or L-Trp) apolar tail in the calixarene cavity. It is the
combination of these two factors that determines the inclusion
of the amino acid. Tyrosine does not form any adduct probably
because its polar OH group cannot be suitably accommodated by
the apolar cavity of the receptor. In this context, we were rather
surprised that host 5, possessing the sulfonato anchoring groups,
forms no adducts with any of the amino acids. The molecular
modeling, reported below (see Molecular Modeling section), helps
in the understanding of why this host forms no adducts with any
of the amino acids investigated.


However, our data are sizably lower than those reported by
both Coleman et al.16 and Buschmann et al.17 and this deserves
some comments. Both our 1H NMR and calorimetric data were
obtained in a phosphate buffer (pD = 7.3; pH = 7). This medium
has been extensively used although there are conflicting reports,
even by the same authors, on the use of this medium.13,16,18 In fact,
this buffer is sometimes used without any comment13 or is said to
have no apparent influence on complexation18 or is said not to be
totally neutral.16


We are firmly convinced that these experiments must be carried
out in buffered solutions for the following reasons: (i) the ionic
medium (0.1 mol dm−3 in our case) ensures small changes of the


activity coefficients from the beginning to the end of the titration;
(ii) the species distribution remains virtually unchanged in the
course of the experiments and (iii) the inclusion of the amino acids,
mainly investigated for its biomedical potential,5,10 is studied under
pH conditions that reproduce the physiological value, at least to a
certain extent.


As to the first point, obviously, the values derived at different
ionic strength are apparent constants and can be compared only
with values obtained under the same conditions; therefore, caution
must be used when comparing values obtained at different ionic
strength (and or temperature). However, a simple calculation
shows that the ionic medium term may account for some 0.7
log units.19 At higher buffer concentrations, the interaction be-
tween the sulfonato groups and the positive tail of the amino acid,
that is responsible of the anchoring of the guest, decreases, thus
rendering the inclusion of the amino acid weaker. It is important
to emphasize that the values obtained by Coleman et al.16 and
by Buschmann et al.17 for 1-L-Leu and 1-L-Phe (Table 1) differ
from one another by some 0.3 and 0.2 log units, respectively. The
only difference in the experimental set up is that Coleman et al.
adjust the initial pH of the titrate to 8 whilst Buschmann et al.
simply titrate an unbuffered aqueous solution of the appropriate
amino acid with an unbuffered solution of 1. This shows that
even seemingly negligible differences in the procedure adopted,
leading to different ionic media and speciation, may result in non-
negligible differences.


Moreover, a change of the species distribution may have
significant implications for the calculation of the heat assumed
to be associated with the specific species and will be discussed
below.


Thermodynamic characterization


The enthalpy and entropy values derived from our calorimetric
measurements are shown in Table 2 together with the values
determined by Buschman et al.17 L-Trp was not soluble enough
to give a satisfactory heat–volume curve in our experimental
conditions. We were not able to obtain a satisfactory heat–volume


Table 2 Thermodynamic parameters for the inclusion of L-Val, L-Leu, L-Phe, L-Trp and L-His into hosts 1, 2 and 4


Reaction log Ka DG/kJ mol−1 DH/kJ mol−1 DS/J mol−1 deg−1


1 + L-Val � 1-L-Val 1.2 −6.7(5) −9.6(7)b −9(2)
3.20c −46.7c −96c


1 + L-Leu � 1-L-Leu 1.7 −9.7(5) −15.5(8) −19(3)
3.08c −51.7c −115c


1 + L-Phe � 1-L-Phe 1.8 −10.3(5) −17.5(8) −24(3)
3.14c −36.0c −61c


1 + L-Trp � 1-L-Trp 1.4 −8.0(5) —d —
1 + L-His � 1 L-His 1.3 −7.4(5) −15(1) −26(4)
2 + L-Val � 2-L-Val 1.0 −5.7(5) −9.5(9) −13(3)
2 + L-Leu � 2-L-Leu 1.9 −10.8(5) −21.6(8) −36(3)
2 + L-Phe � 2-L-Phe 1.7 −9.7(5) −17.1(9) −25(3)
2 + L-Trp � 2-L-Trp 1.3 —d


4 + L-Leu � 4-L-Leu 0.9 −5.1(5) —e —
4 + L-Phe � 4-L-Phe 1.4 −8.0(5) −18(2) −33(5)
4 + L-Trp � 4-L-Trp 1.0 −5.9(5) —d —


a All the values have been determined in 0.1 mol dm−3 phosphate buffer at 25 ◦C. b r in parentheses. c Ref. 17: DS values derived from the TDS figures
given in this reference by using a value of 298.16 K for T . d Too poorly soluble to obtain a reliable/reproducible calorimetric measurement. e Too little
heat to obtain a reliable/reproducible DH.
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curve for the adduct of 4 with L-Leu either; this is probably due
to relatively low stability constants of this adduct, that is the
smallest of all the systems investigated. The heat–volume curve was
satisfactorily fitted by assuming the presence of 1 : 1 species only.
Table 2 shows that the DH values reported by Buschmann et al.17


are larger than those determined in the present investigation. It has
to be underlined that our values were determined under constant
ionic strength whereas Buschmann’s values were obtained under
“non-buffered conditions”. In addition to the difference resulting
from the different ionic strength (see the Binding constants
section), working in “non-buffered conditions” may affect also
the heat assumed to be associated to the specific species, which
in turn affects the logK determined via calorimetric experiments.
The heat produced during the titration should be corrected not
only for all non-chemical energy terms but also for the chemical
heat effects due to the formation (or disappearance) of species
other than the 1 : 1 assumed to be the only species being formed.
Whilst this assumption holds in buffered conditions where the pH
change is negligible, a simple calculation20 shows that the addition
of the p-sulfonatocalix[4]arene to a solution of the amino acid
(e.g. alanine) causes a pH change that, in turn, causes a change
of the species distribution. Neglecting the heat associated with the
species being either formed or destroyed and attributing all the
heat produced to the only species assumed to form introduces an
error in both the logK and the DH value calculated for the 1 : 1
species.


Fig. 2 gives a straightforward idea of the parameters driving
the inclusion of the amino acids and shows that the full thermo-
dynamic characterization of the binding process is one of the key
elements to understand how and why the units assemble and what
are the stabilizing factors.12 The inclusion of all the investigated
amino acids is enthalpically favoured and entropically unfavoured
regardless of the nature of the side chain; the driving force for
inclusion will be a CH-p interaction of the alkyl chain for L-Val
and L-Leu or a p–p interaction for L-Phe and L-His. The DH
value overwhelms the TDS contribution, thus showing that it is
the interaction between the side chain and the calixarene cavity,
rather than the desolvation of the interacting particles, that mainly
determines the DG value.15 Compared to L-Val, the inclusion of


the longer L-Leu chain produces a larger DH value with both 1
and 2.16


Perhaps the L-Leu side chain has the optimum length to
simultaneously permit a good interaction of the hydrophobic
portion with the cavity while still leaving the polar residues exposed
to both the sulfonato groups and the solvent. The DH (and DS
values) associated with the inclusion of L-Phe with 1, 2 and 4
are essentially the same and suggest that the inclusion of this
amino acid is independent of the more or less pronounced pre-
organization of the calixarene host. Imidazole has less pronounced
affinity for the phenolic rings of the host, compared to that shown
by the benzene residues6 of L-Phe, and this is reflected by the DH
difference found for 1–L-His and 1–L-Phe.


Molecular modeling


The optimization of both the free ligands and their complexes
by molecular mechanics calculations provides further support to
the description based on 1H NMR and calorimetric data. The
structures and the distances of interest are reported in Fig. 3 and
Table 3, respectively. Free hosts 1, 4 and 5 have a C2v elongated
shape, as already shown for hosts 2 and 3,15 with the C2 and
C4 benzene rings that move outward and the C1 and C3 benzene
rings that tilt inward. Molecular dynamics21 and NMR22, 23 studies,
performed on other similar cone calix[4]arenes, demonstrate that
each host undergoes a rapid C2v–C2v interconversion, leading on
the average to a C4v cone.


Host 1 has the most symmetrical cavity among all the investi-
gated receptors (Table 3). It is likely that this is due to hydrogen
bonding between the deprotonated phenolate oxygen and the
neighbouring OH groups that leads to the fixation of the calixarene
into the cone conformation24 as demonstrated by 1H NMR data
at neutral pH.


The C1–C3 distance decreases from host 1 to host 5 paral-
leling the capability of each calix to include the amino acids.
The C1–C3 distance is only 4.40 Å for host 5 that does not
include any amino acid. The steric hindrance of the lower rim
substituents causes them to move away from one another (see
Fig. 3d), which, in turn, results in a very elongated cavity


Fig. 2 DG, DH and TDS values for the inclusion complexes. DG, DH and TDS are expressed in kJ mol−1.
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that does not leave enough room for the amino acid to be
included. This picture is in good agreement with the stability
constants derived from both the 1H NMR and the calorimetric
data: the inclusion of the investigated amino acids (Scheme 1)
depends on the cavity dimension and accessibility, which, in turn,
depends on the residues attached both to the upper and lower
rim.


The cavity of the hosts becomes more symmetrical upon
complexation (Table 3). This effect is particularly pronounced for
the aliphatic amino acids (L-Val and L-Leu), which are included
into the cavity via their aliphatic residues, thanks to CH3–p type
interactions.25 For the complexes with L-Phe and L-Trp, instead,
the cavity maintains a more C2v boat-like shape. In this case, in
fact, the guests enter the cavity of the hosts via their aromatic
residues (Figs. 3h, 3m and 3p (Trp), 3g, 3l and 3o (Phe)), as
also shown by the 1H NMR upfield shifts observed for the
aromatic protons of both L-Trp and L-Phe. In the L-Phe and L-
Trp complexes, the retention of the cofacial orientation of two
aromatic rings of the free hosts permits the aromatic residue of
the guests to be accommodated in a sandwich type arrangement,
which maximizes the p–p interaction. This is not the case for
the 1-L-His complex; for this complex, in fact, the C1–C3, C2–C4


distances are more similar to those obtained for the complexes
of the aliphatic amino acids. The imidazole residue does not lie
in the C2–C4 symmetry plane (Fig. 3i), the cavity has a more
symmetrical shape, which determines a somehow less efficient
p–p interaction with the aromatic moieties of the host. This
effect is probably due to the different nature of the aromatic
residue of His (viz. imidazole); in fact, a larger stabilization is
observed for benzene and substituted benzenes than for imidazole
in parallel stacking.26 It has also to be taken into account that the
imidazole residue of L-His (pKa2 = 6.04)27 is partially protonated
(ca 10%) in our conditions and this reduces the apolar character
of its aromatic portion. Hence, L-His, among the amino acids
reported here, has a low affinity for the hydrophobic cavity of
the investigated hosts. These findings corroborate NMR data:
only host 1, the most efficient receptor, is able to complex
histidine.


In conclusion, we have shown that the inclusion of amino acids
into a series of p-sulfonatocalix[4]arenes is enthalpically driven and
that the entity of the interaction depends on the length or nature
of the side chain. Receptor 1 exists at pH > 5 as pentanion held
in a cone structure by intramolecular hydrogen bonding between
the phenolate anion and two adjacent OH groups at the lower
rim, as previously shown.24 It turns out that 1 is more efficient
than receptor 4 and 5 which exist in the cone structure thanks
to the four alkyl groups at the lower rim, but experience a high
degree of conformational mobility between two symmetrical C2v


conformations.23 Here we find another piece of evidence on how
very small changes of the substitution pattern at the lower rim
profoundly influence the binding properties of the apolar cavity
of calix[4]arenes both in organic media28 and in water solution.29


We have also shown that working in unbuffered conditions may
have significant implications resulting both from the different
ionic strength determined by the presence of the medium and
to the different speciation arising from pH changes during the
titration as this results in both an ionic strength difference and
in a different speciation arising from pH changes during the
titration.
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Fig. 3 Optimized structures (molecular mechanics) in water generated for (a) host1; (b) host 2; (c) host 4; (d) host 5; (e) 1-L-Val; (f) 1-L-Leu; (g) 1-L-Phe;
(h) 1-L-Trp; (i) 1-L-His; (j) 2-L-Val; (k) 2-L-Leu; (l) 2-L-Phe; (m) 2-L-Trp; (n) 4-L-Leu; (o) 4-L-Phe; (p) 4-L-Trp.


Experimental


Materials


Amino acids were purchased from Sigma (purity >99.5%) and
were used without further purification. Sodium dihydrogen
phosphate and disodium hydrogen phosphate used to prepare
buffer solution were obtained from Carlo Erba (purity >99%).
NaD2PO4 and Na2DPO4 were prepared by deuteration of the
above commercial products. Doubly distilled water and Grade
A glassware used throughout.


Synthesis


1 was synthesized according to Shinkai et al.;30 2, 3 and 5 were
synthesized according to the procedure described by Casnati
et al.31 4 was synthesized as described previously.32 All hosts were
checked thermogravimetrically as described by Arena et al. in ref.
15 and in ref. 24.


NMR Spectra


1H NMR spectra were obtained at 25 ◦C with a Varian In-
ova 500 MHz spectrometer and with a Bruker AC-200 MHz
spectrometer. Chemical shifts (d, ppm) in water were externally
referenced to DSS in order to avoid any possible interaction with
the calix[4]arene derivatives as well as with the guest molecule;


all experiments were performed in deuterated phosphate buffer
(0.1 mol dm−3) to have a pD value of 7.3. 1H NMR titrations
were carried out keeping the guest concentration fixed (1 ×
10−3 mol dm−3) and varying the host concentration to obtain the
desired host/guest ratio. Chemical shifts of each titration were
refined to obtain the final log K value.33


Calorimetric measurements and calculations.


The calorimetric measurements were performed at 25.000 ±
0.001 ◦C using a Tronac 450 isoperibolic calorimeter equipped
with a 4 ml titration dewar. To minimize heat leakage the total
volume of the solution (titrant + titrate) never exceeded 3 ml.
However, the small volume cell was chosen to reduce the amount of
host employed for the titrations that were run at least in triplicate.
The use of the small volume cell requires an accurate determination
of the heat leaking out of the cell into the surrounding bath.34 This
was accomplished thanks to a software program set up for this
purpose.35 The heat produced during the titration was corrected
for all non-chemical energy terms. The corrected Q values, that
practically refer to one single species, as the pH did not practically
change over the entire titration run, were refined by using DOEC,20


that minimizes the function U = R (Qi,calcd–Qi,exptl),2 where Qi is the
corrected heat of reaction of the i-th titration point to obtain DH◦


and DS◦ values; where feasible, the corrected Q values were also
refined by using EQDH to double check logK values.36
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Molecular modeling


Molecular modeling calculations were performed in two steps.37


In the first step, the atomic charges of each single molecule
were calculated by the MNDO method.38 In the second step,
each calix as well as the amino acid were inserted in a box
containing 350 water molecules and were minimized. Finally,
amino acids were included into the calixarenes and the resulting
complexes were inserted in a box containing 350 water molecules.
The calculations were performed by MM + force field, using
the standard parameters of the package. The minimization was
performed by using the conjugate gradient method (Fletcher–
Reeves) and was carried out until the RMS gradient reached a
value of 0.1 kcal Å−1 mol−1 (average number of iterations equal to
400). The species minimized for each amino acid as well as for each
calixarene was the one really existing in the working conditions
(i.e. pH = 7).
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Three covalently linked tryptophan–thymine oxetane compounds used as a model of the (6–4)
photolyase–substrate complex have been prepared. Under 290 nm light, efficient splitting of the
thymine oxetane with aromatic carbonyl compounds gives the thymine monomer and the
corresponding carbonyl compounds by the covalently linked tryptophan via an intramolecular electron
transfer, and exhibits a strong solvent dependence: the quantum yield (U) is ca. 0.1 in dioxane, and near
0.3 in water. Electron transfer from the excited tryptophan residue to the oxetane unit is the origin of
fluorescence quenching of the tryptophan residue, and is more efficient in strong polar solvents. The
splitting efficiency of the oxetane radical anion within the tryptophan•+–oxetane•− species is also
solvent-dependent, ranging from ca. 0.2 in dioxane to near 0.35 in water. Thus, the back electron
transfer reaction in the charge-separated species would be suppressed in water, but is still a main
factor causing low splitting efficiencies in the tryptophan–oxetane systems. In contrast to the
tryptophan–oxetane system, fast nonradiation processes are the main causes of low efficiency in the
flavin–oxetane system. Hence, nonradiative processes of the excited FADH−, rather than electron
transfer to oxetane, may be an important factor for the low repair efficiency of (6–4) photolyase.


Introduction


The two major lesions in DNA induced by UV light (200–300 nm),
the cyclobutane pyrimidine dimers (CPDs) and the pyrimidine(6–
4) pyrimidone adducts ((6–4) photoproducts) (Fig. 1), are respon-
sible for the harmful effects of UV on organisms, such as growth
delay, mutagenesis and death, and constitute 70–80% and 20–30%
of the total photoproducts, respectively.1 The two photolesions can
be repaired through DNA photoreactivation catalyzed by CPD
photolyase and (6–4) photolyase, respectively.2


Although less readily formed than CPDs, (6–4) photoproducts
might actually be more effective at causing damaging mutations.3


The (6–4) photoproduct is thought to form in DNA as follows: [2 +
2] photoaddition (the so-called Paterno–Buchi reaction) of the C4
carbonyl (or amino) of the 3′ thymine (cytosine) across the 5,6
double bond of the 5′ thymine generates an oxetane (or azetidine)
ring,2 which at temperatures above −80 ◦C undergoes ring opening
by C4–O bond cleavage accompanied by a proton shift from N3
to generate the observed (6–4) photoproduct (Fig. 1).4
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Fig. 1 Formation of the two major photoproducts in DNA under UV
light, CPDs and (6–4) photoproducts.


Whereas CPDs can be restored to their original forms by
simply breaking the C5–C5′ and C6–C6′ bonds, the breaking of
the C5–OH and C6–C4′ bonds of (6–4) photoproducts would
not result in repair. The discovery of (6–4) photolyase and the
subsequent identification of structural and cofactor similarities of
(6–4) photolyase to CPD photolyase led to a proposal of a reaction
scheme very similar to that of CPD photolyase.5 In the model for
(6–4) photolyase, a critical step, in which (6–4) photolyase differs
from classical photolyase, is that upon binding to the substrate
the enzyme converts the open form of the (6–4) photoproduct
to the oxetane intermediate by a dark reaction. The next step is
photoinduced electron transfer (ET) to the oxetane intermediate
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in a manner analogous to CPD photolyase, and spontaneous
splitting of the oxetane anion radical to restore two pyrimidines.2


To provide evidence for the ET mechanism, thymine oxetane
adducts with carbonyl compounds were prepared. Use of pho-
tosensitizers, laser flash photolysis and steady-state studies with
thymine oxetane adducts provided extensive support for the facile
cleavage of the oxetane anionic radical.6–8 The strongest support
for the ET model came from the investigation of photoinduced
cleavage of an oxetane ring covalently linked to flavin.7 In this
model system, it was found that only two-electron-reduced and
deprotonated flavin induced more efficient photosplitting of the
oxetane ring. This result further demonstrated the close mecha-
nistic similarities between CPD photolyase and (6–4) photolyase.


Although the two classes of enzymes have similar structures, the
same chromophores, and the same basic reaction mechanism, an
important difference in repair efficiency exists between them, that
is, CPD photolyases repair CPDs with a uniformly high quantum
yield (0.7–0.98),2 and the quantum yield of (6–4) photolyases is
in the range of 0.05–0.11.5a,9 X-Ray crystal structures for both
CPD photolyase10 and photolyase–substrate complexes11,12 have
been obtained, and the mechanistic model for CPD photolyase
has well been established.2 However, study of (6–4) photolyase is
very insufficient, for example, the mechanism for the low repair
efficiency of (6–4) photolyase remains unknown.


Scheme 1


In the CPD model systems, the photosensitized cleavage of the
CPD unit by a covalently linked chromophore had low efficiency
due to back electron transfer (BET), which competes with the
cleavage of the CPD radical anion within a charge-separated
species after photo-induced ET between the chromophore and
the CPD unit. The photosensitized cleavage of the CPD unit in
the model systems by a covalently linked chromophore such as
indole,13a arylamine,13b methoxybenzene,13c flavin14 or tryptophan15


has been extensively investigated. These studies offer insights into
the mechanistic features of CPD repair by DNA photolyase. In
contrast to CPD model systems, study of a covalently linked
oxetane–chromophore model is very rare.


In this work, we prepared three model systems (1–3), which are
composed of a thymine oxetane adduct with benzophenone or
benzaldehyde and a covalently linked tryptophan unit (Scheme 1).
The photosensitized cleavage of thymine oxetane units gives the
thymine monomer and the corresponding carbonyl compounds
under 290 nm light. Fluorescence quenching of tryptophan and
the splitting efficiency of the oxetane in these tryptophan–oxetane
systems were measured as functions of solvent polarity, and
revealed a strong solvent dependence.


Results and discussion


Synthesis of the model compounds 1–3


For the synthesis of the model compounds 1–3, 1-(carboxy-
methyl)thymine 614b,16 and its benzyl ester 7 were prepared from
thymine as shown in Scheme 2. The acetonitrile solution of
the benzyl ester and benzophenone was irradiated in a Pyrex
photochemical reactor (k > 290 nm) with a 300 W high-pressure
Hg lamp, and gave a thymine oxetane adduct 8a by the Paterno–
Buchi reaction. Using benzaldehyde instead of benzophenone, the
photochemical reaction would give 8b.


Tryptophan methyl ester (9)15 and 1-methyltryptophan methyl
ester (10)17 were prepared according to the literature methods
(Scheme 3). Compound 9 was synthesized with methanol in
the presence of SOCl2 in good yield. 1-Methyltryptophan was
prepared using tryptophan and iodomethane, then esterified with
methanol to give 10.


Scheme 2 i) Chloroacetic acid, KOH, H2O, reflux; ii) benzyl alcohol, p-toluene sulfonic acid, benzene, reflux; iii) benzophenone or benzaldehyde,
hm > 290 nm, acetonitrile, room temp.


Scheme 3 i) Na, liquid NH3, Fe(NO3)3·9H2O, MeI; ii) SOCl2, CH3OH.
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Scheme 4 i) Pd/C, H2, acetic acid, room temp., 8 h; ii) HOBt, TBTU, DMF, room temp., 8 h.


The model compounds 1–3 were prepared through con-
densation of the modified tryptophans 9 and 10 with N1-
(carboxylmethyl)thymine oxetanes obtained by hydrogenolytic
cleavage of the benzyl esters 8a and 8b, as shown in Scheme 4. The
condensation was performed in the presence of 1-hydroxy-1H-
benzotriazole (HOBt) in DMF for 8 h using 2-(1H-benzotriazole-
1-yl)-1,1,3,3-tetramethyluroniumtetrafluoroborate (TBTU) as a
coupling reagent, and generated compound 1 from 9 with 8a,
compound 2 from 10 with 8a and compound 3 from 9 with 8b.
Because racemic 8a or 8b was linked to L-tryptophan or N-methyl-
L-tryptophan, model compounds 1, 2 and 3 are diastereomeric.
The two diastereomers of model compounds 1, 2 and 3 were
separated by flash chromatography on silica gel. The two diastere-
omers of compound 2—2a and 2b—were characterized, and only
one diastereomer was characterized for compounds 1 and 3 (see
Experimental). The characterized diastereomers for compounds 1
and 3 were used in all experiments of analysis and measurements.


Photo-cleavage properties of compounds 1–3


The model compounds in an acetonitrile solution were irradiated
with a 290 nm light beam from a fluorescence spectrometer.
The HPLC chromatograms showed the simultaneous cleavage
of model compound 1, 2 or 3 into 4 or 5 and benzophenone
or benzaldehyde under 290 nm light. This was confirmed by
HPLC co-elution with standards. Fig. 2 shows a representative
set of HPLC chromatograms for model compound 2a irradiated
for various times. Obviously, the photochemical reaction of
model compound 2a, with a retention time of 11.3 min, to the
photosplitting product 5 and benzophenone with retention times
of 4.2 min and 8.9 min, respectively, is a clean conversion as no
other product was detectable.


Fig. 2 Typical HPLC chromatograms obtained from compound 2a in
acetonitrile (5 × 10−4 mol L−1, 3 mL) irradiated for 0, 1, 4, 7, 11 and
17 min by a HPLC instrument (HP Agilent 1100) with a C-18 reverse-phase
column and detected at 270 nm, methanol–water (70 : 30) as eluent.


The splitting reaction is an intramolecular process because
splitting efficiencies of the model compounds are unchanging for
measurements at three concentrations—0.01 mM, 0.05 mM and
0.1 mM in methanol—within an experimental error of ±5%. These
results ruled out the involvement of intermolecular photosensiti-
zation, i.e., the excited tryptophan residue of one model molecule
being responsible for the splitting of the oxetane unit of another
model molecule.


Fluorescence emission of model compounds 1–3


Fluorescence emission spectra of model compounds 1, 2a and
3 (symbol as Trp–Ox) in various solvents were measured at
room temperature on a fluorescence spectrometer. Fig. 3 shows
the fluorescence emission of compound 1 compared to the
fluorescence emission of the corresponding free tryptophan 9 in
methanol at room temperature. The fluorescence of the tryptophan
residue in compound 1 is much weaker than that of the free
tryptophan 9.


Fig. 3 UV absorption spectra (solid line) and/or fluorescence emission
spectra (dashed line) (kex = 290 nm) of tryptophan methyl ester (9),
compounds 1 and 8a, in methanol.


The concentrations of the tryptophan unit for model com-
pounds 1, 2a and 3 and the free tryptophans 9 or 10 were controlled
within 0.05 for their absorbance at 290 nm. The fluorescence
intensity was further normalized with the absorbance. It was
observed that the fluorescence emission of the tryptophan unit
in model compounds 1–3 is quenched by the covalently linked
thymine oxetane, and the extent of fluorescence quenching [Q,
eqn (1), where F is fluorescence intensity] was expressed as follows:


Q = 1 − FTrp–Ox/FTrp (1)
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Table 1 Splitting quantum yield and degree of fluorescence quenching of
compounds 1 and 3 in various solvents


Compound 1 Compound 3


Solvent Q U φspl Q U φs


H2O–CH3CN (95 : 5) 0.80 0.24 0.30 0.82 0.28 0.34
Acetonitrile 0.78 0.17 0.22 0.73 0.24 0.32
Methanol 0.69 0.15 0.22 0.71 0.19 0.27
THF 0.65 0.13 0.20 0.63 0.17 0.26
Dioxane 0.49 0.10 0.20 0.61 0.11 0.18


Table 2 Dependence of the efficiency on the solvent (er, dielectric
constants) for the two diastereomers of compound 2


2a 2b


Solvent er Q U φspl U


H2O–CH3CN (95 : 5) 78.3a 0.80 0.26 0.33 0.27
Acetonitrile 37.8 0.67 0.17 0.26 0.18
Methanol 32.7 0.68 0.16 0.24 0.17
THF 7.6 0.51 0.13 0.26 0.12
Dioxane 2.2 0.47 0.11 0.23 0.11


a Dielectric constant of water.


The value of Q for compound 1 in methanol is 0.69 (Fig. 3). The
extent of fluorescence quenching is sensitive to the polarity of the
solvent. The values of Q increase with increasing polarity of the
solvents (Tables 1 and 2).


The fluorescence quenching of the tryptophan residue in the
model compounds is not a result of significant absorption of the
exciting light (290 nm) by the oxetane unit. Since the oxetanes
8a (Fig. 3) and 8b have no significant absorption at 290 nm, an
internal filter effect should not be significant.


An intramolecular ET from the excited tryptophan to the
oxetane unit may be responsible for the fluorescence quenching.
On the basis of laser flash photolysis, fluorescence quenching,
and product analysis experiments, Falvey and coworkers6b demon-
strated that thymine oxetane adducts with aromatic carbonyl com-
pounds undergo a cycloreversion reaction upon photosensitizer
reductive ET reactions. The excited state oxidation potentials
(E*ox) for the photosensitizers range from −2.45 V to −3.32 V.6b


Since the value of E*ox for tryptophan is −2.78 V vs. SCE from
1.05 V vs. NHE18 for the oxidation potential of tryptophan, the
electron transfer reaction from the excited tryptophan to the
thymine oxetane unit is thermodynamically possible. Because there
is almost no overlap between the emission spectra of the free
tryptophans 9 and 10 and the absorption spectra of the oxetanes
8a and 8b, singlet–singlet energy transfer is an improbable pathway
of fluorescence quenching in the model compounds. Hence, the ET
reaction should be the reason for the fluorescence quenching in
the model compounds, and the degree of fluorescence quenching
Q should reflect the efficiency of the electron transfer reaction.


The values of Q in Tables 1 and 2 show that ET reactions
from the excited tryptophan residue to the linked oxetane become
more efficient in high polarity solvents. With increasing polarity of
the solvent, decay processes caused by electron transfer would be
predominant, and fluorescence and nonradiative processes would
be suppressed.


Quantum yields for cleavage of compounds 1–3


To measure the splitting quantum yields U, which are molecules
of oxetane split per photon absorbed, solutions (3 mL) of 1, 2
and 3 in various solvents were placed in quartz cuvettes (10 ×
10 mm) with a Teflon stopper, and then irradiated with 290 nm
light from a fluorescence spectrometer. The rates of oxetane unit
split were measured by monitoring the increase in absorbance
at 270 nm due to the regeneration of the 5,6-double bond of
pyrimidine 4 or 5 (symbol as Trp–Thy) and benzophenone or
benzaldehyde. The intensity of the light beam was measured by
ferrioxalate actinometry.19 Thus, the rate of photons absorbed
was obtained from the absorbance at 290 nm in terms of Beer’s
law. The observed quantum yields of oxetane splitting of 1,
2 and 3 were calculated according to U = (rate of oxetane
split)/(rate of photon absorbed), and listed in Tables 1, 2 and 3.
The splitting reactions of the model compounds reveal notable
solvent effects, and more efficient splitting reactions occur in high
polarity solvents, ranging from ca. 0.1 in dioxane to near 0.3 in
water.


There may exist different conformations between two diastere-
omers for each model compound (1, 2 or 3), which are covalently
linked between racemic oxetanes and an L-Trp residue, in solutions,
i.e., there are different relative orientations of the tryptophan
and oxetane rings. Thus, the different conformations of the
diastereomeric model compounds in solution could result in
different splitting efficiencies.


To assess the effect of differences in conformation on the
splitting quantum yield, we measured the quantum yield of the
two diastereomers of compound 2, 2a and 2b, as listed in Table 2.
It is obvious that the splitting quantum yield values for 2a and
2b are similar within an experimental error of ±5%. Hence, the
conformational difference of 2a and 2b didn’t influence their
splitting quantum efficiencies.


Kim and Rose13b observed a two-fold higher splitting efficiency
of one over another diastereomer in a dimer–arylamine system
with a very short spacer. The large difference in splitting efficiency
may be a consequence of different BET rates within the diastere-
omeric charge-separated species. The stereoelectronic explanation
was suggested that interaction of the dimer radical anion and the
arylamine radical cation electronic system is different owing to
differences in the distances and angles between them.13b Obviously,
these differences in a system with a short spacer are more
remarkable than in a system with a long spacer, and the former
results in a notable difference in the quantum yield. In our model
systems with a longer spacer, a small difference in the distance


Table 3 The splitting quantum yields of compound 3 in water–dioxane
binary solvent


Water : dioxane(%) U


100a : 0 0.28
80 : 20 0.22
60 : 40 0.21
40 : 60 0.20
20 : 80 0.16
10 : 90 0.14


0 : 100 0.11


a Aqueous solution containing 5% acetonitrile.
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resulting from different angles between the donor and the acceptor
would give similar quantum yields.


Furthermore, a solvent dependence was observed in solvent
mixtures of water–dioxane (Table 3). Upon addition of dioxane,
a gradual decrease of the quantum yield was observed until the
lowest U was reached in pure dioxane. The systematic reduction
of solvent polarity results in a significant decrease of the quantum
yield of the splitting reaction, ranging from 0.28 in aqueous
solution containing 5% acetonitrile to 0.11 in pure dioxane for
compound 3. This further demonstrates that an efficient splitting
reaction occurs in high polarity solvents.


The cleavage of compound 3 is more efficient than that
of compound 1. This is in agreement with the more efficient
photosensitized splitting of a free 1,3-dimethyluracil oxetane
adduct with benzaldehyde than with benzophenone.8 The splitting
quantum yields of compound 2 are similar to compound 1. If a
deprotonation of the tryptophan radical cation at N1 occurs prior
to the cleavage of the oxetane radical anion in the zwitterionic
intermediate, the BET would be strongly weakened in a diradical
anion, Trp•–Ox•−, to result in a high splitting efficiency. This also
confirmed that the tryptophan radical cation doesn’t deprotonate
before cleavage of the oxetane radical anion.15


The photophysical and photochemical processes of the model
compounds were illuminated with the simple mechanism shown
in Scheme 5. Under >290 nm light, a tryptophan unit in the
model compound absorbs a photon producing an excited state
of tryptophan. The excited tryptophan residue has relaxation
pathways as follows: fluorescence (kf), internal conversion and
intersystem crossing (together represented by knr), and electron
transfer to the linked oxetane (ket). These efficiencies sum to 1,
i.e. φf + φnr + φet = 1. The charge-separated species (Trp•+–Ox•−)
formed via electron transfer can undergo two processes, splitting
(φspl) or back electron transfer (φbet) resulting in an unproductive
reversal, and their efficiencies sum to 1. Among these processes,
ket and kspl contribute to the observed quantum yield of oxetane
splitting (U), i.e. U = φet × φspl.


Scheme 5


The efficiency of forward electron transfer (ket) can further be
discussed with a reasonable assumption, that is, the rate constants
for fluorescence and for the nonradiative relaxation pathways
are unaltered by attachment of the oxetane to tryptophan and
the electron transfer can occur in the excited model compounds.
Utilizing this assumption, it was deduced that the efficiency of the
electron transfer is equal to the degree of fluorescence quenching,
φet = Q.15 Thus, the calculated values of φspl were obtained from
φspl = U/Q, and were listed in Tables 1 and 2. It is obvious that the
splitting efficiencies of the oxetane radical anions are remarkably
dependent on solvent polarity. On the basis of the data of Q and φspl


in Tables 1 and 2, it might reasonably be expected that the electron
transfer (ket) and splitting (kspl) processes are accelerated in high
polarity solvents, or that fluorescence and BET are suppressed.


The quantum yields are 2–3 times as high as the value from
the Trp–CPD system.15 The result is well in agreement with the
observation from a covalently linked flavin–oxetane system, i.e.,
the quantum yield of the flavin–oxetane system was 0.023, and 0.01
for a flavin–CPD system.7 The two-fold higher splitting quantum
yield of the oxetane system than the CPD system can be explained
by the splitting rate of the oxetane anion radical (>107 s−1)6b being
faster than that of the CPD radical anion (∼106 s−1).20 A fast
splitting of the oxetane radical anion can efficiently compete with
BET within the zwitterionic intermediate.


In contrast to the Trp–Ox model systems, the splitting quantum
yield of the flavin–Ox model system is very low, U = 0.023.7


The change in the free energy of BET, DG◦, can be expressed as
follows:


−DG◦ = E◦
ox − E◦


red − e2/er (2)


where E◦
ox and E◦


red are redox potentials for chromophore and
oxetane respectively. For the flavin–oxetane system, the BET is a
charge shift and no coulomb interaction occurs, and the coulomb
term for the Trp–Ox system can be neglected for highly polar
solvents such as water. Since Eox = 0.124 V21 for fully-reduced
flavin and 1.05 V (NHE)18 for tryptophan, the value of −DG◦ for
the Trp–Ox system is higher than that of the flavin–Ox system,
i.e. the rate of BET in Trp•+–Ox•− would be faster than that in
flavin•–Ox•−. However, the slow BET in the flavin–Ox system7 and
the flavin–CPD system14 didn’t result in higher splitting quantum
yields, and they are one order of magnitude lower than that of the
Trp–Ox system and the Trp–CPD system,15 respectively. Because
the fluorescence (kf) of fully-reduced flavin can be neglected,
the main processes competing with electron transfer ket are
nonradiative processes knr. Therefore, the main reason resulting
in low efficiency of flavin model systems should be knr rather
than kbet. This implies that the apoenzyme of CPD photolyase
nonconvalently binding the flavin cofactor can efficiently suppress
knr of the excited FADH−.


Besides, a fast kspl (>109 s−1 in the enzyme,22 and ∼106 s−1


for the model system20), which can efficiently compete with the
BET process, is also an important factor for high repair efficiency
of CPD photolyase. In contrast to CPD photolyase, inefficient
suppression of knr or slow kspl may be responsible for the low repair
efficiency of (6–4) photolyase. Cocrystal structures of photolyase–
DNA complexes and ultrafast spectroscopic studies on (6–4)
photolyase would be helpful for understanding the mechanistic
details of the photoreactivation, and might shed some light on the
reason for this major difference in the quantum yields of the two
types of photolyase.


Experimental


General


Melting points are uncorrected. 1H and 13C NMR spectra were
measured with a Bruker AV 300 spectrometer operating at 300
and 75 MHz, respectively. The chemical shifts were referenced to
CHCl3 (d 77.16) in CDCl3 and DMSO (d 39.52) in [D6]DMSO for
13C NMR. IR spectra were recorded in KBr and measured in cm−1


on a Bruker Vector22 Infrared Spectrometer. Mass spectra were
obtained with a Micromass GCF TOF mass spectrometer. All
materials were obtained from commercial suppliers and were used
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as received. Solvents of technical quality were distilled prior to use.
DMF was dried overnight with MgSO4 and distilled. Acetonitrile
and methanol were spectroscopic grade from commercial suppliers
and used without further purification.


Measurement of steady-state fluorescence emission


Fluorescence emission spectra were measured at room tem-
perature on a Perkin-Elmer Instruments LS55 Luminescence
Spectrometer. To determine the extent of fluorescence quenching,
the fluorescence intensity of 1, 2 or 3 was compared to that of
the corresponding tryptophan without an oxetane attached (8a
or 8b), that is Q = 1 − FTrpH–Ox/FTrpH. The concentrations of the
tryptophan residue of the Trp–Ox and the free tryptophan, 8a or
8b, were controlled within 0.05 for absorbance at 290 nm, and
the fluorescence intensities were normalized with the absorbances.
The wavelength of excitation was 290 nm, which is an absorption
peak of the model compounds resulting from the n → p* transition
of the indole unit.


Measurements of splitting quantum yields of compounds 1–3


The 3 mL samples were irradiated with a 290 nm light from a
Shimadzu RF-5301PC spectrofluorophotomer. After certain time
intervals, the absorbance of the irradiated solutions was recorded
by a Lambda 45 UV–Vis spectrometer (Perkin-Elmer Instru-
ments). The quantum yields of splitting didn’t change with and
without N2-bubbling prior to irradiation within an experimental
error of ±5%. Hence, the non-deaerated solution was employed in
all measurements of quantum yield. Since the photoproducts, the
pyrimidines and benzophenone or benzaldehyde, absorb light at
290 nm, in order to avoid competition of absorbing the irradiated
light between the model compounds and photoproducts, the
splitting extent of model compounds was controlled within 5%
in all the measurements.


1-(Carboxymethyl)thymine 6. 14b,16 Yield 61%. mmax(KBr)/cm−1 =
3026m, 1707s, 1664s, 1632s, 1419m, 1201s, 831m; 1H NMR
(300 MHz, [D6]DMSO, TMS): d = 1.76 (s, 3H, CH3), 4.37 (s,
2H, CH2), 7.50 (s, 1H, CH); 13C NMR (75 MHz, [D6]DMSO):
d = 11.9 (CH3), 48.5 (CH2), 108.5 (CCH3), 141.9 (CH), 151.0
(NCON), 164.3 (COOH), 169.6 (NCO).


Benzyl 1,2,3,4 - tetrahydro - 5 - methyl - 2,4 - dioxopyrimidine - 1 -
acetate 7. 1-(Carboxymethyl)thymine 6 (1.8 g, 10.0 mmol) and
p-toluene sulfonic acid (0.8 g) were added to a solution of benzyl
alcohol (4 mL, 39 mmol) and benzene (30 mL), and heated to
reflux for 15 h; water was continuously removed from the reaction
mixture. The reaction mixture was concentrated in vacuo and the
precipitate was recrystallized twice from methanol to give 7 as
colorless needles (2.2 g, 80%). Mp 179–181 ◦C. mmax(KBr)/cm−1 =
1738s, 1460s, 1224s; 1H NMR (300 MHz, CDCl3, TMS): d = 1.92
(s, 3H, CH3), 4.47 (s, 2H, NCH2), 5.22 (s, 2H, OCH2), 6.92 (s,
1H, CH), 7.34–7.41 (m, 5H, ArH), 8.37 (s, 1H, NH); 13C NMR
(75 MHz, [D6]DMSO): d = 11.8 (CH3), 48.5 (NCH2), 66.4 (OCH2),
108.7 (CCH3), 127.9, 128.2, 128.4, 135.5, 141.5, 151.0 (NCON),
164.3 (COO), 168.1 (NCO); TOFMS (CI) calcd for (M + 1)+


C14H14N2O4: 275.1032, found 275.1031.


Benzyl-Z-6-methyl-8,8-diphenyl-7-oxa-3,5-dioxo-2,4-diazabicyclo-
[4.2.0]octane-2-acetate 8a. The benzyl ester 7 (548 mg,


2.0 mmol) and benzophenone (728 mg, 4.0 mmol) were dissolved
in acetonitrile (250 mL) and placed in a Pyrex reactor. Under a
nitrogen atmosphere, the solution was irradiated for 4 h with a
300 W high-pressure Hg lamp. The solvent in the reaction mixture
was removed by rotary evaporation. The residue was dissolved
with dichloromethane and subjected to column chromatography
(silica gel-H, petroleum ether–ethyl acetate 5 : 1) to yield 8a as a
white powder (196 mg, 21%). Mp 167–169 ◦C. mmax(KBr)/cm−1 =
1748m, 1699s, 1469m, 1199s; 1H NMR (300 MHz, CDCl3, TMS):
d = 1.71 (s, 3H, CH3), 3.55 (d, 1H, NCH2), 4.69 (s, 1H, CH), 4.75
(d, 1H, NCH2), 5.21 (s, 2H, OCH2), 7.29–7.38 (m, 15H, ArH);
13C NMR (75 MHz, CDCl3): d = 23.5 (CH3), 47.3 (NCH2), 66.4
(OCH2), 67.8 (NCH), 76.6 (CCH3), 91.2 (OC), 125.3, 126.0,
128.2, 128.4, 128.6, 128.7, 128.8, 128.9, 135.0, 138.5, 143.9, 151.0
(NCON), 168.2 (COO), 169.6 (NCO); TOFMS (CI) calcd for
(M + 1)+ C27H24N2O5: 457.1763, found 457.1760.


Benzyl-(6Z,8Z)-6-methyl-8-phenyl-7-oxa-3,5-dioxo-2,4-diaza-
bicyclo[4.2.0]octane-2-acetate 8b. Using benzaldehyde instead
of benzophenone, the same procedure was performed to give
compound 8b (130 mg, yield 17%) as white needles. Mp 182–
184 ◦C; mmax(KBr)/cm−1 = 1735s, 1697s, 1479m, 1206m; 1H NMR
(300 MHz, CDCl3, TMS): d = 1.81 (s, 3H, CH3), 3.96 (d, J =
6.6 Hz, 1H, NCH), 4.06 (m, 2H, NCH2), 5.14 (m, 2H, OCH2),
5.75 (d, J = 6.6 Hz, 1H, OCH), 7.29–7.36 (m, 10H, ArH), 7.59
(s, 1H, NH); 13C NMR (75 MHz, [D6]DMSO): d = 22.3 (CH3),
48.3 (NCH2), 64.2 (NCH), 66.3 (OCH2), 77.2 (CCH3), 85.6
(OCH), 126.3, 128.1, 128.2, 128.4, 128.5, 128.7, 135.5, 139.1,
151.4 (NCON), 168.9 (COO), 170.3 (NCO); TOFMS (CI) calcd
for (M + 1)+ C21H20N2O5: 381.1450, found 381.1456.


Model compound 1. A suspension of Pd/C catalyst (15 mg)
in AcOH (2 mL) was slowly added to a solution of 8a (100 mg,
0.22 mmol) in 6 mL of AcOH. The mixture was bubbled with
hydrogen and stirred for 8 h at room temperature. The reaction
mixture was filtered through a Celite pad. The filtrate was
evaporated to dryness in vacuo, and a solution of TBTU (141 mg,
0.44 mmol) and HOBt (59 mg, 0.44 mmol) in 8 mL of DMF
was added. After the reaction mixture was stirred for 30 min,
a solution of tryptophan methyl ester 9 (52 mg, 0.24 mmol) in
DMF (2 mL) was added, and stirred for 8 h at room temperature.
The reaction mixture was diluted with 100 mL of water and
extracted with 200 mL of CHCl3 three times. The combined
organic layers were dried with MgSO4, filtered, and concentrated in
vacuo. The residual crude product was purified by silica gel column
chromatography (gel-H, CHCl3–petroleum ether 50 : 1) to give two
diastereomers, and the less polar isomer 1 as white powder (15 mg,
12%) was characterized. Mp 204–206 ◦C. mmax(KBr)/cm−1 =
3336m, 1728s, 1686s, 1470w, 1282w, 1211w; 1H NMR (300 MHz,
CDCl3, TMS): d = 1.58 (s, 3H, CH3), 3.37 (m, 3H, CHCH2 +
NCH2), 3.74 (s, 3H, OCH3), 4.40 (d, 1H, NCH2), 4.81 (s, 1H,
NCH), 4.87 (m, 1H, CHCH2), 6.40 (d, 1H, NHCH), 7.04–7.46
(m, 15H, ArH + Hindole), 8.36 (s, 1H, NH), 8.53 (s, 1H, NHindole);
13C NMR (75 MHz, CDCl3): d = 23.3 (CH3), 27.1 (CHCH2),
48.7 (NCH2), 52.7 (OCH3), 52.9 (NHCH), 66.2 (NCH), 76.1
(CCH3), 91.1 (OC), 108.7, 111.5, 118.3, 119.6, 122.1, 123.9, 125.4,
126.0, 127.4, 128.2, 128.3, 128.5, 128.7, 136.1, 138.6, 143.5, 151.7
(NCONH), 166.8 (COO), 169.7 (NHCO), 172.0 (CH2CONH);
TOFMS (CI) calcd for (M + 1)+ C32H30N4O6: 567.2244, found
567.2247.
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Model compound 2. Using 1-methyltryptophan methyl ester
hydrochloride instead of tryptophan methyl ester 9, the same
procedure as with synthesizing compound 1 was performed, and
two diastereomers 2a (24 mg, 19%) and 2b (19 mg, 15%) were
obtained as white powders. 2a: mp 162–164 ◦C. mmax(KBr)/cm−1 =
1701s, 1475m, 1282m, 1213m; 1H NMR (300 MHz, CDCl3, TMS):
d = 1.56 (s, 3H, CH3), 3.35 (m, 3H, CHCH2 + NCH2), 3.70 (s,
3H, NCH3), 3.75 (s, 3H, OCH3), 4.43 (d, 1H, NCH2), 4.73 (s,
1H, NCH), 4.88 (m, 1H, CHCH2), 6.29 (d, 1H, NHCH), 6.84
(s, 1H, Hindole), 7.04–7.36 (m, 14H, ArH + Hindole); 13C NMR
(75 MHz, CDCl3): d = 23.3 (CH3), 27.3 (CHCH2), 32.8 (NCH3),
49.1 (NCH2), 52.7 (OCH3), 53.4 (NHCH), 66.2 (NCH), 76.5
(CCH3), 91.3 (OC), 107.9, 109.6, 118.6, 119.5, 122.1, 125.5, 126.1,
127.9, 128.2, 128.3, 128.4, 128.6, 128.8, 137.1, 138.8, 143.8, 151.0
(NCONH), 167.0 (COO), 169.4 (NHCO), 172.1 (CH2CONH);
TOFMS (CI) calcd for (M + 1)+ C33H32N4O6: 581.2400, found
581.2398. 2b: mp 120–122 ◦C. mmax(KBr)/cm−1 = 1709s, 1469m;
1H NMR (300 MHz, CDCl3, TMS): d = 1.38 (s, 3H, CH3), 3.31
(m, 3H, CHCH2 + NCH2), 3.71 (s, 6H, NCH3 + OCH3), 4.57 (d,
1H, NCH2), 4.86 (s, 1H, NCH), 4.89 (m, 1H, CHCH2), 6.35 (d, 1H,
NHCH), 6.79 (s, 1H, Hindole), 7.06–7.46 (m, 14H, ArH + Hindole);
13C NMR (75 MHz, CDCl3): d = 22.9 (CH3), 26.9 (CHCH2),
32.9 (NCH3), 49.0 (NCH2), 52.7 (OCH3), 53.1 (NHCH), 65.3
(NCH), 76.3 (CCH3), 91.3 (OC), 107.8, 109.8, 118.3, 119.8, 122.3,
125.5, 126.1, 127.7, 128.1, 128.3, 128.5, 128.6, 128.8, 137.1, 138.5,
143.6, 150.7 (NCONH), 167.3 (COO), 169.0 (NHCO), 171.9
(CH2CONH); TOFMS (EI) calcd for (M+) C33H32N4O6: 580.2322,
found 580.2319.


Model compound 3. Sodium hydroxide (30 mg) and oxetane 8b
(190 mg, 0.5 mmol) were added to a solution of water (10 mL) and
methanol (10 mL), and stirred for 2 h at room temperature. The
reaction mixture was diluted with 100 mL of water and extracted
twice with 100 mL of ethyl acetate. Diluted hydrochloric acid
was dropped into the water layer to adjust the pH to 3. The
solution was extracted twice with 100 mL of ethyl acetate. The
organic phase was washed with water, dried with MgSO4, filtered
and concentrated in vacuo. Then a solution of TBTU (321 mg,
1.0 mmol) and HOBt (68 mg, 0.5 mmol) in 8 mL of DMF was
added. The reaction mixture was stirred for 30 min. After the
addition of a solution of tryptophan methyl ester 9 (131 mg,
0.6 mmol) in DMF (2 mL), the reaction mixture was stirred
for 8 h at room temperature. Then it was diluted with 100 mL
of water and extracted twice with 100 mL of ethyl acetate. The
combined organic layers were dried with MgSO4, filtered and
concentrated in vacuo. The residual crude product was purified
by silica gel column chromatography (gel-H, CHCl3–methanol
100 : 1). Two diastereomers were obtained, and the less polar
isomer 3 as white powder (26 mg, 11%) was characterized. Mp
249–251 ◦C. mmax(KBr)/cm−1 = 3392s, 1702s, 1478m, 1283m; 1H
NMR (300 MHz, [D6]DMSO, TMS): d = 1.62 (s, 3H, CH3), 3.09
(m, 2H, CHCH2), 3.53 (s, 3H, OCH3), 3.85 (m, 2H, NCH2), 4.12
(d, J = 6.5 Hz, 1H, NCH), 4.49 (m, 1H, NHCH), 5.65 (d, J =
6.5 Hz, 1H, OCH), 6.91–7.09 (m, 3H, Hindole), 7.32–7.46 (m, 7H,
Hindole + benzene), 8.44 (d, 1H, NHCH), 10.87 (s, 1H, CNHC); 13C
NMR (75 MHz, [D6]DMSO): d = 22.4 (CH3), 27.0 (CHCH2),
48.8 (NCH2), 51.7 (OCH3), 53.2 (NHCH), 64.4 (NCH), 77.0
(CCH3), 85.2 (OCH), 109.1, 111.3, 117.9, 118.4, 120.9, 123.5,


125.9, 127.0, 128.4, 136.1, 139.5, 151.2 (NCONH), 167.4 (COO),
170.2 (NHCO), 171.9 (CH2CONH); TOFMS (EI) calcd for (M+)
C26H26N4O6: 490.1852, found 490.1833.


1-(Carboxymethyl)thymine tryptophan methyl ester amide 4. 1-
(Carboxymethyl)thymine 6 (230 mg, 1.25 mmol) and an excess
of BOP (608 mg, 1.37 mmol) were dissolved in DMF (6 mL)
and stirred at room temperature for 30 min, and a solution of
tryptophan methyl ester 9 (272 mg, 1.25 mmol) in DMF (2 mL)
was added, and stirred for 5 h at room temperature. The reaction
mixture was purified by column chromatography on aluminium
oxide (100–200 mesh, ethyl acetate–methanol 20 : 1 → 3 : 1)
to give 4 as a white powder (134 mg, 28%). Mp 207–209 ◦C.
mmax(KBr)/cm−1 = 3351s, 3311w, 1730s, 1688s, 1646s, 1354w,
1221m; 1H NMR (300 MHz, [D6]DMSO, TMS): d = 1.73 (s,
3H, CH3), 3.09 (m, 2H, CHCH2), 3.57 (s, 3H, OCH3), 4.34 (m,
2H, NCH2), 4.53 (m, 1H, CHCH2), 6.97–7.50 (m, 6H, NCH +
Hindole), 8.68 (d, 1H, NHCH), 10.89 (s, 1H, NHindole), 11.26 (s,
1H, CNHC); 13C NMR (75 MHz, [D6]DMSO): d = 11.9 (CH3),
27.3 (CHCH2), 49.0 (NCH2), 51.9 (OCH3), 53.4 (NHCH), 108.0,
109.1, 111.5, 118.0, 118.5, 121.0, 123.7, 127.1, 136.0, 142.3, 150.9
(NCONH), 164.4 (COO), 167.1 (NHCO), 172.0 (CH2CONH);
TOFMS (CI) calcd for (M + 1)+ C19H20N4O5: 385.1512, found
385.1518.


1-(Carboxymethyl)thymine (1-methyltryptophan) methyl ester
amide 5. The same procedure as with the synthesis of 4 was
performed with 1-methyltryptophan methyl ester hydrochloride
and triethylamine instead of 9, and 5 was obtained as a white
powder (300 mg, 60%). Mp 196–198 ◦C. mmax(KBr)/cm−1 = 3435m,
1740m, 1690s, 1666m, 1470w; 1H NMR (300 MHz, [D6]DMSO,
TMS): d = 1.74 (s, 3H, CH3), 3.09 (m, 2H, CHCH2), 3.58 (s,
3H, NCH3), 3.73 (s, 3H, OCH3), 4.33 (s, 2H, NCH2), 4.53 (m,
1H, CHCH2), 7.01–7.51 (m, 6H, NCH + Hindole), 8.67 (d, 1H,
NHCH), 11.26 (s, 1H, NH); 13C NMR (75 MHz, [D6]DMSO):
d = 11.8 (CH3), 27.0 (NCH3), 32.3 (CHCH2), 49.0 (NCH2), 51.8
(OCH3), 53.2 (NHCH), 107.9, 108.4, 109.6, 118.2, 118.5, 121.1,
127.4, 128.2, 136.5, 142.2, 150.8 (NCONH), 164.3 (COO), 167.0
(NHCO), 171.8 (CH2CONH); TOFMS (CI) calcd for (M + 1)+


C20H22N4O5: 399.1668, found 399.1667.
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Treatment of various hydroquinones and catechols with
meso-pentafluorophenyl [26]hexaphyrin(1.1.1.1.1.1) provided
the corresponding quinones quantitatively.


Expanded porphyrins that are porphyrin analogues with more
than five pyrrolic subunits have attracted much attention because
of their unique properties, such as their interesting structural
features and unique metal-coordination capability.1 In addition,
expanded porphyrins often exhibit stable multi-redox states, while
porphyrins seldom show such behaviour. For instance, meso-
pentafluorophenyl hexaphyrin(1.1.1.1.1.1) consists of two com-
pounds 1 and 2, which have different oxidation states with 26p and
28p conjugation respectively, and they are easily interconvertible
upon reduction with NaBH4 and oxidation with 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) (Scheme 1).2


Scheme 1 Interconversion of [26]hexaphyrin and [28]hexaphyrin.


This multi-redox phenomenon reminds us of transition metal
ions, because multi-valency plays an essential role in a number
of metal-mediated oxidation processes. It then occurred to us
that expanded porphyrins can oxidize organic compounds such
as alcohols in a similar manner to a number of transition metal
ions, and hopefully may act as an organocatalyst for oxidation
reactions. Currently, organocatalysts for carbon–carbon bond
forming processes have been a hot topic in organic synthesis in
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view of sustainable processes and high enantiomeric induction, but
oxidation-organocatalysts based on their multi-redox behaviour
remain mainly unexplored.3 Here we wish to report a hexaphyrin-
mediated oxidation of hydroquinones, catechols, and pinacols.
Although metal–porphyrin complexes often serve as the catalyst
for various types of oxidation reactions both in natural and
artificial systems,4 this is the first example of non-metalated
porphyrinoid-mediated oxidation of organic molecules.


In recent years, a series of meso-aryl expanded porphyrins
have been synthesized in moderate yields under the modified
Rothemund–Lindsey conditions.5a We have also achieved an
improved synthesis of meso-aryl expanded porphyrins from
dipyrromethanes or tripyrromethanes as starting substrates.5b


Although a number of expanded porphyrins exhibit multi-redox
behaviour, we picked up hexaphyrin because of its availability, and
tested its ability for the oxidation of organic molecules.


We had noticed that the reduction of [26]hexaphyrin to [28]hexa-
phyrin with a brilliant colour change from red–purple to blue
occurs in the presence of acids and alcohols. Thus, [26]hexaphyrin
1 was treated with benzyl alcohol in the presence of a trace of
trifluoroacetic acid to provide 2 quantitatively, but benzaldehyde
could not be detected by the 1H NMR analysis. After several
experiments, we found that an addition of 1.0 equiv. of 1,4-
hydroquinone (3a) to a solution of [26]hexaphyrin 1 in CDCl3


provided 1,4-benzoquinone (4a) instantly and quantitatively at
room temperature (Scheme 2). 1H NMR analysis of the resulting
solution revealed the quantitative formation of [28]hexaphyrin


Scheme 2 Oxidation of hydroquinones and catechols with
[26]hexaphyrin.
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2. An equimolar amount of 4a and 2 were detected, and this
indicates that [26]hexaphyrin acts as a two-electron oxidant for
hydroquinones. Treatment of 3b, 3c and 3d with 1 also afforded the
corresponding quinones 4b, 4c and 4d in more than 90% yields in
10 min. However, oxidation of electron-deficient hydroquinone 3e
with an electron-withdrawing acyl group proceeded very slowly.6


Furthermore, oxidation of catechols 3f and 3g to o-benzoquinones
was also effected with [26]hexaphyrin efficiently.


Oxidation of phenols with [26]hexaphyrin 1 turned out to be
inefficient. Thus, the reaction of 2,4,6-tri-tert-butylphenol (3h)
with [26]hexaphyrin 1 afforded a small amount of [28]hexaphyrin
in less than 5% yield, which was detected by the TLC and 1H NMR
analysis of the reaction mixture, but none of oxidized product was
observed. Oxidation of electron-rich phenol, 2,6-di-tert-butyl-4-
methoxyphenol (3i), was still sluggish to afford 2,6-di-tert-butyl-
1,4-benzoquinone (4i) in 25% yield in 10 days via the cleavage of
the ether linkage. The ESR spectrum of the reaction mixture of
2,4,6-tri-tert-butylphenol (3h) and [26]hexaphyrin in benzene at
room temperature confirmed the formation of a radical species,
which we tentatively assigned as the corresponding 2,4,6-tri-tert-
butylphenoxyl radical, although the signal was weak probably due
to inefficient formation of the radical (Fig. 1).7 In contrast, both
[26]hexaphyrin and 3h were silent for the ESR analysis before
mixing. On the basis of these observations, we assume that this
oxidation reaction would proceed through two sequential one-


Fig. 1 ESR spectrum of a mixture of 2,4,6-tri-tert-butylphenol (3h) and
[26]hexaphyrin 1 in benzene at room temperature.


electron transfer steps from 1 to hydroquinone involving a semi-
quinone radical intermediate.8


Oxidative cleavage of 1,2-diols with some oxidants such as
lead tetraacetate is known to proceed in a radical mechanism
involving an alkoxyl radical.9 We then examined the reaction
of benzopinacol with 1 (Scheme 3). To our delight, treatment
of benzopinacol with [26]hexaphyrin in N,N-dimethylformamide
provided benzophenone quantitatively in 30 min at 120 ◦C.


Scheme 3 Oxidative C–C bond cleavage of benzopinacol.


We also attempted re-oxidation of [28]hexaphyrin to [26]hexa-
phyrin with molecular oxygen as an oxidant. This would enable a
hexaphyrin-catalyzed oxidation reaction of organic molecules with
dioxygen as the terminal oxidant. We found that 2 was oxidized
to 1 quantitatively in 3 days with air at room temperature in basic
aqueous isopropyl alcohol (Scheme 4).


In summary, we have found that treatment of hydroquinones
and catechols with [26]hexaphyrin provided p- and o-quinones,
most likely through a radical mechanism. [26]Hexaphyrin also
mediates oxidative C–C bond cleavage of benzopinacol to ben-
zophenone. We also found an aerobic oxidation of [28]hexaphyrin
to [26]hexaphyrin. These results demonstrate that multi-redox
behaviour of expanded porphyrins can be utilized for oxidation
of organic compounds. Further effort on the use of hexaphyrin as
an oxidation catalyst is currently under way in our laboratory.


We thank Professors T. Nishinaga (Tokyo Metropolitan Uni-
versity), N. Takeda (Kyoto University) and T. Ikeue (Shimane
University) for the help with the ESR measurement.


Scheme 4 Oxidation of [28]hexaphyrin to [26]hexaphyrin.
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An alkylidene carbene 1,5-CH insertion has been used as a
key step in an efficient enantioselective total synthesis of (−)-
clasto-lactacystin b-lactone, and its C7-epimer. An additional
noteworthy feature of the synthesis is the use of a novel
oxidative deprotection procedure, utilizing DMDO, for the
conversion of a late-stage benzylidene acetal into a primary
alcohol and a secondary benzoate ester.


(+)-Lactacystin 1 was isolated from the bacterial strain, Strepto-
myces sp. OM-6519 by Õmura in 1991 during a screening program
for small molecule mimics of nerve growth factors.1 Lactacystin
was later found to be a specific inhibitor of the 20S proteasome
found in mammalian and bacterial cells.2 The proteasome is
responsible for the normal turnover of cellular proteins and
degradation of damaged and mutated proteins, and 1 has played
a vital role in the study of its function. The remarkable biological
activity and intriguing structure of 1 has sparked continued
interest over the last 13 years and a number of syntheses have been
published to date.3 Lactacystin 1 spontaneously and reversibly
forms (−)-clasto-lactacystin b-lactone (also known as omuralide) 2
in the extracellular medium, and it is this b-lactone that penetrates
the cell and acylates an active site threonine residue, leading to
inhibition of the proteasome (Scheme 1). As well as serving as
the biologically active form of lactacystin 1, clasto-lactacystin b-


Scheme 1
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lactone 2 has also served as a synthetic precursor to the natural
product 1 itself, and the enantioselective synthesis of 2 has become
an important synthetic challenge in its own right.


In 2002 we reported a formal synthesis of (+)-lactacystin 1,4


which used a highly stereoselective alkylidene carbene 1,5-CH
insertion reaction as a method to construct the key quaternary
stereocentre.5,6 In this first generation route we utilized TBS-
protecting groups during the CH-insertion step (vis 3 → 4, R =
TBS), but in order to mitigate unexpected problems during scale-
up we chose to explore an alternative protecting group strategy in a
second generation route to 1 and 2. As the TBS-protecting groups
on 3 (Scheme 1) created a highly hindered environment at the site
of CH-insertion, we chose to explore the possibility of protecting
the 1,3-diol moiety in 3 as a benzylidene acetal. During the
preparation of this manuscript, Wardrop independently reported
an alkylidene carbene 1,5-CH-insertion approach to 1,7 following
an identical approach to that outlined in Scheme 1, which also
uses a benzylidene acetal to protect the diol moiety in 3 and 4. We
now wish to report our own results in this area, which have led
to a second generation enantioselective total synthesis of clasto-
lactacystin b-lactone 2 as well as its C7-epimer 22.


The key vinyl bromide CH-insertion precursor 7 was readily
prepared in 4 steps from epoxy alcohol 5 according to the route
shown below (Scheme 2).


Scheme 2 Reagents and conditions: (a) NaN3, B(OMe)3, DMF, 50 ◦C
(77%); (b) PhCH(OMe)2, PPTS, C6H6, reflux (78%); (c) H2, Lindlar cat.,
MeOH, 20 ◦C (100%); (d) MnO2, 8, DCM, 4 Å mol. sieves, reflux, then
NaCNBH3, AcOH, MeOH, 0 ◦C (75%); (e) KHMDS, THF, −30 ◦C (83%).
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Thus treatment of the known epoxide 5 under Miyashita’s
conditions8 gave 2-azido-1,3-diol 6 in 77% yield. Acetal protection
and hydrogenation next gave the amine 9 in good yield. One-pot
MnO2 oxidation, imine formation and reduction, as described
by Taylor,9 finally provided the (E)-vinyl bromide cyclisation
precursor 7 as a single isomer in 59% yield over 3 steps. After
careful optimization, exposure of 7 to an excess (2 equiv.) of
KHMDS in THF at −30 ◦C gave the desired 3-pyrroline 10 in
a very pleasing 83% isolated yield. The cyclisation of 7 to 10 was
also accompanied by the formation of the corresponding but-
2-ynyl-amine 11 (13% yield), but this byproduct could be easily
removed by column chromatography.


Having secured an efficient route to the 3-pyrroline 10, we
next needed to install the additional oxygenation and remaining
stereocentres present in 1 and 2. Thus, oxidation with TPAP–
NMO, and then sodium chlorite first gave the N-chlorolactam 12
and treatment with sodium borohydride then provided the desired
3-pyrrolinone 14 in 76% over 3 steps.10 Dihydroxylation was then
accomplished using Sharpless’s modified UpJohn conditions11


which cleanly afforded the diol 13 as a single, crystalline di-
astereoisomer in 96% yield. Formation of the cyclic thiocarbonate,
followed by selective deoxygenation with nBu3SnH and AIBN12


then gave a separable 1 : 3.6 mixture of the 15 and 16 in 94%
combined yield (Scheme 3).


Scheme 3 Reagents and conditions: (a) TPAP, NMO, MeCN, 4 Å mol.
sieves (93%); (b) NaClO2, NaH2PO4·2H2O, 2-methyl-2-butene, tBuOH,
H2O, 0 ◦C; (c) NaBH4, MeOH, 20 ◦C (84% over 2 steps); (d) K2OsO2(OH)4,
NMO, citric acid, tBuOH–H2O (1 : 1), 20 ◦C (96%); (e) thiocarbonyl
diimidazole, THF, reflux (100%); (f) nBu3SnH, AIBN, toluene, reflux
(94%); (g) NaOMe, MeOH; (h) H2, Pd/C, HCl, MeOH (93%).


Although base-mediated epimerisation of the undesired di-
astereoisomer 16 proved difficult to achieve in high yield, we
found that 16 could be transformed into the 3-pyrrolinone 14 by
treatment with NaOMe–MeOH, hence providing a high yielding
(90%) method of recycling material through to the desired cis-
isomer 15.


Once we had access to 15, we were able to complete a formal
synthesis of 1 by conversion to the known triol 17 by standard
catalytic hydrogenation in 93% yield (Scheme 3). Whilst we were
pleased with this initial success, we were aware that 7 steps were
still required to convert 17 into the natural product 1, and we
therefore hoped to shorten this sequence by developing a selective
deprotection–oxidation strategy from lactam 15.


As we had access to both 15 and 16, we first decided to
investigate this new ‘end-game’ approach on the more abundant
trans-isomer 16 (Scheme 4). Thus, treatment of the benzylidene
acetal 16 with DMDO (dimethyldioxirane) caused a selective,
oxidative–deprotection to give the alcohol-ester 18, as a single
regioisomer, in quantitative yield.13 This remarkable deprotection
reaction gives both a free primary alcohol and protected secondary
alcohol in one convenient transformation. Selective oxidation of
the primary alcohol in 18 to the acid 19 was achieved using sequen-
tial Dess-Martin periodinane (63%) and sodium chlorite (81%)
oxidations. Deprotection of 19 and formation of the b-lactone
by treatment with BOPCl (bis(2-oxo-3-oxazolidinyl)phosphinic
chloride) finally afforded 7-epi-clasto-lactacystin b-lactone 22. The
spectroscopic data of 22 were identical to those reported by Corey
for this compound.14


Scheme 4 Reagents and conditions: (a) DMDO (3 equiv., 0.06 M), acetone,
0 ◦C (100%); (b) Dess-Martin periodinane, DCM, 20 ◦C (63%); (c)
NaClO2, NaH2PO4·2H2O, HOSO2NH2, tBuOH, H2O, 20 ◦C (81%); (d)
NaOMe, MeOH, 20 ◦C (78%); (e) BOPCl, Et3N, DCM, 20 ◦C (38%).


Having completed the synthesis of 22, we then turned our
attention to repeating the same chemical steps on the correct
diastereoisomer isomer 15 required for the synthesis of (+)-
lactacystin 1 (Scheme 5). Thus, selective deprotection according
to our newly developed procedure cleanly gave the alcohol-ester
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Scheme 5 Reagents and conditions: (a) DMDO (3 equiv. 0.06 M), acetone,
0 ◦C (90%); (b) Dess-Martin periodinane, DCM, 20 ◦C (35%); (c) NaClO2,
NaH2PO4·2H2O, HOSO2NH2, tBuOH, H2O, 20 ◦C (95%); (d) NaOMe,
MeOH, 20 ◦C (74%); (e) BOPCl, Et3N, DCM, 20 ◦C (45%).


23 in 75% yield. Sequential Dess-Martin periodinane (35%) and
sodium chlorite (95%) oxidations then gave the acid 24. Pleasingly,
the ester 24 could be saponified to afford the previously reported
acid 26, which was then converted to clasto-lactacystin b-lactone
2 using the known procedure.15


In summary, we have developed a second generation synthesis
of 1 and 2 using an alkylidene carbene 1,5-CH insertion reaction
as a key step, and during this work we have also completed a
total synthesis of the recently described proteasome inhibitor 7-
epi-clasto-lactacystin b-lactone 22. In addition to developing novel
methodology for the construction of quaternary stereocentres, we
have also utilised a novel procedure for the selective oxidative
deprotection of benzylidene acetals using DMDO and we are
currently exploring the wider synthetic utility of this particular
transformation.
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By the reactions of ketimines bearing a pyridyl or a pi-
colyl group on a nitrogen atom of the imine moiety with
tosylisocyanate, 4H-pyrido[1,2-a]pyrimidin-4-one derivatives
could be obtained in quantitative yields. In these reactions,
tosylisocyanate acts as a carbonyl precursor. The pyridyl or
picolyl group is a key functional group because it is not only
the constituent structure of the 4H-pyrido[1,2-a]pyrimidin-4-
one framework but also the promoter of the formation of a
ketene intermediate.


Synthesizing carbonyl compounds is one of the most important
organic transformations in both laboratories and industries.1


Carbon monoxide and phosgene are often used as carbonyl
sources; however, they can be difficult to handle due to their
toxicity and gaseous form. Therefore, there have recently been
many reports on the synthesis of carbonyl compounds with sub-
stitutes for carbon monoxide and phosgene, such as formic acid,
formate, formamide, formic anhydride, aldehyde, metal carbonyl,
carbamoylsilane and carbamoylstannane.2 In addition, dialkyl
carbonates,3 carbonyl diimidazoles4 and dichloromethanimines
have be used as substituents for carbon monoxide and phosgene.
Instead of these substituents, we used isocyanates as carbonyl
sources. We report herein that 4H-pyrido[1,2-a]pyrimidin-4-one
derivatives are synthesized from ketimines and isocyanates.


There have been many reports on the synthesis of bioactive
heterocyclic compounds bearing heteroatoms at ring junction
positions.5,6 One example is a 4H-pyrido[1,2-a]pyrimidin-4-one
skeleton, and its 4H-pyrido[1,2-a]pyrimidin-4-one derivatives7


show valuable pharmacological properties and are used as suc-
cessful analgesic agents.7e,7i


By the reaction of ketimine 1a (1.0 equiv.) with phenylisocyanate
2a (2.0 equiv.) in toluene at 135 ◦C for 24 h, the corresponding
4H-pyrido[1,2-a]pyrimidin-4-one derivative 3a and amide 4a were
obtained in 29 and 70% yields, respectively [eqn (1)].8


Division of Chemistry and Biochemistry, Graduate School of Natural
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8530, Japan. E-mail: kuninobu@cc.okayama-u.ac.jp, ktakai@cc.okayama-
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(1)


Several isocyanates were examined with the ketimine 1a. The
reaction did not occur with cyclohexylisocyanate. Arylisocyanate
bearing an electron donating group (para-methoxy) gave 3a in 49%
yield. In order to promote the dissociation of the amine moiety
from 4a, we carried out the reactions using 2,6-dimethylisocyanate
as a bulky substrate and tosylisocyanate, which has an excellent
dissociation ability. In the case of 2,6-dimethylisocyanate, the
yield was very low (7%). On the other hand, 3a was obtained
quantitatively with two equivalents of tosylisocyanate. In this
reaction, a urea derivative 5a, which was formed by the reaction
of an amine with an isocyanate, was formed as a side product
in quantitative yield. This result reveals that isocyanates act as a
carbonyl source and react with ketimines to give 4H-pyrido[1,2-
a]pyrimidin-4-one derivatives. The highly efficient transformation
of the isocyanate into a carbonyl group is confirmed by the fact
that this reaction needs only two equivalents of isocyanate since
one equivalent of isocyanate reacts with a ketimine and another
one equivalent reacts with an amine (byproduct).


A possible mechanism of the reaction is shown in Scheme 1:
(1) Isomerization of the ketimine 1a to enamine 6a; (2) nucle-
ophilic attack of the enamine 6a with tosylisocyanate to give
an amide intermediate 4b;9,10 (3) the dissociation of tosylamide
from 4b to give 7a having a ketene moiety; (4) intramolecular
cyclization of the ketene and imine moieties in 7a to give the


Scheme 1 Proposed mechanism of the formation of 4H-pyrido[1,2-
a]pyrimidin-4-one.
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Table 1 Reaction of ketimines with tosylisocyanate


Entry Ketimine Product Yielda (%)


1b


2
3a 93% (>99%)


22% (24%)


3
4
5
6
7


3b (X = H)
3c (X = MeO)
3d (X = Me)
3e (X = Ph)
3f (X = Cl)


93% (>99%)
94% (>99%)
92% (>99%)
91% (>99%)
93% (>99%)


8 3g 87% (>99%)


9
10


3h (n = 1)
3i (n = 7)


74% (>99%)
92% (>99%)


11c 3j 75% (>99%)


a Isolated yield. 1H NMR yield is reported in parenthesis. b 135 ◦C. c 135 ◦C, 1 h.


4H-pyrido[1,2-a]pyrimidin-4-one derivative 3a.7f ,7h Since iso-
cyanate must be consumed by the reaction with tosylamine, which
is formed as a byproduct in step (3), this reaction needs two
equivalents of tosylisocyanate to ketimine.


Next, we investigated the reaction temperature and the reac-
tion time using ketimine 1a and tosylisocyanate.‡ This reaction
proceeded smoothly at 135 ◦C for 10 min, and the 4H-pyrido[1,2-
a]pyrimidin-4-one derivative 3a was obtained in quantitative yield
(Table 1, entry 1). The yield of 3a decreased to 24% when the
reaction was conducted at 80 ◦C for 10 min (Table 1, entry 2).


In order to increase the yield of 3a derived from 7a, the lone pair
of a nitrogen atom on the pyridyl group should work effectively
for the deprotonation followed by dissociation of the amine,
as shown in Scheme 1. Therefore, we choose a picolyl group
instead of the pyridyl one. The corresponding 4H-pyrido[1,2-
a]pyrimidin-4-one derivative 3b was obtained quantitatively at
80 ◦C for 10 min (Table 1, entry 3).11 The reaction did not proceed
with a ketimine bearing ortho-tolyl group. These results indicate
that deprotonation by a nitrogen atom on the picolyl group is
important.


In the next stage, we examined the reaction of several ketimines
with tosylisocyanate (Table 1). All aromatic ketimines having an
electron-withdrawing or an electon-donating group at the para-
position of the imine moiety afforded the corresponding 4H-
pyrido[1,2-a]pyrimidin-4-one derivatives 3c–f in excellent yields
(Table 1, entries 4–7). Acyclic and cyclic alkyl ketimines also gave
the corresponding 4H-pyrido[1,2-a]pyrimidin-4-one derivatives
3g–i in good to excellent yields (Table 1, entries 8–10). By the reac-
tion of cyclohexylidene(pyridin-2-yl)-amine with tosylisocyanate
at 135 ◦C for 1 h, the corresponding 4H-pyrido[1,2-a]pyrimidin-


4-one derivative 3j, which is a successful analgesic agent,7e was
obtained in 75% isolated yield (Table 1, entry 11).12


In summary, we succeeded in the synthesis of 4H-pyrido[1,2-
a]pyrimidin-4-one derivatives quantitatively by the reaction of
ketimines bearing a pyridyl or a picolyl group on a nitrogen atom
of the imine moiety with tosylisocyanate. In the reactions, the
pyridyl and picolyl groups have two functions. One is, of course,
these groups are the constituent structure of 4H-pyrido[1,2-
a]pyrimidin-4-one derivatives, the other is that these groups
promote the formation of a ketene intermediate. In addition,
the tosylisocyanate acts as a source of carbon monoxide. To our
knowledge, this is the first example of using an isocyanate as a
carbonyl precursor. Since the carbonylation using isocyanates is a
highly efficient in comparison with the conventional carbonylation
reactions,2 isocyanates are expected to be used as a carbonyl source
in a wide range of synthetic chemistries.
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Notes and references


‡ 3,9-Dimethyl-2-phenyl-pyrido[1,2-a]pyrimidin-4-one (3b). The mix-
ture of (3-methyl-pyridin-2-yl)-(1-phenyl-propylidene)amine (112 mg,
0.500 mmol) and tosylisocyanate (197 mg, 1.00 mmol) in toluene (1.0 mL)
was heated at 80 ◦C for 10 min. After the solvent was removed in vacuo, the
product was isolated by silica gel column chromatography. Yield: 116 mg
(93% yield). 1H NMR (400 MHz, CDCl3) d 2.34 (s, 3H), 2.59 (s, 3H), 7.00
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