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Selective protein cleavage at methionine residues is a useful method for the production of bacterially
derived protein fragments containing an N-terminal cysteine residue required for native chemical
ligation. Here we describe an optimised procedure for cyanogen bromide-mediated protein cleavage,
and ligation of the resulting fragments to afford biologically active proteins.

Introduction

Chemical ligation is a popular and rapidly expanding area
of research impacting numerous aspects of organic chemistry,
biomolecular and materials science.! Native chemical ligation
(NCL) in particular, has found numerous applications in such
areas.” This is likely because NCL is a chemoselective coupling
reaction between two, normally peptide, components, one bearing
a thioester and the other an N-terminal cysteine functionality
that reliably takes place in aqueous solution and in the absence
of protecting groups. Additionally NCL has interfaced itself
completely with biology in that the required thioester and
cysteine bearing components can be obtained through chemical
synthesis or genetic manipulation making NCL widely accessible
to chemists and biologists alike.* We reported the first use of
CNBr-cleaved protein fragments for production of N-terminal
cysteine containing components used in native chemical ligation
from N-terminally His,,- tagged precursors (Fig. 1a).* Expression
of proteins in bacteria with an N-terminal cysteine residue is not a
trivial procedure. While some proteins may be amenable to direct
expression of a free N-terminal cys residue, more commonly a
pre-cysteine sequence, which relies on the availability of a selective
protease to remove this sequence and unmask the free cysteine
prior to NCL, is employed.® In our case we investigated the CNBr
cleavage reaction because we could neither express the protein
directly with an N-terminal cysteine nor cleave a pre-cysteine
sequence enzymatically owing to the insolubility of the protein
fragment. This is not an uncommon phenomenon, indeed it is
remarkable that so many bacterially expressed protein fragments,
that are often the reagents for NCL, are soluble to begin with
owing to their lack of a complete primary structure. The fact that
our protein fragments were soluble only in denaturing reagents
or high concentrations of detergent made them incompatible
with commonly employed proteases (e.g. Factor Xa). Herein
we describe the optimisation of the CNBr cleavage protocol
highlighting important features of the process and demonstrate
how proteins that have been subjected to this treatment retain
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Fig. 1 (a) CNBr-mediated protein cleavage yielding an N-terminal cys-
teine. (b) NCL reaction between synthetic EPO (1-28)-SBn thioester and
a bacterially-derived fragment visualised using an anti-EPO monoclonal
antibody blot which recognises the synthetic fragment, once appended to
the bacterial fragment (product mass = 18.5 kDa).

biological activity and how inactive protein fragments can regain
bioactivity after NCL reactions with synthetic peptide thioesters
and refolding. Furthermore we demonstrate that NCL allows for
site-specific introduction of a non-canonical acetylenic functional
group into the protein erythropoietin (EPO) which is tolerated and
may provide a useful handle for further protein modification.

Optimisation of CNBr-mediated protein cleavage

Initially we investigated the cleavage reaction in a variety of
solvents and buffers (5% aqueous TFA; 6 M guanidine hydrochlo-
ride + 0.3 M HCI; 6 M urea + 0.3 M HCI; 80% aqueous HCO,H)
though quickly settled on 80% formic acid as the best solvent
for the reaction as it could most readily dissolve our protein
samples. However, we were troubled by the temperamental nature
of the reaction, occasionally leading to a lack of efficiency in the
subsequent NCL reaction. In some cases the ligation appeared
to proceed extremely slowly and with such low efficiency (<5%)
that the product, though observable by gel-electrophoresis, could
not be isolated (Fig. 1b) leading us to suspect that the integrity
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of the protein was compromised. We decided to investigate this
more thoroughly in the hope that we might better understand any
additional factors that would contribute towards the development
of a more robust procedure.

We next set out to investigate the effects of cyanogen bromide
concentration and reaction temperature on the cleavage reaction.
There was significant precedent for conducting the reaction at
elevated temperature (in protein sequencing experiments) so the
reaction was performed at 25 and 44 °C. The effect of small
changes in cyanogen bromide concentration was generally not
significant since incomplete protein cleavage is observed using vast
excesses (>100 equivs) of CNBr at room temperature. Further-
more, cleavage efficiency did not greatly change upon increasing
the reagent concentration or addition of further solid CNBr to
the reaction mixture following 24 h reaction time. We anticipated
that increasing the reaction temperature and conducting the
reaction in the presence of denaturants would be more beneficial
and consequently examined cleavage of the poly-histidine tag
at 44 °C. However, an undesirable protein cleavage reaction
(observed by SDS-PAGE and LC-MS) appeared to occur at 44 °C,
to the extent of approximately 10% in 80% aqueous formic acid
and near quantitatively in 6 M guanidine-HCI containing 0.3 M
HCI. Based on the size of the resulting fragments (data not shown),
this deleterious side-reaction was possibly a result of protein
fragmentation following bromination of tryptophan residues in
the EPO sequence, a well documented though poorly understood
reaction.® Subsequently it was concluded that CNBr cleavage
reactions should not be conducted above room temperature.

To analyse further the reaction in 80% aqueous formic acid
at ambient temperature, the mass spectra of the initial His,-
tagged protein fragment comprising erythropoietin residues 29—
166 (Fig. 2a) and the crude isolated product from the CNBr
cleavage reaction were compared. We observed that although
the cleavage had been successful, in that little starting material
was observed, the product appeared to be a minimum of 111
Da larger than anticipated (Fig. 2b) and was heterogeneous with
the spectrum displaying several deconvoluted molecular ions with
mass differences of approximately 27.5 Da (Fig. 2¢), presumably
arising from significant formylation of the cleaved protein. This
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was surprising as the formation of formyl amides/esters was
not considered to be a stable modification under the reaction
conditions and the extent of formylation can vary from one
cleavage to the next, indeed in many cases it is not observed
at all. We estimated the addition of 5-10 formyl groups to the
protein backbone and suspected that formyl modification of the
o-NH, group and/or side-chain thiol may be responsible for the
poor performance of the fragment in the subsequent NCL reaction
shown in Fig. 1b. The crude cleaved products were then redissolved
in 6 M guanidine hydrochloride at either pH 1 or pH 12 (containing
0.1 MHCland 0.1 M NaOH respectively) at 37 °C for 1-16 h. After
exposure to 0.1 M HCl for 16 h the sample was homogeneous and
had the correct observed mass (Fig. 2d). In contrast, while after
0.5 h the NaOH treated material had almost entirely reverted to the
deformylated state, after 16 h the sample appeared heterogeneous
(Fig. 2e) and to have a lower observed mass than that calculated
indicating that several elimination reactions had occurred.

From these experiments we concluded that the CNBr reaction
is best conducted in aqueous formic acid (particularly suitable for
proteins and fragments of low solubility) but the reaction should
not be conducted above room temperature due to undesirable
side-reactions. Incomplete protein cleavage at methionine is not
problematic since any unreacted Hisj-tagged starting material
can be removed by passage through a short Ni**-NTA column.
Additionally the cleaved protein may be formylated though
formylation can be reliably reversed upon exposure to dilute
(0.1 M) aqueous HCl.

Semi-synthesis of an erythropoietin analogue by NCL

Having demonstrated that the bacterial fragment could be reliably
produced, we were encouraged to proceed towards the assembly
of EPO itself, comprising 166 amino acids. First we assembled
EPO residues 1-28 on 0.1 mmol scale employing pre-loaded
glycine-sulfamylbutyryl resin (Scheme 1).” The peptide synthesis
was conducted in automated fashion on an Applied Biosystems
433A automated peptide synthesiser using the FastMoc protocol.
EPO is a glycoprotein so we wanted the potential to site-
selectively modify the semi-synthetic protein with glycosylation
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Fig.2 Optimisation of CNBr protein cleavage. (a) The His,,-fusion protein prior to cleavage; calculated average mass = 17813.3 Da. (b) Isolated protein
after CNBr cleavage in 80% formic acid. (c) Expansion of the molecular ion region shows multiple formylation. (d) The same protein sample after
treatment with 0.1 M HCl in 6 M guanidine-HCI for 16 h, calculated average mass = 15292.7 Da (an identical spectrum is obtained upon exposure of the
sample to 0.1 M NaOH in 6 M guanidine-HCl for 30 min). (¢) Protein sample after treatment with 0.1 M NaOH in 6 M guanidine-HCI for 16 h.
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Scheme 1 Synthesis of EPO residues 1-28 as a C-terminal benzyl
thioester. Amino acid 1 was introduced at position 24. Reagents and
conditions: (a) HBTU-HOBt-DIPEA (b) ICH,CN, DIPEA, DMF, 24 h
(c) BnSH, NaSPh, DMF, 16 h then 95:2.5: 2.5 v/v/v TFA-EDT-H,O0,
5h.

or polyethylene glycol (PEG) using chemistry developed in our
group?® and consequently introduced the novel unnatural amino
acid 1 at position 24 (normally a glycosylation site).’

Upon exposure to iodoacetonitrile, then benzylmercaptan fol-
lowing established protocols’ the thioester 2 was isolated following
precipitation from cold diethyl ether, and purification by semi-
preparative HPLC to obtain the product in an unoptimised yield
of 5% (based on resin loading).

With the required fragments in hand, NCL reactions be-
tween the bacterially derived fragment and synthetic thioester
were performed in 6 M guanidine hydrochloride contain-
ing 300 mM sodium phosphate buffer (pH 7.5), 50 mM
4-mercaptophenylacetic acid (MPAA)," and 20 mM tris-
carboxyethylphosphine (TCEP). The ligation reaction could be
conveniently monitored by LC-MS (Fig. 3), was judged to be
complete (trace bacterial fragment remaining) by LC-MS after
4 h, and could be driven to completion by addition of excess
synthetic thioester. Remarkably, when 2-mercaptoethanesulfonic

acid (MESNa) was employed as the thiol additive, in place of
MPAA, the reaction proceeded with no more than 50% conversion
after 3 days. The product protein, full length EPO containing an
acetylene functionality at residue 24, was obtained after dialysis
against water at 4 °C and centrifugation to obtain the precipitated
protein, which was redissolved in 6 M guanidine-HCI, reduced
with dithiothreitol, and then refolded by overnight dialysis against
2% w/v N-lauroylsarcosine, 50 mM Tris-HCI; pH 8.0, 40 uM
CuSO,."

Biological analysis

An important prerequirement is that CNBr treatment has no
deleterious effect on the biological activity of the protein. Addi-
tionally, while no biological activity should be attributable to the
protein fragments, the biological activity of the protein must be re-
established following the NCL reaction. To first assess the benign
nature of the CNBr treatment, and subsequent deformylation
reaction, EPO[M54L] (full length EPO bearing a single M54L
mutation) was expressed and purified from E. coli.'* The M54L
mutation was incorporated into the wild-type protein to render
it compatible with CNBr mediated removal of the poly-histidine
tag. The CNBr reaction was performed exactly as described for
the protein fragment then the purified protein was refolded by
overnight dialysis against 2% w/v N-lauroylsarcosine. The protein
solution obtained was concentrated to approximately 2.0 mL in
a centrifugal protein concentrator (Millipore, MWCO = 10 kDa)
and was determined to have a concentration of 55 uM. Since
unglycosylated EPO is reported to be approximately as active
as glycosylated EPO in vitro, this protein was analysed, as a
positive control, in both a receptor binding and cell proliferation
assay. A difficulty in conducting the assay is the insolubility of
the unglycosylated erythropoietin protein as the protein could
not be solubilised in the required solvent (100% DMSO). The
N-lauroylsarcosine required to solubilise unglycosylated EPO
samples is known to interfere with receptor binding even at low
concentrations, though we reasoned that the protein should be
sufficiently active at low concentrations such that meaningful data
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Fig. 3 NCL between synthetic thioester 2 and recombinant EPO (residues 29-166). The mass spectrum (left) is observed for the ligation product after
4 h and corresponds to the desired mass (right). Reagents and conditions: (a) 6 M guanidine-HCI, 300 mM Na phosphate buffer; pH 7.5, 50 mM MPAA,
20 mM TCEP, 4 h. (b) 2% w/v N-lauroylsarcosine, 50 mM Tris-HCI; pH 8.0, 40 uM CuSO,. The schematic EPO structure is modified from PDB entry
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could be obtained. Consequently we proceeded with the receptor
binding (Fig. 4a) and cell proliferation assays (Fig. 4b—c) hoping
that the effect of the presence of N-lauroyl sarcosine would be more
limited in the TF-1 cell proliferation assay, and while analysis of
our molecules at 1 uM resulted in death of the cell culture during
the assay due to the presence of the detergent, more positive results
were obtained below this concentration.
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Fig. 4 (a) Receptor binding assay comparing the glycosylated thEPO
standard (squares) and the bacterially-derived EPO[MS54L] (circles).
(b) TF-1 cell proliferation assay for bacterially-derived EPO[MS54L].
(c) TF-1 cell proliferation assay for semi-synthetic EPO prepared by NCL.

The biological assays'® were conducted by MDS-Pharma Ser-
vices (Taipei, Taiwan) so shall only be discussed briefly here. The
receptor binding assay was an ['"*T]erythropoietin radioligand-
EPO receptor (derived from human recombinant NSO cells)

inhibition assay where residual radioactivity is measured after
a 2 h incubation with the test molecule at 25 °C. Initially the
results were disappointing with the EPO[M54L] protein, though
still considerably active with an IC5, = 26.5 nM, demonstrating
100 fold less activity than the recombinant human EPO standard.
The ICy, of the semi-synthetic protein could not be determined
under identical conditions. However, the recombinant EPO refer-
ence sample had been spiked with only 0.02% N-lauroylsarcosine
and this may have contributed to its unusually large 1Cs, of
320 pM (Lit. = 100 pM)." In the cell proliferation assay, an EPO
dependent cell line TF-1 was incubated for 3 days at 37 °C with
standard, bacterially expressed EPO[M54L] and semi-synthetic
protein. Cell proliferation was determined by quantification of
[PH]thymidine uptake. As suspected, this assay seemed a little
less sensitive to the presence of N-lauroylsarcosine and ECs,’s
of 0.73 nM and 11.4 nM could be obtained for the bacterially
expressed EPO[M54L] and semi-synthetic protein respectively.
No activity could be measured for the bacterial fragment (EPO
residues 29-166) used in the NCL reactions in either the receptor
binding or the cell proliferation assay. While considerably less
active than the therapeutic glycoprotein rhEPO (Lit. EC5, = 10—
30 pM)™ our results are highly encouraging, though need to be
interpreted with caution owing to the unavoidable presence of
N-lauroylsarcosine which inhibits the EPO-EPOR interaction by
20% at concentrations as low as 0.002% w/v (data not shown).
In conclusion we have optimised a procedure for the production
of bacterially derived protein fragments containing an N-terminal
cysteine residue for use in NCL reactions. The protein fragments
are homogenous by SDS-PAGE and LC-MS after a reaction
sequence involving CNBr treatment, followed by a 0.1 M HCl
deformylation step, and Ni** mediated removal of unreacted start-
ing material. The biologically inactive fragments so produced then
efficiently participate in NCL reactions with synthetic thioesters, in
the presence of 4-mercaptophenylacetic acid (MPAA) as the thiol
additive, and the resulting reconstituted proteins can be refolded
to yield bioactive molecules. Though solubility was a concern
for erythropoietin analysis, the acetylenic handle introduced at
position 24 of EPO will facilitate site-selective modification with
polyethyleneglycol (PEG) or oligosaccharides® improving both
solubility and hence biological activity in future studies.

Experimental details

General experimental details

"H NMR spectra were recorded at 350 and 300 MHz, *C NMR
spectra were recorded at 63 and 75 MHz respectively on a Bruker
250Y instrument. Electrospray mass spectroscopy was carried out
on a Waters Acquity UPLC-SQD MS system with an applied
voltage of 50 V. Semi-preparative HPLC was performed using
a Phenomenex LUNA Cj; column and a gradient of 5-60%
acetonitrile containing 0.1% TFA over 45 minutes (flow rate of
4.0 mL min™). All reagents and solvents were standard laboratory
grade and used as supplied unless otherwise stated. Where a
solvent was described as dry, it was purchased as anhydrous
grade. All organic extracts were dried over anhydrous magnesium
sulfate prior to evaporation under reduced pressure. All resins
and Fmoc amino acids for peptide synthesis were purchased from
Novabiochem.
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Synthesis of amino acid 1

L-Cysteine hydrochloride (268 mg, 1.70 mmol) was dissolved
in water (2.0 mL) and 2-bromoacetyl propargylamide (300 mg,
1.70 mmol) was added. Solid sodium hydrogen carbonate was
added in small portions (with evolution of CO,) until pH 8.0
was established. The reaction mixture was then stirred at room
temperature for a further 2 h. The reaction mixture was then frozen
in liquid nitrogen and lyophilised to afford the crude product as
a pale brown solid and was used without further purification,
'H-NMR (300 MHz, D,0) é (ppm): 3.99 2H, d, J = 2.5 Hz,
CH,N), 393 (1H, q, oCH, J = 7.7 Hz, J = 4.3 Hz), 3.37 2H, s,
C(O)CH,S), 3.17 (1H, dd, J = 14.8 Hz, J = 4.3 Hz, CH,S), 3.06
(1H,dd, J =14.8 Hz,J = 7.7 Hz, CH,S), 2.61 (1H, t, J = 2.5 Hz,
CH). ESI-MS calculated for CgH;;N,O;S 217.0641 [MH]*, found:
217.0642.

The crude propargylamide was then re-dissolved in water
(2.0mL) and Et;N (146 ul) was added. Fmoc-succinimide (550 mg,
1.63 mmol) was dissolved in acetonitrile (2.0 mL) and this
solution was added in one portion to the aqueous amino acid
solution and stirring was continued at room temperature for a
further 1.5 h. The pH of the reaction was monitored throughout
the reaction to ensure it remained approximately 9, adding
further Et;N as required. After 1.5 h, the reaction mixture was
evaporated to dryness and the residue was partitioned between
dichloromethane (30.0 mL) and 2 M HCI (30.0 mL). The organic
phase was separated and the aqueous phase was extracted with
dichloromethane (1 x 30.0 mL). The combined organic extracts
were washed with 2 M HC1 (25.0 mL) and sat. aq. NaCl (25.0 mL),
dried with MgSO,, filtered and the solvent was removed under
vacuum to afford the crude product as an off-white solid. The
crude product was purified by flash column chromatography over
silica (a short column: 5 cm silica, eluent 100% EtOAc then 20%
MeOH in EtOAc) to afford the pure product (370 mg, 47%) as
a white foam. R; = 0.05 (4 : 1 EtOAc-MeOH), v, (cm™) 3283
(OH, v, acid), 2359, 2123 (w, alkyne), 1709 (CO, v, acid) 1650 (CO,
v, amide). '"H-NMR (400 MHz, CD;0D) 6 (ppm): 7.77-7.26 (8H,
m, ArH), 4.41-4.27 (3H, m, CHCH,O and aCH), 4.20 (1H, t,
J =1.1 Hz, Fmoc,CH), 3.96 (2H, d, J = 2.5 Hz, CH,N), 3.23
(2H, s, COCH,S), 3.11 (1H, dd, J = 13.9 Hz, J/ = 4.5 Hz, CH,S),
293 (1H, dd, J = 13.3 Hz, J = 8.1 Hz, CH,S), 2.56 (1H, t, J =
2.5 Hz, CH). "C-NMR (75 MHz, CDCl;) 6 (ppm): 128.8 (CH,
Ar-CH), 128.2 (CH, Ar-CH), 126.3 (CH, Ar-CH), 120.9 (CH,
Ar-CH), 80.0 (CH), 68.0 (CH,), 56.1 (CH), 48.4 (CH), 36.1 (CH),
29.8 (CH,). ESI-MS calculated for C,;H,;N,OsS 439.1322 [MH]*,
found: 439.1317.

Peptide thioester synthesis (2, EPO residues 1-28)

The peptide C-terminal benzyl thioester was prepared on 0.1 mmol
scale using standard procedures. Briefly, commercially available H-
Gly-pre-loaded sulfamylbutyryl resin was extended using HBTU-
HOBt as coupling reagents in the presence of DIPEA (Fastmoc
protocol) in automated fashion using an Applied Biosystems 433A
automated peptide synthesiser. The coupling time was 0.5 h.
The dry resin-linked target sequence: APPRLICDSRVLERYLL
EAKEAEC' ITTG-resin (underlined residues were double cou-
pled, C* corresponds to amino acid 1) was then transferred to
a 5.0 mL vial. The resin was resuspended in anhydrous DMF

(4.0 mL) and, following the addition of ICH,CN (0.2 mL) and
DIPEA (0.2 mL), the reaction mixture was stirred at room
temperature with the exclusion of light for 24 h. The resin was then
filtered off and washed exhaustively with DMF, then DCM. The
alkylated resin was then resuspended in anhydrous DMF and,
following addition of benzylmercaptan (0.3 mL) and NaSPh
(6 mg), was stirred at room temperature for 16 h. The resin was
then filtered and washed with DMF (5.0 mL) then DCM (5.0 mL).
The combined eluents were evaporated to dryness under vacuum
and the residue then exposed to a solution comprised of 95%
TFA, 2.5% EDT, 2.5% H,O0 (5.0 mL), with stirring for 5 h. The
crude product was then collected by centrifugation at 3000 rpm
following precipitation from cold diethyl ether (50.0 mL). The
fully deprotected and precipitated product was redissolved in 25%
aqueous MeCN and purified by semi-preparative HPLC. The
major peak (retention time = 26 min, 6 mg, 5.3%) was analysed by
ESI-MS and was found to correspond to the desired product. This
fraction was lyophilised and used in subsequent NCL reactions.

Cleavage of proteins using CNBr

Following expression and purification of a target protein from E.
coli as previously described,* the protein (3-10 mg) was dissolved
in the minimum volume of 80% aqueous formic acid (usually 1.0—
2.0 mL). CNBr (5 mg) was added and the reaction mixture stirred
for 16 h at room temperature under nitrogen with the exclusion
of light. The reaction mixture was then evaporated to dryness and
the residue resuspended in 6 M guanidine hydrochloride (1.0 mL).

Deformylation of cleaved proteins and removal of uncleaved
material using Ni** affinity chromatography

The crude product from the CNBr cleavage reaction, redissolved
in 6 M guanidine hydrochloride (1.0 mL) was treated with
HCI (added from a 3 M stock solution) to obtain a final HCI
concentration of 0.1 M and was incubated at 37 °C for 16 h. The
deformylation reaction was monitored by LC-MS. Alternatively
the protein could be deformylated under basic conditions by
exposure to 0.1 M NaOH (added to 6 M guanidine hydrochloride
from a 10 M stock solution) for 0.5 h at room temperature.
After deformylation, the pH was adjusted to 8.0 with 10 M
NaOH or 3 M HCI respectively and diluted to 5.0 mL in 6 M
guanidine hydrochloride containing 20 mM Tris-HCI; pH 8.0,
0.5 M NaCl, 5 mM imidazole. The resulting solution was treated
with 2-mercaptoethanol to a final concentration of 5 mM and
incubated at 37 °C with shaking for 1 h. The reduced protein
sample was loaded onto a pre-equilibrated Ni**-NTA column
(Novagen) and washed with 5 mM 2-mercaptoethanol in 6 M
guanidine hydrochloride containing 20 mM Tris-HCI; pH 8.0,
0.5 M NaCl, 5 mM imidazole (10.0 mL). The combined eluents
were dialysed against water at 4 °C for 16 h to precipitate the
protein and the crude precipitate was lyophilised and used directly
in native chemical ligation.

Native chemical ligation

The cleaved protein (approx 3.0 mg) was dissolved in 6 M
guanidine hydrochloride containing 300 mM Na phosphate
buffer; pH 7.5 (0.5 mL), containing 20 mM TCEP and 50 mM
MPAA. Solid peptide thioester (approx 2.0 mg) was weighed into
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a 1.5 mL eppendorf tube and the protein solution was added in
a single portion. The cap was closed and the reaction was shaken
at room temperature for 4 h. A sample (3.0 puL) was taken for
LC-MS analysis after which time the reaction appeared complete.
Further TCEP (10 mM) was added and the reaction shaken at
room temperature for a further 1 h. The reaction could then
be purified by loading the reaction mixture directly on a semi-
preparative HPLC column. However, owing to the completeness
of the reaction and the insolubility of the protein, the crude
product was collected as a precipitate after pouring into cold water
(6.0 mL), allowing it to stand at 4 °C for 16 h and centrifugation
at 3000 rpm for 15 min. This process also serves to remove excess
unreacted or hydrolysed thioester, which are highly water soluble.
The crude product was taken up in 6 M guanidine-HCI (2.0 mL)
and treated with 50 mM DTT at 37 °C for 1 h.

Refolding of EPO samples

The reduced EPO samples obtained in 2.0 mL guanidine-HCI
were diluted to 20.0 mL with 6 M guanidine-HCI and refolded
by dialysis against 2% w/v N-lauroylsarcosine, 50 mM Tris. HCI;
pH 8.0,40 uM CuSO, (2x 2 L) then concentrated to approximately
2.0 mL using a centrifugal protein concentrator (Millipore) with
a 10 kDa molecular weight cut-off filter membrane. The samples
were then snap-frozen in liquid nitrogen and stored at —80 °C prior
to use in biological assays."
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Trypanothione reductase (TR) is an essential enzyme of trypanosomatids and therefore a promising
target for the development of new drugs against African sleeping sickness and Chagas” disease. Diaryl
sulfides with a central anilino moiety, decorated with a flexible N-alkyl side chain bearing a terminal
ammonium ion, are a known class of inhibitors. Using computer modelling, we revised the binding
model for this class of TR inhibitors predicting simultaneous interactions of the ammonium
ion-terminated N-alkyl chain with Glul8 as well as Glu465’/Glu466’ of the second subunit of the
homodimer, whereas the hydrophobic substituent of the aniline ring occupies the “mepacrine binding
site” near Trp21 and Met113. Systematic alteration of the carboxylate-binding fragments and the diaryl
sulfide core of the inhibitor scaffold provided evidence for the proposed binding mode. In vitro studies
showed ICs, values in the low micromolar to submicromolar range against Trypanosoma brucei

rhodesiense as well as the malaria parasite Plasmodium falciparum.

Introduction

African sleeping sickness, Chagas’ disease and the different
forms of leishmaniasis are tropical diseases caused by protozoan
pathogens of the trypanosomatid family. These infections consti-
tute one of the most serious health problems in the developing
world.! African sleeping sickness (human African trypanosomi-
asis) is caused by Trypanosoma brucei species and transmitted
by tsetse flies. Sleeping sickness threatens 50 million people in
~20 countries of sub-Saharan Africa. The number of infected
people is difficult to establish accurately but can be estimated to be
between 50 000 and 70 000 cases.? The pathogen of Chagas’ disease
(American trypanosomiasis), Trypanosoma cruzi, is transmitted to
humans by blood sucking reduviid bugs. The disease is widespread
in central and southern America. Leishmaniasis is caused by
various species of Leishmania causing different forms of disease
ranging from cutaneous to visceral infections. Millions of people
are infected and ~50 000 deaths per year are quoted, mainly due
to L. donovani.?

The causative agent of malaria tropica is Plasmodium falci-
parum, a protozoan parasite that is not a member of the trypanoso-
matid family. This disease, spread by the bite of infected Anopheles
mosquitoes, threatens about 40% of the world’s population, mostly
those living in the poorest countries in tropical regions and causes
over | million fatalities annually.*
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For most of those neglected tropical diseases, there are no safe
and efficacious drugs available. In the case of malaria, potent
drugs such as chloroquine are losing efficacy more and more due
to an increase of drug resistances.>> Chemotherapy of all forms
of trypanosomiasis is problematic due to the severe side effects of
the few drugs in use, the long duration and high costs of treatment
and an increasing number of drug resistant pathogens.>® New and
better drugs to fight these diseases are therefore urgently needed.

A promising strategy to develop new compounds active against
parasites is targeting enzymes of a unique metabolic pathway
that is exclusively present in the pathogens and not in the
human hosts. In the case of trypanosomatids, their specific
thiol redox metabolism distinguishes them from nearly all other
eukaryotes and prokaryotes. Instead of the nearly ubiquitous
glutathione system composed of glutathione and the flavoenzyme
glutathione reductase (GR, EC 1.6.4.2), the parasites possess
trypanothione [N', N®-bis(glutathionyl)spermidine] that is kept in
its reduced state by trypanothione reductase (TR, EC 1.6.4.8).7
The trypanothione system protects the parasites from oxidative
damage and delivers the reducing equivalents for DNA synthesis.
It has been shown in the past that TR is essential for the parasite
that renders this enzyme an attractive target for the development
of new drugs against trypanosomiasis and leishmaniasis.**°

TR and GR belong to the protein family of FAD disulfide ox-
idoreductases. The mutually exclusive substrate specificity of TR
and GR is considered to rely on their oppositely charged disulfide
substrate binding sites. These accommodate either trypanothione
disulfide (1 in Fig. 1) with an overall positive charge due to the
protonated spermidine bridge or glutathione disulfide (2 in Fig. 1),
with a twofold negative overall charge.

TR is the most thoroughly studied enzyme of the trypanothione
redox metabolism. The crystal structure has been determined
in free form,'™** in complex with its cofactor NADPH,"? with
glutathionylspermidine,”® with trypanothione,” and with the
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Fig.1 Above: trypanothione disulfide (1), the substrate of trypanothione
reductase (TR), found in trypanosomatids. Below: glutathione disulfide
(2), the substrate of human glutathione reductase (hGR).

competitive inhibitor mepacrine' as well as with covalently bound
mepacrine derivatives.’® The homodimeric enzyme has two active
sites lying opposed on the interface of the two subunits. With a
dimension of approximately 22 x 20 x 28 A3, each active site of
TR is much wider than those of GR, making it more difficult
to develop low molecular weight compounds that bind selectively
and with high affinity to the solvent exposed disulfide binding site
of the parasite enzyme.

Nevertheless, various compounds have been identified as in-
hibitors of TR over the last decade.®® Most of them feature, under
physiological conditions, a protonated amine or a cationic nitrogen
to mimic the positively charged trypanothione. Mepacrine is just
one member in the class of tricyclic scaffolds known to interact
with TR, among other structurally related compounds such as
phenothiazine-based derivatives.'*® Opening up the central ring
of the tricyclic core of these inhibitors leads to 2-aminodiphenyl
sulfide-based derivatives such as the piperazine-decorated com-
pound 3 (Table 1).” Upon optimisation of this inhibitor class,
two trends emerged: on the one hand, bridging two diphenyl
sulfide units via an extended amide spacer gave large frameworks
such as the dimeric structure 4*° or, if an amine spacer was
used, diphenyl sulfides as 5.2' Both derivatives exhibit ICy,-values
(concentration of inhibitor resulting in 50% inhibition) in the high
nanomolar range under the chosen assay conditions (Table 1). On
the other hand, introduction of a permanent positive charge by
incorporation of a quaternary ammonium center as the headpiece
of a flexible N-alkyl chain (compound 6) increased the potency
strongly compared to the piperazine-substituted TR inhibitor 3.
Monomer 6 stood out with a K. (competitive inhibitor constant)

value of 1.7 um,” while the molecular weight of this compound
remains moderate compared to the extended dimeric structures of
4 and 5.

Overall, a clear structure—activity relationship (SAR) has hardly
ever been disclosed for TR inhibitors. Computer-aided modelling
turned out to be difficult as the huge, solvent exposed active site
of the parasite enzyme allows for plentiful binding orientations of
the ligands.?

Here we present a revised binding model for the class of
diaryl sulfide-based TR inhibitors involving the interaction of
the ligands with two negatively charged regions of the active site
and the occupation of the hydrophobic region near Trp21 and
Met113, the “mepacrine binding site”. Evidence for this proposed
binding mode was found by the SAR derived from a set of newly
synthesised TR inhibitors with altered carboxylate ligands and by
systematically decorating the phenylthio moiety with hydrophobic
substituents. The determination of the antiparasitic properties did
not only reveal decent activity against trypanosomes, but also
showed potency against the malaria parasite P. falciparum.

Results and discussion
Revised binding mode

Apart from mepacrine, no binding mode of any competitive
TR inhibitor has been deciphered by protein crystallography to
date. Previous molecular dynamics simulations for piperazine 3
predicted two nearly identical binding modes.** Each of them pre-
dicts interactions of the unsubstituted phenylthio moiety with the
hydrophobic groove near Cys52 and Tyr110, whereas the central
anilino moiety is oriented towards, but does not occupy, the hy-
drophobic region near Trp21 and Met113 (Fig. 1 ESI{). The proto-
nated terminal piperazine residue lies in the vicinity of Glu465” and
Glu466’. Both proposed binding modes exclude interactions with
the side chain of Glul8. For the rationalisation of the increased
binding affinity of cationic benzylammonium phenothiazines
compared to non benzylated derivatives, simultaneous binding of
the additional benzyl unit to the “Z site” hydrophobic pocket
(Fig. 2)—roughly formed by Phe395’, Pro397” and Leu398—
and ionic interactions of the cationic nitrogen with Glu465’
and Glu466” were proposed by docking experiments.’® The same
docking procedure applied to cationic diaryl sulfide-based TR
inhibitors revealed at least 4 possible binding modes where the
cationic nitrogen either interacts with Glu465’/Glu466’ or Ser14.%

It could be shown that diaryl sulfide-based compounds act
as selective TR inhibitors and do not affect h\GR."* Although
the positive charge of TR inhibitors appears to be crucial for
the selectivity of these ligands,” the previously proposed binding
modes consider electrostatical interactions of the diaryl sulfides
with Glu465’/Glud66’, residues that are present in TR as well
as hGR. In contrast to Glu465’/Glu466’, Glul8 is specific for
TR and we therefore assume that this amino acid residue might
be of importance for the selective binding of diaryl sulfide-based
inhibitors. Further evidence of the role of Glul18 in the recognition
of TR inhibitors is provided by the co-crystal structure with
mepacrine that undergoes H-bonding to Glul8 mediated by a
water molecule.” Therefore, we were looking for a binding mode
reflecting an interaction of the inhibitor scaffold with this amino
acid side chain.
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Table 1 Biological activities of previously reported diaryl sulfide derivatives 3," 4,2' 5, and 6*

o
NH
cl el cl -
N
/_F )
HgN cl
NH,
e .
N
§ :
H
o
3 4 5 6
1Cs — 0.2 um 0.3 um —
K, 27 um® — 0.4 um® 1.7 um*

“ At 21 °C, KCl-buffer, 57 uM TS, as substrate.” ® At 28 °C, KCl-buffer, substrate not indicated.” < At 21 °C, KCl-buffer, TS, as substrate.”® ¢ At 25 °C,
KCl-buffer, (ZCG-dmapa), as substrate.”> KCl-buffer: 20 mm HEPES, 150 mM KCl, 1 mm EDTA, 0.2 mm NADPH, pH 7.25.

Fig. 2 Left: proposed new binding mode for benzyl ammonium inhibitor 77 with the biphenyl substituent occupying the mepacrine binding site. The
aniline NH group H-bonds to Glul8 and the quaternary ammonium center is located in the negative electrostatic field of Glu465” and Glu466’. Right:
crystal structure of mepacrine bound to TR."
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By computer modelling using MOLOC,* we analyzed the
binding mode of diaryl sulfide-based TR inhibitors bearing a
flexible piperazine (as in 3) or onium-ion terminated (as in 6,
Table 1) N-alkyl chain. In accordance with the proposal of
Sergheraert et al.,’ the amine headpiece of the alkyl chain was
placed in the negative electrostatic field of Glu465” and Glu466’.
Rotating the central anilino nucleus by 180 degrees compared
to the previously postulated binding mode directs the aniline
nitrogen in an ideal position to undergo H-bonding to Glul8
(Fig. 2). As a result of this rotation, the phenylthio moiety
is now pointing into the hydrophobic patch near Trp21 and
Met113 that is capable to accommodate extended hydrophobic
moieties such as the acridine moiety of the antimalarial drug
mepacrine, as revealed in the co-crystal structure analysis.”® The
aromatic phenylthio moiety undergoes favourable aromatic edge-
to-face interactions with Trp21 and sulfur-arene interactions®
with Met113. Binding to this hydrophobic area has indeed been
proposed for different tricyclic TR inhibitors,?® but not for diaryl
sulfide-based derivatives.

Importance of the simultaneous H-bonding to Glu18 and
Glu465’/ Glu466'—synthesis and biological properties of
piperazine derivatives

To decide if Glul8 is indeed more important for the binding
of 2-aminodiphenyl sulfide-based TR inhibitors than previously
postulated, we prepared analogues with altered functional groups
in the position of the aromatic amino group of inhibitor 3 in order
to modulate the proposed interaction with Glul8.

Starting from 5-chloro-(2-phenylthio)phenylamine® (7), amide
8 was prepared by acylation of the anilino NH, group with 3-
chloropropionyl chloride, elimination of the terminal chloride and
subsequent 1,4-addition of N-methylpiperazine to the obtained
acrylamide acceptor (Scheme 1). Amidine 9 was prepared by
reacting precursor 7 with the appropriate 3-(4-methylpiperazin-
1-yl)propionitrile* under harsh conditions. Methylaniline 10 was
prepared by reduction of amide 8 and subsequent reductive
amination with formaldehyde. Ether 11 was obtained by trans-
formation of aniline 7 to the corresponding phenol 12 under
Sandmeyer-type conditions, followed by alkylation with 1-bromo-
3-chloropropane and final replacement of the primary chloride of

Table 2 Influence of the flexible N-alkyl chain on 7. cruzi TR inhibition

precursor 13 with N-methylpiperazine yielding diphenyl sulfide 11.
The potential inhibitor 14 with its all carbon chain was prepared
by a Sandmeyer transformation of aniline 7 to the corresponding
iodide 15, followed by Sonogashira-coupling with 1-(but-3-ynyl)-
4-methylpiperazine® and subsequent reduction of the obtained
alkine 16.

For the synthesis of amide 17, a convenient synthetic protocol
has been worked out avoiding any purification of intermediates.
A one-pot two-step procedure starting from 4-bromothiophenol
(18) delivered aniline 19 that was used without further purifi-
cation for the amide coupling and subsequent addition of N-
methylpiperazine to yield the desired 4-bromophenyl sulfide 17
in 87% overall yield after flash chromatography.

To determine if the proposed simultaneous H-bonding to Glu18
and Glu465’/Glud66” plays a critical role in the binding, the
piperazine derivatives 3 and 20 (Scheme 2) as well as 8-11, 14,
17 (Scheme 1) were subjected to kinetic analysis (see ESIT). Under
the chosen assay conditions, the known inhibitor 3 (concentration:
100 um) caused 33% inhibition and the corresponding bromo
analogue 20 caused 39% inhibition of the TS, reduction (Table 2).
Introduction of the more basic amidine group in 9 almost doubled
the degree of inhibition, as expected if a direct interaction between
the side chain of Glul8 and the protonated amidinium moiety
takes place. An intramolecular H-bond between the amidine
C=NH and the unprotonated proximal piperazine nitrogen is
expected to further stabilise the association of the ligand in
the active site (Fig. 2a ESIt). In sharp contrast, amide 8 and
its bromo analogue 17 does not inhibit 7. cruzi TR essentially.
Modelling suggests that the amide-containing ligands would only
be able to undergo a strong H-bond to Glul8 at the expense
of losing the second H-bond to Glud465” or Glud66”: if the
terminal, N-methylated piperazine nitrogen is protonated and
the amide NH is H-bonding to Glul§, the flexible alkyl chain
has to move away from Glud65’/Glud66’ to avoid unfavourable
C=0---N interactions between the amide carbonyl group and
the unprotonated proximal piperazine nitrogen (Fig. 2b ESI,
leftt). If the piperazine nitrogen connected to the alkyl chain
is protonated, the NH can undergo intramolecular H-bonding
to the amide C=0O group. In this case, without the protonation
of the terminal nitrogen, any interaction of the ligand with
Glud65’/Glud66’ is unlikely (Fig. 2b ESI, rightt). In addition,

By >~N
Cl

3 8 9 10 11 14 17 20
A CH, C=0 C=NH CH, CH, CH, C=0 CH,
B NH NH NH NCH; (6] CH, NH NH
R H H H H H H Br Br
inh.“ 33% 0% 64% 26% 15% — 5% 39%
inh.? 17% 0% 30% 9% 4% 2% 0% 16%

“43 um TS,, 100 uM inhibitor, ca. 4 mU cm™ TR, 25 °C. ® 43 um TS,, 40 uM inhibitor, ca. 4 mU cm™ TR, 25 °C. < Compound not soluble; inh.: 7. cruzi

TR inhibition.
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Scheme 1 Synthesis of piperazine-containing TR inhibitors. (i) 1. 3-(4-Methylpiperazin-1-yl)propionitrile,” AlMe;, toluene, 100 °C, 2 d, 39%;
(ii) 3-chloropropionyl chloride, K,CO;, THF, 25 °C, 2 h; 2. N-methylpiperazine, 60 °C, 14 h, 91% (over 2 steps); (iii) 1. BH;-THF, THF, 65 °C, 16 h; 2.
H,SO,, EtOH, 50 °C, 3 h; 3. HCHO, HCOOH, H,0, 100 °C, 17 h, 71% (over 3 steps); (iv) 1. NaNO,, H,SO,~H,0, 0 °C, 2 h; 2. H,SO,~H,0, 100 °C, 12 h,
56%; (v) 1-bromo-3-chloropropane, K,CO;, acetone, 60 °C, 5 h, 54%; (vi) N-methylpiperazine, dioxane, 100 °C, 2 d, 32%; (vii) 1. NaNO,, HCI-H,O,
—10 °C, 90 min; 2. KI, H,O =10 °C — 25 °C, 2.5 h, 66%; (viii) 1-(but-3-ynyl)-4-methylpiperazine,*® PdClL,(PPh;);, Cul, NEt;, THF, 1 d, 60 °C, 36%;
(ix) Pd(OH,)/C, H,, MeOH, 60 °C, 4 d, 94%; (x) 1. 2,5-dichloronitrobenzene, Na, MeOH, 60 °C, 6 h; 2. Zn, NH,Cl, 65 °C, 4 h; (xi) 1. 3-chloropropionyl
chloride, K,CO;, THF, 25 °C, 17 h; 2. N-methylpiperazine, 50 °C, 5 h, 87% (starting from 18).

in both cases, the amide group is unfavourably forced out of
the plane of the adjacent phenyl ring to undergo H-bonding to
Glul8. According to the binding model reflecting an interaction
of the inhibitors with Glul8, the reduced TR affinities of amides
8 and 17 can be rationalised by the inability of these ligands

to undergo simultaneous interactions with Glul8 and Glu465’/
Glu466'.

Replacing the NH functionality (as in 3) by a NCH; (as in
10), CH, (as in 11) or O (as in 14) group reduced the 7. cruzi
TR inhibition, in agreement with the expected loss of a hydrogen
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52 R =3-CF3-phenyl
53 R=4-CFz-pheny

54 R =4-Cl-phenyl
20 R =4-Br-phenyl
55 R = 1-naphthyl
56 R = 2-naphthyl
57 R =2-pyridine

58 R =2-CF3-phenyl
59 R = 3-CF3-phenyl
60 R =4-CF3-pheny

\ |
Cl N— N
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vi vii
] Cl @]
45 R =phenyl 61 R =phenyl 6 R =phenyl
46 R =4-Cl-phenyl 62 R =4-Cl-phenyl 69 R =4-Cl-phenyl
47 R =4-Br-phenyl 63 R =4-Br-phenyl 70 R =4-Br-phenyl
48 R = 1-naphthyl 64 R =1-naphthyl 71 R = 1-naphthyl
49 R = 2-naphthyl 65 R = 2-naphthyl 72 R = 2-naphthyl
51 R =2-CFz-phenyl 66 R =2-CF3-phenyl 73 R =2-CF3-phenyl
52 R =3-CF3-phenyl 67 R =3-CFz-phenyl 74 R = 3-CF3-phenyl
53 R =4-CFz-phenyl 68 R =4-CFz-phenyl 75 R =4-CF3-phenyl

Scheme2 Synthesis of diaryl sulfide derivatives with piperazine (as in 3) or onium-ion terminated (as in 6) N-alkyl chain. (i) Na, 2,5-dichloronitrobenzene,
MeOH, 65 °C, 3-7 h, 71-92%; (ii) 1. tert-BuLi, THF, =78 °C, 10 min; 2. sulfur, =78 °C — 25 °C, 30 min; 3. 2,5-dichloronitrobenzene, 3-5 h, 66-71%;
(iii) Zn, NH,Cl, MeOH, 65 °C, 2-5 h, 43-99%; (iv) 1. 3-chloropropionyl chloride, pyridine, THF, 25 °C, 1.5-4 h; 2. BH;-THF, THF, 67 °C, 2-4 h, 57-95%
(over 2 steps); (v) N-methylpiperazine, K,CO;, Nal, DMF, microwaves, 80 °C — 110 °C, 70 min, 51-82%; (vi) NHMe, (40%, in H,0), DMF, microwaves,
150 °C, 5 min, 79-96%; (vii) 3,4-dichlorobenzyl chloride, acetone, microwaves, 120 °C, 20 min, 65-94%. DMF = N, N-dimethylformamide.

bond to Glul8 while the overall geometry of the linker is not as
disturbed as in the case of the incorporation of an amide group.

Overall, inhibition of 7. cruzi TR by these piperazine derivatives
shows that introduction of a superior carboxylate-binding ligand
fragment in the vicinity of the central anilino moiety increases
inhibition considerably. This suggests a direct interaction of the
anilino NH group of the flexible amine linker in 3 with Glul8, in
contrast to the prediction of previous docking studies.”

Synthesis and inhibitory activity of ligands with extended diaryl
sulfide cores and onium-ion-terminated side chains

Whereas modifications of the flexible piperazine (as in 3) or onium-
ion terminated (as in 6) N-alkyl chain in diaryl sulfide inhibitors
have been extensively investigated over the last decade,?>***3! the
central diphenyl sulfide scaffold remained largely unchanged. Our
revised model for the binding mode of this class of inhibitors
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suggested that the phenylthio subunit occupies the “mepacrine
binding site” roughly formed by Trp21 and Met112, and encour-
aged the systematic modification of this part of the ligands.

The synthesis of a series of piperazine-decorated target
molecules is shown in Scheme 2. Formation of the thioether
linkage via regioselective nucleophilic aromatic substitution of the
ortho-chloride of 2,5-dichloronitrobenzene with the thiophenol
derivatives 18, 21-25 provided the diaryl sulfides 26-31. The
synthesis of the corresponding trifluoromethylphenyl analogues
32, 33 and 34 was achieved by treatment of the (trifluo-
romethyl)bromobenzene derivatives 35, 36 and 37, respectively,
with tert-BuLi to generate the desired lithiated species. Sulfur
was added to yield the thiolates, which were in situ reacted with
2,5-dichloronitrobenzene to afford the desired diphenyl sulfides
32, 33 and 34. Reduction of the nitro group of the sulfides
26-34 gave anilines 7, 19 and 3844, which where alkylated to
yield chlorides 45-53. Microwave-assisted introduction of the
piperazine substituent, as described above, afforded the target
compounds 3, 20 and 54-60. Unfortunately, unexpectedly low
solubility, when compared to 3, prevented a reliable determination
of the TR inhibition caused by this series of new piperazine
substituted derivatives.

Inhibitors featuring a permanent positive charge have been
described to exhibit increased TR affinity compared to their
neutral counterparts.”® In particular, Douglas et al. reported high
TR inhibition values for the cationic diphenyl sulfide derivative 6,
bearing a 3,4-dichlorobenzylammonium group as the headpiece
of the flexible N-alkyl chain.* Therefore, replacement of the
piperazine moiety, as in derivatives 20 and 54-60, against a
3,4-dichlorobenzylammonium headpiece should likewise lead to
increased TR affinity and also to better solubility of the ligands.

In order to prepare the cationic target molecules, chlorides 45—
53 were converted to the corresponding dimethylamino deriva-
tives 61-68 that where quaternized using 3,4-dichlorobenzyl

\
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f !
Br‘@s HN —_—
63 écn
i
76 —

~’s Y i
I¢ > &N
56 | \
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chloride to yield the benzylammonium cations 6 and 69-75
(Scheme 2).

The preparation of additional cationic ligands with extended
diaryl sulfide cores is depicted in Scheme 3. Palladium-catalyzed
Suzuki-Miyaura cross-coupling®? of 2-tolylboronic acid with bro-
mide 63 gave biphenyl derivative 76, which was further converted
into benzylammonium derivative 77, as described above. On the
other hand, regioselective alkylation of the less hindered terminal
nitrogen of the piperazine moiety of naphthyl derivative 56 with
3,4-dichlorobenzyl chloride yielded cation 78.

As expected, the inhibitors featuring a permanent positive
charge showed better solubility. Both quaternary benzyldimethy-
lammonium and piperazinium ligands displayed a large gain in in-
hibitory potency, when compared to the respective tertiary amine
counterparts (Table 3). Thus, N-methylpiperazine 56 showed only
weak T cruzi TR inhibition (which could not be accurately
determined due to solubility problems), the corresponding cationic
species 78 was a much more potent ligand and nearly equally
potent than the dimethylammonium cation 6 (Table 3).

The kinetics of the diaryl sulfide derivatives 6, 69-71, 74, 75 and
77 demonstrated competitive 7. cruzi TR inhibition, with K, val-
ues in the lower micromolar range (Table 4). A K|, value of 1.69 um
has been reported for phenyl derivative 6,> measured in a TR
buffer system containing 0.02 M HEPES, 0.15 M KCl, 1 mm EDTA
at pH 7.25 with (ZCG-dmapa), (N, N-bis-(benzyloxycarbonyl)-L-
cysteinylglycyl-3-dimethylamino)propylamide as an artificial TR
substrate.”® In our TR assay containing 0.04 M HEPES, 1 mm
EDTA at pH 7.50 with the natural substrate TS,,** we measured
a higher K. value for 6 (9 um).

Derivatisation of the phenylthio substituent by introducing Cl,
Br or CF; substituents in the para-position as in 69, 70 and 75 or a
CF, group in the ortho-position as in 74 essentially did not affect
the binding (Table 4). Interestingly, the inhibition constants for
the naphthyl 71 and the biphenyl derivative 77 are also in the same

e
G
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Qf?}
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Scheme 3 Synthesis of cationic ligands with extended diaryl sulfide core and piperazinium headpiece, respectively. (i) 4-Tolylboronic acid, Cs,CO;,
[Pd(PPh;),], DME, H,O0, 60 °C, 2.5 d, 79%; (ii) 3,4-dichlorobenzyl chloride, acetone, microwaves, 120 °C, 20 min, 65%; (iii) 3,4-dichlorobenzyl chloride,

acetone, 45 °C, 1 d, 60%. DME = 1,2-dimethoxyethane.
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Table 3 Inhibition of 7. cruzi TR by diaryl sulfide-based inhibitors with
different amine-headpieces of the flexible N-alkyl chain

R1\s
H
N~ R?
Compound R! R? cl inh.
6 Phenyl 2N cl ca. 60%
cl al
72 2-Naphthyl 2N Cl ca. 60%
cl -
56 2-Naphthyl /7 \ < 5%
—N N—
TN/
78 2-Naphthyl ) rGcr cl ca. 70%
AN cl

%40 um Inhibitor, 105 pm TS,, 100 um NADPH, 25 °C. inh.: T cruzi TR
inhibition.

Table 4 7. cruzi TR inhibition of benzylammonium compounds

N
R—S HNJ—/ - cl
cl
cl
Compound R cl K..*/uM
6 Phenyl 9+1
69 4-Chlorophenyl 10£3
70 4-Bromophenyl 8+4
71 1-Naphthyl 9+£5
74 3-(Trifluoromethyl)phenyl 5+2
75 4-(Trifluoromethyl)phenyl 6+3
77 4’-Methylbiphenyl 8+ 1

*5-10mU cm™ TR, 25 °C.

range as for the phenyl derivative 6. According to the previously
proposed binding mode of 3, the additional tolyl residue should
clash with residues in the vicinity of the catalytic Cys52/57. This
would result in a substantial loss in ligand affinity, which, however,
is not observed.

The results from the variation of the anilino nitrogen, connect-
ing the flexible alkyl side chain with the diaryl sulfide core, support
that two negatively charged regions of the TR active site, formed
by Glul8 and Glu465’/Glud66’, interact with the bound ligands.
The anilino NH undergoes H-bonding to the side chain of Glul8
and the protonated terminal piperazine nitrogen (as in 3), as well
as the permanently charged quaternary onium ions (as in 6 and
the new derivatives described in this paper), interact with the side
chains of Glu465’/Glu466’.

Coupled with the establishment of these interactions is a
different orientation of the diaryl sulfide moiety (Fig. 2 and Fig. 3
ESI+). This proposal is supported by the maintained activity of the
ligands bearing bulky hydrophobic residues (such as 77) attached

-
J_/ ' O
R@S HN A _
Br NO,

Cl

R=H: 79
R=Cl: 80
R=Br: 81
R = CF;: 82

Fig. 3 Structures of nitrofuran-derivatized mixed competitive—uncom-
petitive TR inhibitors displaying antitrypanosomal and antiplasmodial
in vitro activity.*

to the phenylthio moiety of the core, as all derivatized phenylthio
moieties of the inhibitors 69-71, 75 and 77 can be modeled into the
“mepacrine binding site” using the revised binding model (Fig. 3
ESIt).

Parasitology

The newly synthesised TR inhibitors were tested for their potency
against the trypanosomatids 7. cruzi, T. b. rhodesiense and L.
donovani as well as against the haemosporida parasite Plasmodium
falciparum in vitro. Though no significant influence on the growth
of the intracellular parasites 7. cruzi and L. donovani could be
detected, a good correlation between TR inhibition and activity
against 7. b. rhodesiense emerged for the derivatisation of the
flexible N-alkyl linker of the piperazine derivatives. Amines 3 and
20 as well as amidine 9 showed 7.b.r.-1Cs, values between 1.0 and
1.6 uMm (Table 5). In contrast, the amide derivatives 8 and 17,
causing no detectable TR inhibition, were also inactive in in vitro
studies against 7. b. rhodesiense.

Although P, falciparum does not have the unique trypanothione
metabolism, simultaneous activities against P. falciparum and T.
b. rhodesiense have been reported previously for tricyclic and
diphenyl sulfide-based TR inhibitors bearing a permanent positive
charge.? Therefore, the newly synthesised compounds were also
tested for activity against the malaria parasite. In contrast to the
activities against 7. b. rhodesiense, all three piperazines exhibited
remarkable activities against P. falciparum (Table 5). Introduction
of the amide bond even appears beneficially for the antiplasmodial
properties, as the activity of the acylated aniline 8 (IC5, = 0.86 um)
was slightly increased compared to the alkylated aniline 3 (ICs, =
1.55 um), while the cytotoxicity was tenfold lower (L-6-1C5, =
10.48 um for 3, 107.50 um for 8) leading to a selectivity index
higher than 100 for amide 8.

Simultaneous activities against 7. b. rhodesiense as well as
against P, falciparum likewise emerged for the dimethylamine- and
piperazine-bearing derivatives 3, 20, 54-60 and 61-68, respectively.
For the piperazine derivatives 3, 20 and 54-60, altering the
phenylthio moiety preserved the activity against P. falciparum
(Pf-ICs, between 0.86 and 1.55 um), whereas the replacement of
a derivatized phenylthio moiety (as in 3, 20, 54-56, 58-60, T.b.r.-
ICs, between 0.70 and 2.03 uMm) by a pyridinethio moiety (as in
57, not active) annihilates the activity against 7. b. rhodesiense
(Table 6a). As a drawback, all these diaryl sulfide derivatives
bearing a tertiary nitrogen as the headpiece of the flexible alkyl
chain showed considerable cytotoxicity towards L-6 myoblast cells.
In the case of the derivatives with a dimethylamine headpiece, only
the phenyl- and the meta-trifluoromethylphenyl sulfide 61 and 67,
respectively, showed no effect on the growth of 7. b. rhodesiense.
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Table 5 Influence of altering the flexible N-alkyl chain of diaryl sulfide-based TR inhibitors on their in vitro antiprotozoal activities against 7. b.
rhodesiense and P. falciparum

cl

T. brucei rhodesiense” P, falciparum® L-6 cells®

R X TR inhibitor 1Cs/um SI I1Cs/um SI 1Cs/um
3 H CH, Yes 0.98 10.7 1.55 6.8 10.5
8 H C=0 No Not active? 0.86 125.0 107.5
9 H C=NH Yes 1.56 50.3 0.65 120.7 78.5
17 Br C=0 No Not active? 1.01 26.7 26.9
20 Br CH, Yes 1.32 6.9 1.31 7.0 9.1

Assays were run in duplicate and repeated once.” STIB900 7. b. rhodesiense strain, trypomastigote stage. * K1 strain, intra-erythrocytic form (IEF). ¢ Rat
myoblast cells to assess cytotoxicity. ¢ Less than 50% growth inhibition at 0.8 pg inhibitor per cm?®; ICs,: inhibitory concentration 50%; SI: selectivity

index: ICs, for L-6/1C;, for parasite.

Table 6 In vitro activities of piperazine- and dimethylamine-bearing diaryl sulfides against 7. b. rhodesiense and P. falciparum

R
~g K\N/

H\/\/N\)
cl
T. brucei rhodesiense® P. falciparum® Cytotoxicity*
R 1Cs0/uMm ST 1C50/um SI 1Cs0/um

3 Phenyl 0.98 10.7 1.55 6.8 10.5
20 4-Br-phenyl 1.32 6.9 1.31 7.0 9.1
54 4-Cl-phenyl 0.97 9.4 1.33 6.8 9.1
55 1-Naphthyl 0.70 12.1 1.31 6.5 8.5
56 2-Naphthyl 0.70 12.4 0.92 9.5 8.7
57 2-Pyridinyl Not active? 0.89 71.8 63.9
58 2-CF;-phenyl 0.90 10.4 0.86 10.9 9.4
59 3-CF;-phenyl 1.06 9.2 1.35 7.2 9.7
60 4-CF;-phenyl 2.03 4.8 1.23 7.9 9.7
Reg

H \

NN

cl

61 Phenyl Not active? 1.05 12.2 12.8
62 4-Cl-phenyl 1.44 5.3 1.52 5.0 7.6
63 4-Br-phenyl 2.33 4.1 0.99 6.3 9.5
64 1-Naphthyl 1.89 4.6 1.51 5.8 8.7
65 2-Naphthyl 1.62 5.7 1.25 7.4 9.2
66 2-CF;-phenyl 2.06 5.9 1.68 7.3 12.2
67 3-CF;-phenyl Not active? 1.12 9.1 10.2
68 4-CF;-phenyl 1.16 8.5 1.72 5.7 9.8

Assays were run in duplicate and repeated once.” STIB900 7. b. rhodesiense strain, trypomastigote stage. * K1 strain, intra-erythrocytic form (IEF). < Rat
myoblast cells to assess cytotoxicity. ¢ Less than 50% growth inhibition at 0.8 pg inhibitor per cm®; ICs,: inhibitory concentration 50%; SI: selectivity

index: IC;s, for L-6/1C;, for parasite.

All other dimethylamines exhibited 7.b.r.-I1Csys between 1.16 and
2.33 um and all compounds affected the growth of P. falciparum
with ICy-values in the range of 0.99 to 1.72 um (Table 6a).

In vitro activities against 7. b. rhodesiense of the cationic, 5-
nitrofurfuryl substituted diaryl sulfide-based TR inhibitors 79-82
(Fig. 3) with ICy-values between 0.59 and 1.02 pm have been
reported recently.® In vitro studies with the malaria parasite now

revealed, in addition, rather strong antiplasmodial activities with
ICs-values between 0.58 and 0.85 pum (Table 6b). The replacement
of the 5-nitrofurfuryl substituent as in 79-82 (ICs-values from
0.58 to 0.85 um) by a 3,4-dichlorobenzyl unit as in 6 and 69-75
did not substantially affect the antiplasmodial activity (ICs,-values
from 0.32 to 1.13 um), but completely abolished any activity on 70
b. rhodesiense growth.
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Table 7 In vitro activities against 7 b. rhodesiense and P. falciparum of cationic diaryl sulfides

e
cl
cl
T. brucei rhodesiense” P, falciparum® Cytotoxicity*

R 1Cso/uM SI 1Cyso/uM SI 1Cso /UM
6 Phenyl Not active? 1.13 42.2 47.7
69 4-Cl-phenyl Not active? 0.37 324 12.0
70 4-Br-phenyl Not active? 0.45 29.1 13.1
71 1-Naphthyl Not active? 0.55 37.3 20.5
72 2-Naphthyl Not active? 0.67 33.7 22.6
73 2-CF;-phenyl Not active? 0.34 29.7 10.1
74 3-CF;-phenyl Not active? 0.38 29.2 11.1
75 4-CF;-phenyl Not active? 0.32 45.3 14.5

\’L+

o}

T .,
cl

79 Phenyl 0.59 > 288 0.67 > 254 > 170
80 4-Cl-phenyl 0.77 94.7 0.59 123.6 72.9
81 4-Br-phenyl 0.68 127.2 0.58 149.1 86.5
82 4-CF;-phenyl 1.02 27.1 0.85 325 27.6

Assays were run in duplicate and repeated once.” STIB900 7. b. rhodesiense strain, trypomastigote stage. » K1 strain, intra- erythrocytic form (IEF). ¢ Rat
myoblast cells to assess cytotoxicity. ¢ Less than 50% growth inhibition at 0.8 ug inhibitor per cm®; ICs,: inhibitory concentration 50%; SI: selectivity

index: ICs, for L-6/1C;, for parasite.

Conclusions

We report experimental evidence for a newly proposed, modelling-
based binding mode for the class of diaryl sulfide-based 7. cruzi
TR inhibitors. Altering the nature of the flexible N-alkyl chain
supported the importance of two carboxylate recognition sites
in the inhibitor framework. Modelling rationalizes that these
ligands interact with the enzyme by simultaneous binding to
Glul8 and the electrostatically strongly negatively charged region
of Glu465” and Glu466’. By adding additional substituents to the
phenylthio unit of the diaryl sulfide core, the inhibition properties
remained remarkably unaffected, with K;. values in the low
micromolar range. The similar inhibition values for phenylthio and
biphenylthio derivatives supports that these ligand parts occupy
the large “mepacrine binding site” of TR. The revised binding
geometry, with simultaneous interactions of the flexible N-alkyl
linker with Glu18 as well as Glu465’/Glu466” and the occupation
of the mepacrine binding site by the arylthio substituent of the
aniline moiety, is highly probable for all members of this class of
TR inhibitors.

The proposed binding mode opens up the way to the rational
design of new diaryl sulfide inhibitors with thioaryl substituents
that fulfil even better the steric and electronic requirements of
the spacious hydrophobic patch that is occupied by the acridine
moiety of mepacrine. By benefiting from additional hydrophobic
contacts or by H-bonding to Ser109, an enhanced binding affinity
should be achieved in future work.

In vitro studies with the trypanosomatids 7. b. rhodesiense, T.
cruzi and L. donovani revealed activity of the tertiary amines
against the causative agent of African sleeping sickness. Interest-
ingly, the derivatives exhibited even stronger activities against P,
falciparum. Whereas the potency of the diaryl sulfide-based deriva-
tives against 7. b. rhodesiense was annihilated upon interaction of a
cationic benzylammonium substituent and could only be retained
by exchange of the benzyl- against a nitrofurfuryl headpiece, all
cationic derivatives were shown to be active against P. falciparum.

Experimental

General details and procedures

See ESL.1

N-[5-Chloro-2-(phenylthio)phenyl]-3-(4-methylpiperazin-1-yl)-
propanamide (8). Aniline 7 (2.00 g, 8.48 mmol) and K,CO,
(3.52 g, 25.45 mmol) were suspended in THF (100 cm?), 3-
chloropropionyl chloride (0.97 cm?®, 10.18 mmol) was added
and the mixture was stirred for 2 h, when N-methylpiperazine
(4.71 cm?®, 42.42 mmol) was added to the solution. The mixture
was stirred for 14 h at 60 °C. Dilution (H,O, then EtOAc), washing
(saturated aqueous NaCl solution), extraction (EtOAc), drying of
the combined organic layers (MgSO,), filtration and concentration
in vacuo followed by purification by column chromatography (CC)
(Si0,; CH,Cl,-MeOH 95 : 5) delivered amide 8 (3.01 g, 91%)
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as a white solid; mp: 90 °C; v,.(neat)/cm™ 3116, 2946, 2821,
2775, 1683, 1563, 1514, 1397, 1249, 1138, 1009, 811, 736, 687,
6u1(300 MHz, CDCl,) 2.22 (s, 3 H), 2.44-2.57 (m, 12 H), 7.03-7.07
(m, 3 H), 7.13-7.19 (m, 1 H), 7.22-7.27 (m, 2 H), 7.38 (d, J =
8.4, 1 H), 8.44 (d, J = 2.1, 1 H) 10.46 (br s, 1 H); 8«(75 MHz,
CDCl,) 334, 45.7, 52.5, 53.6, 54.3, 120.0, 122.5, 124.7, 126.2,
127.3,129.2, 135.7, 135.9, 136.3, 141.1, 170.8; MALDI-HR-MS:
calcd for CyH,sCIN;OS* (IM + HJ*): 390.1401; found: 390.1394.

N-|5-Chloro-2-(phenylthio)phenyl]-3-(4-methylpiperazine-1-yl)-
propanamidine (9). 3-(4-Methylpiperazine-1-yl)-propionitrile?
(115 mg, 0.75 mmol) and AlMe; (2 M in hexane, 0.38 cm’,
0.75 mmol) were added to aniline 7 (93 mg, 0.40 mmol) in toluene
(1 cm?®), and the mixture was stirred for 2 d at 100 °C. Dilution
(H,0 and EtOAc), washing (saturated aqueous Na,CO; solution),
extraction of the aqueous phases (EtOAc), drying of the combined
organic layers (MgSO,), filtration and concentration in vacuo
followed by purification by CC (SiO,; CH,Cl,-MeOH 90 : 10)
yielded amidine 9 (60 mg, 39%) as a pale yellow oil; v,,,(neat)/cm™
3162, 2938, 2796, 1635, 1566, 1456, 1371, 1283, 1162, 1086, 1011,
908, 731, 690; 64(300 MHz, MeOD) 2.30 (s, 3 H), 2.35-2.78 (m,
12H),6.88 (dd,J =8.4,2.1,1 H),6.98 (d,J =8.4,1 H), 7.27-7.39
(m, 6 H); 6.(75 MHz, MeOD) 31.1, 45.9, 52.4, 54.9, 55.0, 114.9,
118.7,123.8, 125.7,126.5, 127.5, 129.1, 129.3, 131.7, 132.3, 138 .4;
MALDI-HR-MS: calcd for C,,H,CIN,S* (M + H]*): 389.1561;
found: 389.1554.

5-Chloro- N -methyl- NV-(3-(4-methylpiperazin-1-yl)propyl)-2-
(phenylthio)aniline (10). BH;-THF (I M in THF, 2.5 cm’,
2.5 mmol) was added to a solution of amide 8 (105 mg, 0.27 mmol)
in THF (5 cm?). The mixture was left to stir for 16 h at 65 °C
and concentrated in vacuo. The residue was dissolved in EtOH
(10 cm?), conc. sulfuric acid (0.2 cm?®) was added and the mixture
was stirred for 3 h at 50 °C. Dilution (saturated aqueous NaHCO;
solution), extraction (EtOAc), washing (saturated aqueous NaCl
solution), extraction of the aqueous phases (CH,Cl,), drying of
the combined organic phases (MgSO,) and filtration followed by
concentration in vacuo delivered a yellow oil that was redissolved
in formic acid (0.062 cm?) and H,0 (0.5 cm?). HCOH (37% in H, O,
0.043 cm?®, 1.62 mmol) was added and the reaction mixture was left
to stir overnight at 100 °C. The mixture was cooled to 25 °C, HCl
(12 M aqueous solution) was added, the solvent was evaporated
and the residue was made alkaline by addition of 5% aqueous
NaOH solution. Extraction (CH,Cl,), drying of the combined
organic phases (MgSO,), filtration and concentration in vacuo,
followed by purification by CC (SiO,; CH,Cl,-MeOH 98 : 2 —
90 : 10) delivered methylamine 10 (75 mg, 71%) as a light yellow
oil; v, (neat)/cm™ 3446,2793, 1572, 1458, 1390, 1281, 1165, 1013,
803, 691; 6,4(300 MHz, CDCl;) 1.73 (quint, J = 7.5, 2 H), 2.27
(s, 3 H), 2.35(t, J =17.5,2 H), 2.35-2.56 (m, 8§ H), 3.02 (t, J =
7.8, 2 H), 6.80 (d, / = 8.0, 1 H), 6.85 (dd, J = 8.4, 2.1, 1 H),
7.03 (d, J =2.1, 1 H), 7.30-7.36 (m, 5 H); 6.(100 MHz, CDCl;)
24.4,41.6, 45.3, 52.2, 54.0, 54.3, 55.6, 121.3, 123.9, 127.8, 129.4,
130.9, 131.8, 132.3, 132.7, 134.0, 152.1; MALDI-HR-MS: calcd
for C,;H,,CIN;S* ([M + H]"): 390.1765; found: 390.1758.

1-(3-(5-Chloro-2-(phenylthio) phenoxy) propyl)-4-methylpiper-
azine (11). N-Methylpiperazine (0.11 cm?®, 0.99 mmol) was added
to a solution of chloride 13 (31 mg, 0.099 mmol) in dioxane
(3 cm?®). The mixture was left to stir for 2 d at 100 °C, cooled to

25 °C, diluted (saturated aqueous NaHCO; solution), extracted
(CH,Cl,), dried (MgSO,), filtered and concentrated in vacuo.
Purification by CC (SiO,; CH,Cl,-MeOH 98 : 2 — 90 : 10) yielded
the desired product 11 (12 mg, 32%); Vmax(neat)/cm™ 2921, 2793,
1574, 1461, 1385, 1250, 1164, 1093, 885, 690; 6,;(300 MHz, CDCl;)
1.88 (quint, J = 6.9, 2 H), 2.29 (s, 3 H), 2.34-2.56 (m, 8 H), 2.37
(t, J =69,2H),402(t, J=6.0,2H), 6.85(dd, J = 8.1, 2.1,
1 H), 6.89 (d, J = 2.1, 1 H), 7.05 (d, J = 8.1, 1 H), 7.26-7.30
(m, 5 H); 6.(100 MHz, CDCl;) 26.4, 46.0, 53.0, 54.7, 60.1, 67.2,
112.7,121.1, 122.8, 127.0, 129.1, 130.9, 132.7, 134.0, 134.6, 157 4;
MALDI-HR-MS: calcd for C,0H,CIN,OS* (IM + H]J"): 377.1449;
found: 377.1455.

1-(4-(5-Chloro-2-(phenylthio)phenyl)butyl)-4-methylpiperazine
(14). A mixture of alkyne 16 (20 mg, 0.054 mmol) and
Pd(OH),/C (20% wt dry basis, 2 mg) in MeOH (10 cm®) was
stirred under a hydrogen atmosphere for 4 d at 60 °C. Filtration
over celite, concentration in vacuo, followed by purification by CC
(SiO,; CH,Cl,-MeOH 99 : 1 — 92 : 8) delivered 14 (19 mg, 94%)
as a colourless oil; v, (neat)/cm™ 2924, 2793, 1581, 1460, 1163,
1085, 1014, 879, 736, 701; 6x(300 MHz, CDCl;) 1.48-1.66 (m,
4 H), 2.32 (s, 3 H), 2.42-2.60 (m, 8 H), 2.56 (t, J = 7.4, 2 H),
2.75(t, J = 6.0, 2 H), 7.09 (dd, J = 8.4, 2.1, 1 H), 7.15-7.27 (m,
8 H); 6.(100 MHz, CDCl;) 27.3, 30.9, 32.9, 44.7, 51.7, 53.8, 57.1,
125.6,126.0, 127.5, 128.2, 128.7, 128.8, 132.8, 133.7, 135.2, 144.8;
MALDI-HR-MS: calcd for C,, HixCIN,S* ([M + HJ*): 375.1656;
found: 375.1662.

General procedure for the quaternisation of amines using
3,4-dichlorobenzyl chloride

A mixture of the dimethylamine derivative (1 eq.) and 3,4-
dichlorobenzyl chloride (10 eq.), dissolved in acetone (ca. 2 cm?),
was stirred in a closed vessel in a microwave reactor for 20 min
at 120 °C before it was concentrated in vacuo. The residue was
suspended in hexane, the solvent decanted and the residue dried in
vacuo and purified by reversed phase HPLC (CH;CN-H,0 (0.1%
TFA) 50 : 0 — 100 : 0 in 50 min).

3-({5-Chloro-2-[1-naphthylthio]phenyl } amino)-N-(3,4-dichloro-
benzyl)- N, N-dimethyl-propan-1-ammonium chloride (71). In-
hibitor 71 (37 mg, 97%) was obtained as a colourless oil starting
from amine 64 (25 mg, 67 umol) and 3,4-dichlorobenzyl chloride
(0.093 cm?®, 0.67 mmol); V,..(neat)/cm™ 3029, 2961, 2839, 1677,
1582, 1504, 1473, 1201, 1174, 1122, 1036, 831, 799, 771, 720;
6u(300 MHz, CDCl;) 1.79-1.86 (m, 2 H), 2.71 (s, 6 H), 2.81-
2.87 (m, 2 H), 3.11-3.13 (m, 2 H), 4.30 (s, 2 H), 4.81 (t, J = 5.7,
1 H), 6.60 (d, J = 1.8, 1 H), 6.72 (dd, J = 8.1, 1.8, 1 H), 6.86 (d,
J=75,1H),7.01(dd,J=84,1.8,1H),7.16(t,J =7.5,1H),
7.28-7.33 (m,2 H), 7.40 (d, J = 8.1, 1 H), 7.47-7.60 (m, 3 H), 7.79
(dd,J =7.5,1.5,1H),8.28 (d, J =6.0, 1 H); 6.(75 MHz, CDCl;)
22.7,39.6,49.6,61.5,66.2,110.4,113.4,117.9, 123.7, 124.2, 125.7,
126.3,126.7,128.5, 131.1, 131.9, 133.0, 133.3, 133.5, 134.0, 135.5,
137.4, 138.2, 148.7 (three signals not visible); MALDI-HR-MS:
calcd for CsHysCI;N,S* ([M — Cl]*): 529.1033; found: 529.1025.

3-({5-Chloro-2-[2-naphthylthio]phenyl } amino)-/N-(3,4-dichloro-
benzyl)- N, N-dimethyl-propan-1-ammonium chloride (72). In-
hibitor 72 (87 mg, 73%) was obtained as a white solid starting
from amine 65 (44 mg, 0.12 mmol) and 3,4-dichlorobenzyl chloride
(0.16 cm®, 1.19 mmol); mp: 156 °C; v, (neat)/cm™ 3362, 2964,
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1581, 1505, 1475, 1420, 1264, 1139, 1092, 1037, 825, 789, 668;
6u(300 MHz, CDCl;) 1.85-2.00 (m, 2 H), 2.67 (s, 6 H), 3.02-3.07
(m, 2 H), 3.25-3.29 (m, 2 H), 4.53 (s, 2 H), 5.71 (t, / = 6.0, 1 H),
6.64(d,J=2.1,1H),6.77(dd,J =8.1,2.1,1 H),7.20 (dd, J = 8.7,
2.0, 1 H), 7.34-7.44 (m, 6 H), 7.50 (d, J = 8.4, 1 H), 7.60-7.73 (m,
3 H); 6c(75 MHz, MeOD) 21.8, 39.1,49.0, 62.5, 65.6, 110.0, 112.9,
116.7, 124.3, 125.1, 125.6, 126.6, 126.7, 127.4, 127.4, 128.3, 131.0,
131.6, 132.1,132.9, 133.6, 133.9, 134.3, 135.0, 137.5, 138.5, 149.6;
MALDI-HR-MS: calcd for C,sHosCLI;N,S* ([M — CI]*): 529.1033;
found: 529.1033.

3-[(5-Chloro-2-{[2-(trifluoromethyl)phenyl]thio } phenyl)amino]-
N-(3,4-dichlorobenzyl)- N, /N-dimethylpropan-1-ammonium chlo-
ride (73). Inhibitor 73 (28 mg, 74%) was obtained as a white solid
starting from amine 66 (25 mg, 64 umol) and 3,4-dichlorobenzyl
chloride (0.098 cm®, 0.64 mmol); mp: 138 °C; v, (neat)/cm™
3348, 3261, 3093, 3021, 2966, 2864, 1590, 1464, 1228, 1137, 1117,
1031, 731, 617; 6x(300 MHz, CDCl;) 2.01-2.12 (m, 2 H), 3.19 (s,
6 H), 3.25-3.26 (m, 2 H), 3.48-3.54 (m, 2 H), 4.92 (br s, 1 H),
5.13(s,2 H), 6.66 (d, J =2.1,1 H), 6.79 (dd, J = 7.5, 2.1, 1 H),
6.87 (d, J = 1.5, 1 H), 7.21-7.27 (m, 2 H), 7.42-7.47 (m, 2 H),
7.55-7.68 (m, 3 H); 8.(75 MHz, CDCl;) 22.8, 40.2, 49.7, 61.9,
66.3,111.0, 112.0, 118.3, 125.8, 126.8 (q, J = 5.7), 127.3, 127.8 (q,
J =30.7), 128.3, 131.4, 132.3, 132.7, 133.7, 134.6, 135.9, 136.1,
138.6, 139.3 (CF;-signal not visible); 6:(282 MHz, CDCl;) —60.8
(s, 3 F); MALDI-HR-MS: calcd for C,sH,;CLF;N,S* (IM — CIJ*):
547.0751; found: 547.0742.

3-](5-Chloro-2-{[3-(trifluoromethyl)phenyl]thio } phenyl)amino]-
N-(3,4-dichlorobenzyl)- NV, N-dimethylpropan-1-ammonium chlo-
ride (74). Inhibitor 74 (20 mg, 74%) was obtained as a white solid
starting from amine 67 (18 mg, 46 umol) and 3,4-dichlorobenzyl
chloride (0.064 c¢cm®, 0.46 mmol); mp: 168 °C; v, (neat)/cm™
3282, 3002, 2976, 2962, 2818, 1582, 1471, 1320, 1165, 1115,
1098, 1072, 796, 695; 6,;(300 MHz, CDCIl;) 2.01-2.15 (m, 2 H),
3.16 (s, 6 H), 3.27-3.31 (m, 2 H), 3.56-3.61 (m, 2 H), 5.01-5.09
(m, 3 H), 6.67 (d, J = 2.0, 1 H), 6.72 (dd, J = 8.4, 2.0, 1 H),
7.14-7.44 (m, 6 H), 7.53 (dd, J = 8.4, 1.5, 1 H), 7.71 (d, J =
1.5, 1 H); 6c(75 MHz, CDCl;) 22.7, 40.2, 49.7, 62.2, 66.1, 110.7,
111.6, 118.1, 1224 (q, J = 3.9), 122.7 (q, J = 3.9), 123.7 (q,
J =27218),127.3,129.6, 131.3, 131.4 (q, J = 31.1), 132.6, 133.6,
134.6, 135.8, 138.1, 138.4, 138.9, 149.3 (one signal not visible);
6r(282 MHz, CDCl;) -62.5 (s, 3 F); MALDI-HR-MS: calcd for
C,sH,;CLLF;N,S* (IM — CI]*): 547.0751; found: 547.0757.

3-({5-Chloro-2-[(4’-methylbiphenyl-4-yl)thio]phenyl } amino)-/V-
(3.,4-dichlorobenzyl)-N, N-dimethylpropan-1-ammonium chloride
(77). Inhibitor 77 (30 mg, 65%) was obtained as a pale yellow oil
starting from amine 76 (33 mg, 80 umol) and 3,4-dichlorobenzyl
chloride (0.11 cm®, 0.16 mmol); v, (neat)/cm™ 3404, 2924,
2854, 1678, 1583, 1506, 1443, 1207, 1133, 1036, 845, 803, 725;
6u(300 MHz, CDCl;) 1.97-2.04 (m, 2 H), 2.35 (s, 3 H), 2.87 (s,
6 H), 3.36-3.40 (m, 4 H), 5.59 (s, 2 H), 5.03-5.05 (m, 1 H), 6.65 (d,
J=22,1H),6.77(dd, J =8.1,2.2, 1 H), 7.11 (d, J = 8.3, 2 H),
7.18 (d, J = 8.3, 2 H), 7.24-7.50 (m, 8 H); 6-(75 MHz, CDCl;)
21.2,27.2,42.2,45.4,49.9, 58.1, 111.3, 111.6, 116.4, 117.3, 120.3,
124.2,127.4,127.6, 128.1, 128.4, 128.6, 130.6, 130.8, 136.5, 138.4,
138.7, 139.8, 151.6, 162.9, 163.4; MALDI-HR-MS: calcd for
C; H;,CILN,S* (IM = CIJ*): 569.1346; found: 569.1350.
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Oligonucleotide—peptide conjugates have frequently been used to control the localisation of the
conjugate molecule. For example, the oligonucleotide segment has allowed spatially addressed
immobilization of peptides and proteins on DNA-arrays via hybridisation while the peptide part has
most frequently been used to confer transfer of oligonucleotide cargo into live cells. The regulation of
functional properties such as the affinity of these bioconjugates for protein targets has rarely been
addressed. This review article describes the current developments in the application of smart
oligonucleotide—peptide hybrids. The mutual recognition between nucleic acid segments is used to
constrain the structure or control the distance between peptide and protein segments. Application of
these new type of oligonucleotide—peptide hybrids allowed not only the regulation of binding affinity of
peptide ligands but also control of enzymatic and optical activity of proteins.

Introduction

Nucleic acids and proteins evolved to serve distinct purposes.
DNA is perfectly adapted to store and transfer information. The
expression of a clear-cut nucleobase-coded binding pattern facil-
itates recognition events required in key biological processes like
replication, transcription and translation. By contrast, proteins
are chemically and structurally more diverse and lack a simple
recognition code. Protein function is determined by the spatial
arrangement of the numerous functional groups and the dynamics
of conformational rearrangements. The display of functional
groups is maintained by the protein framework which serves to
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scaffold the peptide segments by restricting the conformational
freedom. However, the folding of complex protein frameworks is
difficult to predict de novo. On the contrary, the rules that govern
the formation of nucleic acid-based structures are comparatively
well understood. Very recently, it has been discovered that nucleic
acid-mediated recognition may be used to design constraints that
limit the degrees of freedom of a peptide or protein structure. This
approach is probably most readily put into practice by means of
chimeric molecules or conjugates that harbor both nucleic acid
and protein functions.

The option of combining nucleic acid functions with protein
functions is rarely put into effect by nature. The most significant
example is found in the process of translation, in which the
two worlds of biopolymers are transiently merged to allow the
transfer of information. However, nucleic acid—protein conjugates
have frequently been constructed by man. Peptides and proteins
have often been attached to oligonucleotides with the aim to
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modify the properties of the nucleic acid part. Lemaitre and
colleagues' showed as early as 1987 that cationic peptides such as
poly-L-lysine enhanced the cellular delivery rates of an antisense
oligonucleotide. Less toxic peptides such as (Arg-Ahx-Arg);-Arg-
BAla-Arg have been identified and there is a vast body of literature
describing the conjugation of such ‘delivery peptides’ to e.g.
antisense or antigene oligonucleotides.>® The use of nucleic acids
to control the function of peptides and proteins has less frequently
been explored. The main emphasis in the field was placed on
attaining control over the spatial arrangement of peptides and
proteins. In these approaches the nucleic acid part has been
employed to enable the immobilisation of proteins onto DNA-
arrays. Several review articles describe the opportunities provided
by DNA-DNA hybridisation as a capture tool.”® This article is
focused on the still largely unexplored concept of using nucleic
acids as regulatory elements of peptide and protein function in
conjugate molecules.

Oligonucleotides attached to proteins

A conceptually elegant means of gaining remote control over
protein function was introduced by Choi and Zocchi et al
(Fig. 1A)."" They recognized the different persistence length
of single stranded DNA (ssDNA) and double stranded DNA
(dsDNA) and envisioned double strand formation as a way to exert
a mechanical tension on a protein and thereby regulate its activity.
A cysteine residue and an oligohistidine tag were introduced by
site directed mutagenesis into maltose-binding protein (MBP).
These two handles allowed the attachment of a 60 nucleotide long
ssDNA. For this purpose the DNA was equipped with N* ,N*-
biscarboxymethyllysine (NTA-Lys) on one terminus and a thiol
group at the other terminus to address the oligohistidine tag via
nickel-based complexation and the cysteine side chain via disulfide
formation, respectively. In the single stranded state the DNA is
flexible and has no effect on the protein conformation. In contrast
the addition of complementary DNA and the accompanying
formation of a double strand induces a mechanical constraint
on the DNA attachment points, which was expected to alter the
conformation of the protein. As a result of DNA hybridization
the binding affinity of MBP for maltotriose was reduced from
K, =53 uM" to K, = 3.4 uM™". The 35% change of binding
affinity is a rather small effect. The authors noted that the
MBP-DNA conjugate tested still contained unconjugated protein.

Dy
Fig. 1 Regulation of enzyme activity by a DNA molecular spring that is
covalently attached to engineered proteins.

DNA

Furthermore, the nickel complex was suspected of being unstable
in the constrained state.

In subsequent work the authors applied their concept to
allosterically control the activity of enzymes through mechanical
tension.’>" Two cysteines were introduced into guanylate kinase
(GK). The conjugation with a DNA strand, which contained
thiol reactive linkers, established the stably linked protein-DNA
conjugate. In addition, this conjugation chemistry allowed the
removal of unreacted protein by thiol affinity chromatography. The
activity of the GK-DNA conjugate was assessed by measuring
the concentration of adenosine triphosphate (ATP), which is
consumed during the GK-catalyzed phosphorylation of guanosine
monophosphate (GMP). It was found that the formation of a
double strand reduced the enzymatic activity of GK by a factor
of 4. Importantly, the hybridization induced activity decrease was
reversible as DNase treatment completely restored the enzyme
activity. More detailed measurements revealed that mechanical
stress affected only the GMP binding site (10-fold reduction of
the Michaelis-Menten constant Ky;) and not the ATP binding
site. Thus, the approach of using DNA-hybridization to exert
mechanical stress may be used to explore the “stiffness” of
binding sites, which may also allow classifications of ligand-
induced changes of conformations that occur upon induced-fit
binding.

The preceding two examples described decreases of protein
activity upon double strand formation. Interestingly, the concept
was also applied by the authors to positively control the activity
of protein kinase A (PKA)." This enzyme exists as a tetramer
comprised of two regulatory and two catalytic subunits. The
affinity of the regulatory subunit for the catalytic subunit is
normally regulated by cAMP, which upon binding causes a
protein conformational change. The altered conformation induces
dissociation of the tetrameric complex, thereby releasing and ac-
tivating the catalytic subunit. Attachment of the DNA molecular
spring to the regulatory subunit of PKA rendered the PKA-
conjugate responsive to hybridization. Double strand formation
was accompanied by a 1.5-fold increase of enzymatic activity,
presumably by reducing the affinity of the regulatory for the
catalytic subunits. This efficiency is comparable to the activation
achieved by the natural cAMP ligand.

Oligonucleotides attached to protein segments

Protein—protein or protein—nucleic acid interactions have fre-
quently been explored by complementation of proteins or protein
complexes. One such technique is based on fluorescent protein
complexes which may be formed when nonfluorescent protein
segments are brought into proximity by means of the biomolecular
interactions under scrutiny.’*!® In seeking a complementation
system that allows for rapid development of fluorescence signals,
Demidov et al. explored reassembly of fluorescent proteins trig-
gered by DNA hybridization.”” A large and a small fragment of
enhanced green fluorescent protein (EGFP) were expressed with
extra cysteine residues and biotinylated. Conjugation to strepta-
vidin and subsequent coupling with 5’- or 3’-biotinylated oligonu-
cleotides yielded the desired oligonucleotide conjugates. Each
conjugate proved virtually non-fluorescent. However, upon mixing
the protein—streptavidin—oligonucleotide conjugates, strong fluo-
rescence occurred (Fig. 2).
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Fig. 2 Concept for fast fluorescence complementation by hybridization.
Two essentially nonfluorescent EGFP fragments are conjugated to com-
plementary oligonucleotides by biotin—streptavidin—biotin interaction and
upon hybridization, the EGFP fluorescence is restored.

The fluorescence increase was fast, the half maximal increase
of fluorescence occurred in less than 1 min. Thus, hybridization-
triggered complementation proceeded within the time range
required for restoration of fluorescence from denatured EGFP.
Nevertheless, the fluorescence spectra suggest that the fluorophore
in the restored tripartite complexes is located in a different
environment than the fluorophore in intact EGFP. When excess
unconjugated oligonucleotide was added, the fluorescence inten-
sity was reduced by about 50%. Thus, the formation of the restored
split EGFP was only partially reversible. The authors speculated
that the incomplete quenching was caused by an enhanced stability
of the tripartite complex (which is maintained by DNA-DNA and
protein—protein interactions) and/or by a rearrangement of biotin
conjugates at the streptavidin linchpin and suggested covalent
conjugation chemistry as a possible solution. Obviously the fast
response of the EGFP-based system may provide interesting
opportunities for the detection of other pairwise interactions or
promoter activities in living cells.

Takeda et al. employed a bivalent crosslinker bearing a N-
hydroxysuccinimide ester and a benzyl thioester group for the
covalent attachment of protein fragments to oligonucleotides.'®
These constructs allowed the re-assembly of split luciferase either
by DNA-DNA interaction (both protein fragments attached to
oligonucleotides) or by DNA-protein interactions (one protein
fragment attached to an oligonucleotide and the other attached to
a zinc finger protein).

Oligonucleotides attached to peptides

Peptides can tightly interact with proteins. Thus, nucleic acid—
peptide conjugates that enable a hybridization-mediated regula-
tion of peptide activity may be used for a remote control of protein
function. Recently, Portela ef al. demonstrated that the affinity of

a DNA-peptide conjugate for the transcription factor Jun can be
controlled by DNA-hybridization."

The approach was based on the interaction of Jun with yet
another transcription factor, Fos and double-stranded DNA. Wild
type c-Fos forms a heterodimer with c-Jun by means of a leucine
zipper region generating the transcription factor AP-1, which is
involved in transformation and progression of cancer. Therefore
the down-regulation or inhibition of AP-1 formation should allow
the inhibition of cancer growth.

Guided by the X-ray structure of the AP-1/Fos-Jun complex,
Portela et al. constructed a ssDNA—peptide conjugate comprising
a 5’-thiol terminated oligonucleotide and a maleimide modified
35mer peptide from c-Fos. Subsequent gel shift binding exper-
iments revealed that the DNA-peptide conjugate is unable to
bind c-Jun in the ssDNA state but is activated for binding (K4 =
59 nM) when annealed to a complementary DNA (Fig. 3). Control
experiments showed that the trapping depends on the presence of
both dsDNA and the 35mer c-Fos peptide. However, a match with
the cognate DNA sequence recognized by Jun was not required,
which suggests that complex formation was driven by recognition
of helically arranged phosphodiester groups.

<

c-Jun

DNA DNA

c-Fos a

Fig.3 Targeting the c-Jun transcription factor with oligonucleotide—pep-
tide-conjugates. A dsDNA-peptide chimera is able to interact with both
the DNA binding part and the leucine zipper region of c-Jun.

These constructs might be valuable tools for the exploration of
biomolecular recognition surfaces as well as for the development
of new probes for the capturing of specific transcription factor
components. Furthermore, the fact that the activity of the DNA—
peptide conjugates can be switched by DNA hybridization offers
new perspectives for exerting control over protein function.

We have proposed a potentially generic method for controlling
the function of proteins that usually do not interact with nucleic
acids.?® The approach is based on hybrid molecules in which a
peptide is equipped with DNA-analogous peptide nucleic acid
(PNA) arm segments.

The single stranded PNA-peptide chimeras 1 were envisioned to
adopt a random coil-like conformation. However, PNA is known
to self-aggregate and it is thus conceivable that ssPNA molecules
have the features of a collapsed structure in which exposure of
the hydrophobic nucleobases to water is minimized. In spite of
this uncertainty, it was considered that binding of complementary
DNA to the PNA-arms will have an effect on the structure
of the peptide segment. Depending on the DNA used, various
peptide structures may be accessible (Fig. 4). For example, it is
conceivable that seamless base-pairing in duplex 1-3 enforces a
loop-like peptide conformation. Alternatively, binding to only one
PNA arm (1-2,) or simultaneous hybridization of both PNA arms
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Fig. 4 Concept for the hybridization directed control of peptide
conformation. The single-stranded PNA-peptide-PNA-chimera (1,
gegtata-Gln-pTyr-Glu-Glu-Ile-ccaatag) is hybridized with complemen-
tary oligonucleotides (2a = 2b, TATTGGTATACG; 3, TGCTATTG-
GAGTCAGTATACGCGA). The peptide in the resulting duplexes 1-2,,
1-2, or 1.3 experiences different conformational constraints. The car-
toon representations illustrate possible architectures rather than defined
structures.

with DNA that contains unpaired spacer nucleotides between the
two cognate sequences (1-2,) may increase the tendency to adopt
extended conformations.

In a paradigm study, we analyzed the interaction of PNA-
peptide chimeras with the SH2-domain of Src, a tyrosine kinase
involved in the Ras signal transduction pathway. This SH2 domain
binds phosphopeptides that contain the consensus motif pTyr-
Glu-Glu-Ile in an extended conformation. The single stranded
PNA-peptide-PNA chimera 1 inhibited the binding of a reference
peptide (FAM-Gly-pTyr-Glu-Glu-Ile-Ala-NH,, K; = 0.24 uM)
to Src-SH2 with an ICs, = 3.4 uM. Addition of DNA 2 that
provided both complementarity to at least one PNA arm and
unpaired nucleobases yielded duplexes (such as 1-2, or 1-2,) with
increased affinity (IC5, = 0.5 uM) for the Src-SH2 protein. By
contrast, contiguous base-pairing of the DNA bases in 3 (compare
1-3) conferred decreases of binding activity as evidenced by the
increased ICs, = 6.9 uM. The differences in binding affinities were
shown to be sufficient to switch from 0% to 96% fractional inhibi-
tion of reference peptide-SH2 binding. The reversibility of DNA-
induced affinity switching allowed repeated switch processes. This
was shown by applying iterative treatments of chimera 1 with
activating DNA 2 (forms duplexes such as 1-2, or 1-2,) and capture
DNA 2’, which was fully complementary to the activating DNA
(Fig. 5). The addition of activating DNA 2 was accompanied by
a sharp increase in the inhibitory activity of the resulting duplex.
The inhibitory power was reduced when capture DNA 2’ was
added to induce the formation of duplex 2-2’. We demonstrated
that hybridization can be used to regulate the enzymatic activity
of Src.*! Src kinase exists in an autoinhibited state, among others,
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Fig.5 Reversible switching of the affinity of PNA-peptide conjugate 1 for
the Src-SH2 protein by nucleic acid hybridization. (A) Concept: alternating
addition of DNA strand 2 and the fully complementary strand 2" allows
increases and decreases of the affinity for Src-SH2. (B) Result of iterative
activation (addition of 2 indicated by solid arrows) and deactivation
(addition of 2’ indicated by dashed arrows) measured by displacement of
a fluorescence labeled reference peptide from the peptide-SH2 complex.

which is maintained by intramolecular binding of the SH2 domain
to an internal phosphopeptide motif. Competition against this
internal binding leads to activation of kinase activity. A RNA
strand was designed in analogy to activating DNA 2 and it was
assumed that the resulting RNA-PNA-peptide-PNA complex
would adopt structures such as 1.2, or 1-2, (Fig. 4). Indeed, the
addition of such an RNA to deactivated DNA-PNA-peptide—
PNA complex 1-3 restored the enzymatic activity of autoinhibited
Src. We reckon that it may be feasible to use this approach to
reassign the function of cell-endogenous RNA. For example,
this RNA may activate a PNA-—peptide chimera such as 1 (or
deactivated complex 1-3) for interference with select protein—
protein interactions.

PNA-peptide hybrid molecules have been fashioned into probes
that allow homogenous protein detection. So-called “hairpin
peptide beacons” (HPBs) have been designed in analogy to DNA
molecular beacons.”> These probes feature a peptide segment,
which is recognized by the target protein, and self-complementary
PNA arm segments which preorganize the PNA—peptide chimera
to adopt a stem-loop structure (Fig. 6).* In the closed form,
a fluorophore and a fluorescence quencher, each appended to

Protein ‘,‘

Fig. 6 Concept of the hairpin peptide beacons. A PNA-peptide-PNA
chimera featuring a fluorophore and a quencher at the termini is opened
upon binding to the target protein.
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different termini, are in close proximity and fluorescence is
effectively quenched. It was reasoned that the hairpin structure
would be opened, and thus fluorescence restored, if binding of the
protein to the peptide segment occurred.

The proof-of-principle was demonstrated in two examples. In
one, the presence of a Src-SH2 domain was signaled by more
than 10-fold increases of pyrene emission. In the other example,
the protease renin was used as a target. The renin-specific HPB
comprised a near-infrared dye (NIR664) at one terminus, a dabcyl
quencher at the other terminus and a statine residue within the
recognized peptide segment to prevent proteolysis. This HPB
delivered up to 8-fold increase of the near infrared emission upon
binding to renin.

It was shown that the conformational constraint induced
by the self-complementary PNA arm-segments increases the
specificity for the protein target. The authors explained that the
restoring force provided by intramolecular hybridization would
hinder opening of the hairpin structure by non-specific, low-
affinity protein targets. This interesting behavior, improvement of
target specificity, has previously been observed for DNA-targeted
molecular beacons.*** HPB probes may provide interesting op-
portunities in protein detection. For example, HPBs may enable
the continuous monitoring of both increases and decreases of
protease expression, which is feasible because HPBs can respond
in real-time without being subject to cleavage. In addition, the
technique may be applied to the detection of proteins involved in
protein—protein interaction networks, which often lack an enzyme-
activity. Such proteins are difficult to detect with the increasingly
used activity-based probes.??’

Oligonucleotides attached to saccharides and small
molecules

Many proteins recognize and bind more than one ligand. For
example, lectins compensate the relatively modest affinity for
individual glyco ligands by offering multiple binding pockets for
simultaneous binding of multivalent glyco assemblies.®3! It has
been shown that high binding affinities can only be obtained
when the spatial arrangement of the carbohydrate ligands perfectly
fit the display of binding pockets of the lectin. Kobayashi and
co-workers introduced the use of DNA as a conformationally
rigid scaffold of glyco-cluster models and showed that the affinity
of lectins for carbohydrate—oligonucleotide conjugates can be
regulated by hybridization.*>** Galactosyl residues were attached
to a central thymidine nucleotide of 18-, 20- and 22-mer oligonu-
cleotides. The sequences were designed to allow oligomerization
via overlapping hybridization (Fig. 7).

The resulting macromolecular double helical DNA constructs
displayed the galactose residues in 63 A, 68 A and 75 A distances.
Strong binding of Ricinus communis agglutinin (K, = 5.5 X
10* M) was observed for complexes which were comprised
of 20-mer oligonucleotides (68 A between galactose units). The
apparent affinity constant K, was reduced by 65% when the
galactosyl residues were presented at 63 A distance via complexes
of oligonucleotide 18-mers, while 22-mer complexes showed
minimal binding. The concept of self-organized glyco-clusters was
recently extended to spherical DNA-assemblies* and applied to
the multivalent display of mannose residues.*

/™M™

D BDB/

Fig. 7 Hybridization of galactose-oligonucleotide conjugates with a
complementary “glue” strand (segments marked in colour are comple-
mentary) allows the multivalent display of galactose (yellow) for increased
binding to lectins.

The programmed self-assembly of oligonucleotides has been
used to organize the bivalent display of pharmacophores.’**” In
this concept, a known binder with modest affinity for a protein
of interest is attached to the 3’-end of one oligonucleotide and
allowed to anneal with a library of 5-modified complementary
oligonucleotides. Each member of the library features a different
pharmacophore and a unique sequence tag. The resulting duplexes
may exhibit enhanced affinities for the target protein provided that
both pharmacophores are recognized by the target. For example,
in the pursuit of high affinity inhibitors of trypsin, the weak trypsin
inhibitor benzamidine was conjugated to the 3’-end of an amino-
modified 24-mer oligonucleotide (Fig. 8).3¢

This conjugate was allowed to anneal to a library of 620
DNA-encoded compounds. High affinity binders to trypsin were
isolated by performing affinity-capture assays on immobilized
trypsin. PCR amplification and microarray-based decoding of the
sequence tags allowed the identification of preferred binders such
as the phenylthiourea derivative 4. The bidentate pharmacophores
that conferred the highest binding affinities were connected by
non-DNA tethers leading to binders such as 5 with dissociation
constants in the nanomolar range. The technique may thus be used
to facilitate the fragment-based drug discovery. The identification
of high affinity binders of bovine serum albumin and carbonic
anhydrase was demonstrated.* Recently, the assembly of organic
biscarboxylic acid fragments on a DNA quadruplex scaffold has
been demonstrated.® It was shown that quadruplex-scaffolded
fragments can recognize cytochrome ¢ and promote trypsin-
induced proteolysis, presumably by stabilizing the unfolded state
of the protein.

In the above discussed examples, hybridization was used to align
protein binders by means of non-covalent interactions. Interesting
opportunities for drug discovery may arise when DNA hybridiza-
tion is used to trigger the synthesis of pharmacophores.*** Here,
DNA hybridization is used to control the effective molarity
of mutually reactive functional groups and to accelerate bond
forming reactions that would proceed less effectively in the absence
of the DNA-template. In a library format, the DNA-encoded
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Fig. 8 Bivalent display of pharmacophores attached to nucleic acid
segments.

information that instructed the formation of a specific reaction
product remains attached to the putative protein binder. It is
thus possible to subject the reaction products of DNA-templated
synthesis to an in vitro evolution procedure. Molecules that bind
to the protein target can be enriched by affinity selection and
subsequent PCR amplification of the information that coded
for the instructed synthesis of the protein binder. The pool of
compounds can be passaged to another iteration of the selection.
The identity of the selected protein binders can be inferred through
the sequence of the amplified DNA that survived the selection
procedure. The feasibility of this approach was demonstrated
in the DNA-templated synthesis and selection of a binder for
carbonic anhydrase.

Conclusions and outlook

Although the first synthesis of an oligonucleotide peptide con-
jugate has already been described in 1987, the majority of the
described applications were aimed, until recently, at altering
properties of the nucleic acid part. However, several laboratories
pursue a new perspective, in which nucleic acids and the mutual
recognition of nucleic acids are used to regulate the activity of
peptide and proteins. The range of applications is diverse and
encompasses regulation of ligand binding as well the control of
enzymatic activity and optical properties. This has been achieved
by the construction of new types of biohybrid fusion molecules
comprising a nucleic acid part as well as a protein, peptide,

saccharide or small molecule. By employing these constructs,
nucleic acid hybridization can be used in different ways. One
approach draws upon the hybridization based regulation of protein
or peptide conformation. This approach allows the direct as well
as the indirect (by controlling the conformation of a regulating
ligand) regulation of protein activity. Another approach uses
DNA-peptide conjugates in which both the nucleic acid and the
peptide part target recognition sites of a transcription factor. This
approach uses the different affinities of the transcription factor to
the single stranded and the double stranded conjugate to achieve
a hybridisation-controlled targeting of the transcription factor.
Oligonucleotides attached to saccharides and small molecules have
been used to target multivalent recognition sites in a hybridization
controlled fashion. Furthermore, duplex formation allowed the
bivalent display of different pharmacophores.

Regardless of the methods used, investigations into this area will
open new avenues to novel enabling technologies in biosciences
because hybridization can be employed as a regulatory element
under biocompatible conditions. Significant challenges remain.
For example, conjugation chemistry has to be further optimized
to avoid the problems described for the regulation of enzyme
activity and the fluorescence complementation. Furthermore, in
order to be useful for in vitro studies, switching needs to extend
to binding regimes in the low nanomolar range. This issue will
probably be solved when nucleic acid researchers team up with
protein and peptide scientists. Another challenging task is the
introduction of the described oligonucleotide conjugates into
living cells. However, cell delivery is an intensively studied issue in
antisense and RNA interference projects and one may expect that
the current efforts*' towards achieving small molecule-, protein-,
lipid- or nanotransporter-based delivery systems will help to
overcome these limitations.
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We report the programmed (“zipper”) assembly of photoactive rigid-rod m-stack architectures
composed of blue (b), red (r) and colorless (n) core-substituted naphthalene diimides (NDIs) attached
along p-oligophenyl (POP) rods. The design strategy and multistep syntheses of the required NDI-POP
conjugates are described first. The activity of the obtained up to three-component cascade architectures

is characterized in current-voltage curves, which are analyzed to reveal short circuit currents and fill
factors as significant characteristics. With one-component zippers, NDIs are found to give much
higher photocurrents than bNDIs. In two-component zippers, substitution of rNDIs by nNDIs in
meaningful positions is shown to give increased photocurrents despite reduced absorption of light.
Three-component zippers are shown to provide access to an increased structural complexity for more
subtle control of function. Reaching from 0.27 to 0.54, fill factors, a measure for the power generated
with light, are found to be most sensitive to the directionality of multicomponent cascade architectures.
Overall, these results are in agreement with photoinduced charge separation between rNDI (but not
bNDI) acceptors and POP donors followed by directional intrastack electron transfer from rNDI
radical anions to nNDI acceptors, that is, the formation of supramolecular cascade n/p-heterojunctions.

Introduction

For future breakthroughs in advanced functional materials such as
organic optoelectronics, it is essential to develop new strategies to
build organic nanoarchitectures on surfaces with high accuracy.'¢
This is difficult because it requires molecular-level control over
vectorial organization in three dimensions (3D). Currently, many
top-down methods are available to deposit bulk organic material
as thin films on solid surfaces (vapor deposition, inkjet printing,
sol-gel processes, roller casting, spin coating, etc.). Bulk deposition
of an n-semiconductor and a p-semiconductor produces bulk
n/p-heterojunctions, the central unit of most current organic
solar cells.® Several examples for bulk deposition of vectorial
multicomponent systems®’ and materials with supramolecular 1D
(fibers,® nanotubes®) and 3D organization (mixed single crystals'®)
exist as well. However, bulk deposition methods are in general
incompatible with rational control of the intrafilm molecular
organization as well as the orientation of the molecules relative
to the surfaces.

Approaches toward artificial photosystems with refined
supramolecular architectures on solid substrates have been de-
veloped with respect to organization in one, two, and three di-
mensions. Highlights with regard to 1D organization include pio-
neering approaches toward supramolecular n/p-heterojunctions®®
and vectorial cascade systems (tobacco mosaic virus, dye-loaded
zeolite channels).''? Current interest concerning supramolecular
2D organization focuses on self-assembled monolayers (SAMs)**!
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made from vectorial scaffolds such as peptides,’ proteins'® and
DNAs," as well as on two-component SAMs.** Layer-by-layer
(LBL) deposition of polyelectrolytes from solution is the classical
approach toward vectorial multicomponent photosystems with
some (“fuzzy”)* 3D organization.?*2¢

Approaches toward 3D organization beyond conventional
electrostatic LBL are rather limited. The classical triple H-bonding
motif with cyanurates and melamines was used in a study to extend
the 2D organization in SAMs to 3D oligothiophene/fullerene
architectures on the surface.?” A spectacular approach to thick zinc
porphyrin multilayers employed interlayer metal-ligand coordina-
tion followed by covalent cross-linking using Grubbs ring closing
metathesis.®® Vectorial architecture, finally, has been realized
by combining copper and zirconium coordination chemistry to
couple three porphyrin layers with three zinc porphyrin donor
layers on gold and Si0O,. %%

In general, these pioneering approaches toward advanced
architectures®® yielded photocurrents that correctly reflect expec-
tations from the explored design strategy, whereas fill factors (FF)
were, with one outstanding exception (FF = 0.37-0.58),” surpris-
ingly low or not reported. In the few approaches beyond electro-
static LBL, the conceptual challenge of vectorial 3D organization
on the supramolecular level is mostly neglected. To contribute
toward this general objective, we have recently introduced zipper
assembly (Fig. 1).3%% Initially, we have shown that one-component
zipper assembly with blue naphthalene diimides (bNDIs) gives
rise to higher photoactivity than the conventional LBL assembly,
and responds to positive controls such as capping.’' Later on,
we have shown that zipper assembly with red NDIs (rNDIs)
affords the photoinduced stack/rod charge separation needed
for supramolecular n/p-heterojunctions, and that the directional
electron transfer in two-component m-stacks with rNDIs and
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Fig. 1 Zipper assembly of vectorial cascade architectures composed of n-semiconducting n-stacks of blue (bNDI), red (rNDI) and colorless (nNDI)
donors and acceptors along p-semiconducting p-oligophenyls (POPs) (/eft), molecular structures of initiators (x = r, b) and cationic (X = N, R, B) and
anionic (X = R, B) propagators (for full structures, please see Fig. S1t), and frontier orbital energy levels (right). NDIs in r, R, and R are mixtures of
2,6- and 3,7-regioisomers, all suprastructures are speculative representations. Energy diagram: solid lines, HOMO; dashed lines, LUMO; solid arrows,
electron transfer; dashed arrows, absorption of light (%v); black arrows, conceptually important electron transfer after excitation of rNDIs (process A)
include photoinduced stack/rod charge separation (process B) and electron transfer within the cascade n-stack to the nNDI acceptor (process C).

bNDIs controls the fill factors in current—voltage relationships.*
Here, we introduce three-component zippers, where bNDIs and
rNDIs are combined with colorless nNDI electron acceptors in
cascade m-stacks along POP rod donors. The position of these
chromophores is systematically varied to explore the effect of
cascading on the photoactivity of the resulting zippers.

Results and discussion
Design

Zipper assembly was conceived based on the earlier observa-
tion that the interdigitation of “unbendable” rigid-rod scaffolds
is favorable and could lead to higher order supramolecular

architectures.®® This suggested that rigid-rod molecules with
“sticky ends” could finally provide the interlayer recognition
motif needed for supramolecular multicomponent vectorial 3D
organization on solid substrates. We envisioned the m-stacking
of interdigitating aromatics from adjacent, staggered rigid-rod
scaffolds, oriented by hydrogen-bonded chains* as intralayer or-
ganization motifs. The electrostatic interactions between negative
charges in r, R, b and B and the positive charges in R, B and N are
expected not only to direct zipper assembly, but also to promote
the interstack 2D organization (Fig. 1).3

For zipper assembly, p-oligophenyls (POPs) were selected as
model rods***” and naphthalenediimides (NDIs)**>** for model
stacks. Zipper assembly requires at least three different compo-
nents: here, initiators x (Fig. 1, x = b, ) consist of p-quaterphenyl
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rods carrying a disulfide group at one terminus for covalent linkage
to the gold surface and four anionic NDIs along the scaffold.
Cationic propagators X are double-length p-octiphenyls with eight
cationic NDIs attached along the scaffold (Fig. 1, X = B, R, N).
One half of the cationic NDIs of propagators X are expected to
form m-stacks with the anionic NDIs of initiators x to give zippers
of the general structure Au-x-X. The free half of the cationic
propagators X remain as “sticky ends” to zip up with one half
of the anionic propagators X added next (Fig. 1, X = B, R).
The resulting anionic sticky ends of zipper Au-x-X-X can zip up
with one half of cationic propagators X to give Au-x-X-X-X, and
so on. The functional significance of sticky ends was supported
by clear-cut inhibition of zipper assembly with p-quaterphenyl
terminators x.*

NDIs*3* were selected for zipper assembly because their
spectroscopic and electrochemical properties can be extensively
varied without global structural changes.?33637454 Moreover,
their planarity and m-acidity’®' is ideal for the formation of
n-semiconducting*## face-to-face m-stacks next to strings of
p-semiconducting®* POP rods. In this study, three different
NDIs are used. With n-donating alkylamines as core substituents,
monomeric bNDIs are intensely blue (A, 620 nm, & 23 mM™!
cm™), red-fluorescent (A, 650 nm, @; 0.42) chromophores
that can be both reduced (-1.3 V vs. Fc/Fc*) and oxidized
(+0.6 V).36374647 The frontier energy levels calculated from these
data (Fig. S2 and Table S1}) are shown in Fig. 1. Attached
along p-octiphenyl scaffolds in B, bNDIs undergo quantitative,
ultrafast (<2 ps) photoinduced charge separation (PCS) that lasts
for 61 ps.*® More recently, PCS with lifetime components up to 1 ns
were identified in lipid bilayer membranes, where B self-assembles
into tetrameric m-stack architectures.>*

Replacement of one alkylamine with a chloride produces
the red (Ap, 535 nm, ¢ 16 mM™ cm™), orange-fluorescent
(Aew 565 nm, @, 0.63) 2(3)-alkylamino-6(7)-chloro-1,4,5,8-NDI
(rNDI) chromophore.*> More electron-deficient, rNDIs are more
easily reduced (—1.1 V) and more difficult to oxidize (+1.1 V, Fig. 1)
than bNDIs. Quantitative ultrafast PCS of rNDIs attached along
p-octiphenyl scaffolds in R lasts longer than 1 ns. Quenching
experiments suggested that electron transfer from POP donors
contributes to this long-lived PCS with R but not with B
(Fig. 1, process B). Evidence for stack/rod PCS demonstrated
that rNDIs but not bNDIs are compatible with the formation of a
supramolecular n/p-heterojunction by zipper assembly. The action
spectra of mixed zippers confirmed that photocurrent generation
by rNDIs is much more efficient than with bNDIs.

Removal of both alkylamine core substituents gives the color-
less, very weakly fluorescent nNDI (A,,, 380 nm, ¢ 24 mM™' cm™).
Extensively studied for many diverse purposes,®=7#%553 nNDIs
have a quadrupole moment Q = +14.7 B that is far beyond that of
the best known m-acid, hexafluorobenzene, and thus ideal for -
stack architectures (preliminary computational data indicate that
even bNDIs remain weakly m-acidic).®® Importantly, nNDIs have
an energetically deep-lying LUMO (-3.9 eV) that is near that of
Cq (4.2 eV), the most common acceptor in organic solar cells.®
Electron withdrawing substituents such as cyano groups can be
used to shift the electron affinity of NDIs beyond that of Cy
without global structural changes.* As with Cq, a degenerate
LUMO for multiple reversible reduction documents the ability
to stabilize negative charges. FET charge mobilities of up to

0.12 cm?/(Vs) identified nNDIs as one of the few air stable and
high-mobility n-channel organic semiconductors.**

In this study, nNDIs are introduced as electron acceptors in N
for zipper assembly for up to three-component cascade NDI r-
stacks. The energy levels of NDI chromophores suggest preferred
electron transfer from bNDI to rNDI and then to nNDI (Fig. 1,
process C).

Synthesis

The syntheses of initiator b and propagators B, R, B and N
have been described.?>33 The anionic rNDI initiator r and
propagator R were prepared analogously. The spectroscopic
and analytical data of the new compounds were in agreement
with their structure and homogeneity. Synthetic procedures and
spectroscopic and analytical data can be found in the ESI.}

Red zippers

With the anionic rNDI initiator r and propagator R in hand,
we first focused on the one-component assembly of red zippers.
p-Quaterphenyl initiators r were deposited on gold electrodes
following the procedure developed with the blue analogs 5.3' The
obtained Au-r was dipped repeatedly into an aqueous solution
of cationic and anionic p-octiphenyl propagators R and R,
respectively. Photocurrents were generated with triethanolamine
(TEOA) as electron donor, the gold electrode below the red zippers
as electron acceptor, the Pt electrode as cathode and Ag/AgCl as
a reference. The photocurrents increased with increasing zipper
assembly until Au-r-R-R-R-R-R-R-R-R (Fig. 2, O).
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Fig.2 (A) Dependence of photocurrent density at +0.4 V (vs. Ag/AgCl)
on the number of layers of red rNDI zippers with (L, Au-r-N[-R-R],) or
without (O, Au-r-R[-R-R],) an nNDI acceptor N at the beginning. (B)
Intensity normalized kinetic data for photocurrent generation with light
for (a) Au-r-N-R-R-R-R, (b) Au-r-N-R-R-R-B, and (c) Au-r-B-R-R-R-N.

Current-voltage (IV) relationships were measured for prepared
zippers to identify the three values that determine the output power
(i.e., efficiency): the short circuit current density Jsc, the open
circuit potential Vo and the fill factor FF (Fig. 3). In general, Jg¢
is dictated by the incident photon to current conversion efficiency
(IPCE), which is the product of light harvesting efficiency (LHE,
i.e., the concentration and absorption cross section of the used
chromophores), quantum yield of charge injection and the charge
collection efficiency at the back electrode. The open circuit
potential Vo is influenced by the bandgap between the HOMO
of the relevant donor and the LUMO of the relevant acceptor.
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Fig. 3 Current-voltage profiles of three-component zippers
Au-r-N-R-B-R-R (a) and Au-r-B-R-R-R-N (b) with indication of
short circuit current density (Jsc), open circuit voltage (Voc), maximum
power rectangle and maximum power point, and fill factor FF =
maximum power/(Voc X Js¢) = (Vi X Jn)/ (Ve X Jsc); compare Table 1,
entries 9 and 16.

The fill factor (FF) is defined as maximum power/(¥Voc X Jsc),
that is FF = (V, X Ju)/(Voe X Jsc) (Fig. 3). The electronic
asymmetry of multicomponent cascade architectures is, among
other parameters, expected to influence FF. All experiments were
done at least twice, experimental errors were well within 10%
(Fig. 2A), all important trends were reproducible.

The IV profiles of the red zippers revealed the comparably
high photocurrents Jsc and fill factors FF expected for the long-
lived stack/rod charge separation with the possible formation of
supramolecular n/p-heterojunctions (Table 1, entries 1-3). The fill
factors were constantly high and increased as more layers were
assembled until an apparent saturation around FF ~ 0.50-0.54
was reached. To facilitate comparisons, we calculated relative
FF, taking FF = 0.25 of linear /-V correlations and FF =
0.61 of optimized organic solar cells' as standard values (0 and
100%, respectively). The FF = 0.49-0.53 found for red zippers
corresponded to a relative value of 67-78%. These excellent
properties of the rNDIs turned out to hinder rather than help
the evaluation of two- and three-component zippers because their
powerful impact tended to obscure the more subtle contributions
from nNDIs and bNDIs (see below).

Two-component zippers

The colorless nNDI acceptors of the cationic propagator N were
added at the beginning of the red zippers to direct the flow of
electrons in the envisioned two-component cascade NDI stacks
toward the gold electrode (Fig. 1). Substitution of the second layer
from cationic red propagators R to colorless propagators N re-
sulted in reduced photocurrent (Fig. 2). This change was expected
from the reduced absorption in the visible range (Fig. S47). Despite
this loss, the photocurrent density of two-component zipper Au-
r-N-R-R already reached that of one-component zipper Au-r-R-
R-R (Fig. 2A, Table 1, entry 4 vs. entry 1). Overall, the gain in
photocurrent density per rNDI layer in zippers with an nNDI
second layer was larger than that without nNDI layer (Fig. 2). This
finding was compatible with the notion that the loss in absorption
from a missing rNDI layer can be compensated by productively
directing the flow of the produced electrons with nNDI acceptors
toward the gold electrode. These findings thus were in support of
operational two-component cascade m-stacks.

Three-component zippers

The behavior of three component zippers with rNDIs, nNDIs and
bNDIs was more complex and subtle. Au-r-N-R-B, the simplest
three-component zipper, had a very low Jsc = 3.2 f{Acm2 (Table 1,
entry 7). This photocurrent density was not surprising considering
the replacement of an excellent rNDI layer in Au-r-N-R-R (Jsc =
11 pAcm™, Table 1, entry 4) with a poorly active terminal layer of
bNDIs. The comparably poor photoactivity of bNDIs has been
confirmed experimentally in the action spectra of two-component
bNDI/rNDI zippers.** The inability of stack/rod electron transfer
after absorption of light by bNDI, i.e., the inability to form
supramolecular n/p-heterojunctions, could contribute to this poor
performance (Fig. 1). Alternative or additional explanations
include poor electron transfer from the sacrificial TEOA donor
to neutralize the hole trapped in the bNDI layer, or structural
effects such as poor stacking of the less electron-deficient bNDIs.

The fill factor FF = 0.38 is surprisingly low considering
the powerful productive asymmetry of the minimalist three-
component zipper Au-r-N-R-B. The poor photoactivity of bNDIs
may contribute to this reduction compared to the less asymmetric
Au-r-N-R-R and Au-r-R-R-R (Table 1, entries 1, 4 and 7).
Operational asymmetry in minimalist three-component zipper Au-
r-N-R-B could nevertheless be demonstrated in comparison with
the structural isomer Au-r-B-R-N with destructive asymmetry
(Table 1, entries 7 and 13). In Au-r-B-R-N, the combination
of unfavorable designs produced the worst zipper characteristics
obtained so far with a FF = 0.27 that was equivalent to an almost
linear IV profile (6% on a relative scale) and a very low Voc.
Addition of an rNDI layer on top improved photocurrents Jgc
and FF but also obscured the differences with FF = 0.47 (or
61%) for Au-r-N-R-B-R with favorable and FF = 0.38 (or 36%)
for Au-r-B-R-N-R with unfavorable asymmetry (Table 1, entries
8 and 14). This ability of rNDIs to improve zipper characteristics
and obscure differences was even more pronounced on the next
level with FF = 0.54 (or 81%) for the favorable Au-r-N-R-B-R-R
and FF = 0.48 (or 64%) for Au-r-B-R-N-R-R with unfavorable
asymmetry (Table 1, entries 9 and 15). FF = 0.54 (or 81%) for Au-
r-N-R-B-R-R was the best fill factor found in this study, followed
by FF = 0.53 (or 78%) for Au-r-N-R-R-R-R (Table 1, entries 9
and 3).

Increasing the distance between the nNDI electron acceptor and
the bNDI electron donor had overall the expected consequences
in zippers with favorable asymmetry. Moving the bNDI in the
favorable Au-r-N-R-B-R-R to the film surface improved the
photocurrent density to Jsc = 11 pAcm™ in isomer Au-r-N-
R-R-R-B (Table 1, entries 9 and 10). However, the best results
were obtained with anionic bNDI propagators B rather than
cationic bNDI propagators B near the surface. In the formal
isomer Au-r-N-R-R-B-R, the photocurrent density improved to
Jsc = 12 uAcm™ and FF = 0.51 (or 72%) remained high (Table 1,
entry 11). The same trend was already observed without the last
cationic rNDI layer: The photocurrent density of Au-r-N-R-R-B
was 1.6-times higher than that of formal isomer Au-r-N-R-B-R
(Table 1, entries 8 and 12).

In zippers with unfavorable asymmetry, increasing the distance
between the nNDI electron acceptor and the bNDI electron
donor resulted in lowering of not only the photocurrent but also
the fill factor from FF = 0.48 or 64% of Au-r-B-R-N-R-R to
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Table 1 Short circuit current density Jc, open circuit voltage Ve and fill factor FF for one-, two-, and three-component zippers*

Entry Zipper® Jsc/WAcm™¢ Voc/V? FF*
1 ¥ Au-r-R-R-R 12 (63) ~0.39 0.49 (67)
2 ] Au-r-R-R-R-R 15(79) -0.37 0.50 (69)
3 o Au-r-R-R-R-R-R 17 (89) -0.37 0.53 (78)
4 ] Au-r-N-R-R 11 (58) —-0.36 0.51(72)
)
5 o Au-r-N-R-R-R 15(79) -0.42 0.52(75)
(W)
6 ¥ Au-r-N-R-R-R-R 19 (100) —0.40 0.50 (69)
)
7 o Au-r-N-R-B 3.2(17) —-0.32 0.38 (36)
m] B
8 ¥ Au-r-N-R-B-R 5.8 (30) —0.40 0.47 (61)
N B |
9 ] Au-r-N-R-B-R-R 9.3(49) —-0.36 0.54 (81)
s B
10 o Au-r-N-R-R-R-B 11 (58) —-0.40 0.50 (69)
RN
11 o [ B | Au-r-N-R-R-B-R 12 (63) —-0.37 0.51(72)
)
12 o [ B | Au-r-N-R-B-B 9.4 (49) -0.36 0.46 (58)
)
13 ¥ Au-r-B-R-N 3.3(17) 023 0.27 (6)
EmCD
14 o Au-r-B-R-N-R 4.7 (25) -0.32 0.38 (36)
EnCD
15 ] Au-r-B-R-N-R-R 13 (68) —-0.36 0.48 (64)
[ B_[E]
16 ] Au-r-B-R-R-R-N 8.7 (46) —-0.36 0.41 (44)
ElEE )
17 ] Au-r-B-R-R-R 15(79) —-0.41 0.49 (67)
| B |
18 o Au-r-B-R-R 14 (74) —-0.38 0.49 (67)
| B |

“ Determined from current-voltage profiles (compare Fig. 3). ® For molecular structures, see Fig. 1. ¢ Short circuit current density; relative Jgc values in
parentheses refer to a scale from 0 to 19 pAcm™ (entry 6, in %). ¢ Open circuit voltage (in volts). ¢ Fill factors (FF) = maximum power/(Voc X Jsc) =
(Va X Jn)/ (Voe X Jsc) (compare Fig. 3); relative FF values in parentheses refer to a scale from 0.25 (minimum) to 0.61 (optimized organic solar cells,’
in %). All experiments were done at least twice, experimental errors were within 10% (Fig. 2A).

FF = 0.41 or 44% of isomer Au-r-B-R-R-R-N (Table 1, entries 15
and 16). This decrease was reasonable considering the “wrong”
location of the electron acceptor nNDI at the film surface. Unlike
the other zippers, such as Au-r-N-R-R-R-R and Au-r-N-R-R-R-B
(Fig. 2B, a and b), upon irradiation of isomer Au-r-B-R-R-R-

N with unfavorable asymmetry the photocurrent increased very
slowly, and saturated only after about 10 seconds (Fig. 2B, c).
This phenomenon is unusual and illustrates very well the hindered
uphill flow of electrons against the cascade NDI n-stack from
nNDI acceptors to bNDI donors.
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Fig.4 Conceivable suprastructural motifs for minimalist three-component zippers Au-r-N-R-B include not only (A) “zippers” with inter- and intralayer
interdigitation by rods and stacks but also (B) “horizontal” alternatives with interdigitating stacks or (C) less ordered layers without interdigitation of

rods or stacks.

Conclusions

In this report, we demonstrate that multicomponent zipper assem-
bly provides access to supramolecular rigid-rod m-stack cascade
architectures with photovoltaic activity. The good correlation
found between the expected supramolecular architectures and
the measured photoactivity supports the existence of active
architectures as drawn schematically in Fig. 1 and Fig. 4A.
Although the comparison of data on structure and activity is
much more problematic than it might appear,>>’ we recall the
availability of results in support of the proposed architecture
(face-to-face NDI n-stacks supported by blue-shifted absorption,
interdigitating rods supported by capping, etc.).*! However, these
results do not exclude functional relevance of suprastructures
other than the envisioned zipper assembly (e.g., Fig. 4B, and
Fig. 4C), not to speak of other possible contributions to the final
phenotype (minor or major differences in binding to the surface,
layer thickness, layer homogeneity, suprastructural homogeneity,
and so on).

In a broader context, the complex interplay of experimental
details such as choice of solvents, solvent mixtures, concentrations,
temperature, pH, ionic strength, additives processing conditions,
thermal or chemical annealing and the choice of electrodes
and donors/acceptors in solution are as well recognized as
they are poorly understood. For example, change of solvent
or thermal annealing significantly changes efficiency and fill
factors of conventional bulk heterojunction solar cells."*® The
change from gold to ITO (indium tin oxide) electrodes can
improve photocurrent generation by a factor of 280.* Whereas
gold is the substrate of choice to determine the importance of
multicomponent cascade architectures for function, it is therefore
inadequate to aim for meaningful efficiencies. These observations
indicate that the reported facts on function for up to three-
component zipper assembly have to be considered as relative and
within an appropriate context.

As far as perspectives are concerned, the possibility to expand
multicomponent zipper assembly to include several NDIs** as
variable electron/energy donors/acceptors of variable color in

variable patterns promises access to the complexity associated
with interesting function. Elaboration of structural diversity
covering other rods, stacks, surfaces and interactions is expected to
ultimately delineate scope and limitations of this general approach.
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3-Alkylpyridine alkaloids are very common secondary metabolites from marine sponges of the order
Haplosclerida. Here, we report on the identification and synthesis of the first cyclic monomeric
3-alkylpyridinium alkaloid from natural sources. Due to the lack of a pure sample of the new

compound, structure elucidation had to rely on HPLC and MS".

Introduction

In our search for bioactive secondary metabolites of marine
sponges from Polar waters, a new 3-alkylpyridinium alkaloid has
been isolated from the sponge Haliclona viscosa from Svalbard,
Norway. 3-Alkylpyridine alkaloids (3-APA)' are common in
marine sponges of the order Haplosclerida.? Two major groups
of 3-APA metabolites with fully saturated alkyl chains are known:
linear and (macro)cyclic (Scheme 1). Each group can be further
divided by the number of pyridine/pyridinium or tetrahydropyri-
dine rings occurring in one molecule.

Most of the linear compounds contain only one pyridine unit
(1), e.g. theonelladin C (X = NH,) and D (X = NHMe),? ikimine
C (X = NHOMe),* xestamine D (X = CH,NHOMe) and E
(X = CH,CH,NHOMe),® pyrinodemin precursors (X = NOH)*
and untenine B (X = NO,);” exceptions are viscosaline® and the
polymeric halitoxins.” Monomeric 3-APAs without a terminal
functionality (e.g. 1, X = H) are yet unknown as natural products.'

The group of cyclic 3-APAs is dominated by dimeric compounds
with two pyridine moieties, e.g. cyclostellettamines (3)" and
haliclamines.>*!* So far, only one cyclic trimer, viscosamine (4),'*
is known as a natural product. Cyclic compounds carrying one
pyridinium unit (cyclic monomeric 3-APAs, e.g. 2/5) are yet
unknown as natural products, but they were obtained as undesired
side product (2) in the synthesis of cyclostellettamines.!!?

Despite their rather simple structure, 3-alkylpyridine alkaloids
display a broad variety of biological properties, e.g. cytotoxic,
antibacterial, and antifouling activities.>*”!'“¢ Interestingly, the
antimicrobial and cytotoxic activites were very sensitive to the
methylation of the pyridine nitrogen and the alkyl chain lenghts of
the 3-APAs.*'" Stierle and Faulkner reported a 100-fold increase
in the antimicrobial activity upon methylation of the pyridine
nitrogen in xestamines and a 100-fold decrease in cytotoxic
activity in the brine shrimp assay.* Kobayashi et al. observed
a decrease of MIC towards Staphylococcus aureus from 16 to

“‘Alfred-Wegener-Institut fiir Polar- und Meeresforschung in der Helmholtz-
Gemeinschaft, Am Handelshafen 12, D-27570, Bremerhaven, Germany.
E-mail: mkoeck@awi.de; Fax: +49 471 4831 1425, Tel: +49 471 4831 1497
*Helmholiz-Zentrum fiir Infektionsforschung, Inhoffenstrafe 7, D-38124,
Braunschweig, Germany

T Electronic supplementary information (ESI) available: MS/MS spectra
of 5, 6 and 8; HPLC chromatogram of 5 and 6; HPLC comparison of the
crude extract and synthetic 5; MS/MS spectra of the natural product and
synthetic 5. See DOI: 10.1039/b808647h

2 ug mL™ by extending the alkyl chain from 12 to 13 methylene
groups.® To deepen the understanding of the relationship between
structure and biological properties, the new compound and related
compounds synthesised in our laboratory were tested against
E. coli tolC, Staphylococcus aureus and cells of mouse fibroblasts

1929,
EDE//?
MN:

e
Tt

Scheme 1  Structural formulae of different 3-alkylpyridinium alkaloids.

Results and discussion

During the investigation of the n-BuOH fraction of the sponge
Haliclona viscosa, we have identified a compound with a molecular
mass of m/z 274.2506 by HPLC-HRMS. Unfortunately, it is
only a minor component of the extract (see Fig. 1A) and a
pure sample of the natural product could not be obtained from
the limited amount of sponge material. Therefore, the structure
elucidation had to rely on MS/MS and HPLC data. HRMS data
correspond to a monomeric 3-APA with the molecular formula
CyH;,N. According to the degrees of unsaturation, the compound
is a cyclized monomeric 3-APA (5) or a linear monomeric 3-APA
with a double bond in the alkyl chain (6). From the MS/MS
spectra of 5/6, it can be concluded that if it is the linear molecule,
the double bond has to be a terminal. Since 6 is the major fragment
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Fig. 1 Comparison of the HPLC chromatograms of the crude extract
of Haliclona viscosa (A) and the cyclic monomeric 3-APA 5 obtained by
synthesis (B).

of 5, the differentiation of the two constitutional proposals is not
possible by MS/MS analysis (see ESI, Fig. S11). Fragmentation
of 3-APAs usually occurs via the Onium reaction or Hofmann
fragmentation.'¥ The retention time of the new compound in RP -
HPLC lies close to those observed for compounds as 3 and 4 (see
ESI, Fig. S21), which makes a linear molecule as 6 rather unlikely
and led us to propose 5 as the potential structure.’ To verify these
arguments, we have decided to synthesise compounds 5 and 6 and
compare both to the natural product by HPLC.

Compounds 5 and 6 were each synthesised in a two-step
procedure, starting from alcohols 1a/b (see Scheme 2), which were
prepared according to literature procedures."''> Oxidation of 1a
under Swern conditions gave 7 in 82% yield. Wittig olefination
of the aldehyde 7 with methyltriphenyl phosphonium bromide
yielded alkene 6 in 43%. Cyclic 3-APA 5 was obtained by
bromination of 1b and subsequent cyclisation under high dilution
in 49% yield over two steps. With the two possible constitutional
isomers in hand, we could clearly identify 5 as the natural product
by comparing the retention times of 5 with the natural compound
in the n-BuOH fraction of the sponge sample (see Fig. 1).

The cyclic structure of compound 5 was proven by the ap-
plication of an 'H,"C-HMBC NMR experiment. The following
correlations are indicative: (a) methylene protons adjacent to the
ring nitrogen (4.61 ppm) to C-2 (144.2 ppm) and C-6 (142.4 ppm)
of the pyridinium ring, (b) H-2 (9.08 ppm) of the pyridinium
ring to the methylene carbons adjacent to position 1 (60.9 ppm)
and 3 (31.4 ppm) of the pyridinium ring, and (c) protons of the
methylene groups next to the pyridinium ring (4.61 and 2.84 ppm)
to the methylene carbon atoms of the alkyl chain (24.0-30.0 ppm).
This finally proves the proposed structure of 5 as the first cyclic
monomeric 3-APA from natural sources.

N 1ab
a ¥
N Br X 0
| 1 » 10
NG Br° N

Scheme 2 Synthesis of compounds 5 and 6: a: HBr aq., 110 °C, 12 h;
93%; b: (i) Na,CO;, (i) Nal, butan-2-one, A, 4 d, 53%; c: oxalyl chloride,
DMSO, Et;N, Ar, CH,Cl,, =70 °C, 45 min, 82%; d: Ph;PMeBr, LDA, Ar,
THEF, —60 °C-rt, 2 h; 43%.

Several related 3-APAs previously synthesised in our labora-
tory and the new compounds were tested against E. coli tolC,
Staphylococcus aureus and cells of mouse fibroblasts 1.929. For a
direct comparison of the biological activities to cyclostellettamine
C (3) and viscosamine (4), a monomeric cyclic 3-APA with a
C,; alkyl chain (2) was also synthesised. So far, 5 shows the
highest cytotoxicity observed for 3-APAs tested in our group.
Whereas, the monomeric cyclic 3-APA (2) with a C,; alkyl chain
exhibits considerably lower antimicrobial and cytotoxic activities
compared to 5 (see Fig. 2 and Table 1). This is in accordance
with results obtained by Kobayashi et al.* Comparison of 2 with
cyclostellettamine C (3) and viscosamine (4) reveals a decrease
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Fig. 2 Comparison of the cytotoxic activity of monomeric 3-APA
macrocycles (2 and 5). The two compounds just differ in the length of
the alkyl chain, which is C,; in 2 and C,4 in 5.
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Table 1 Results of the biological assays®

E. coli tolC? Staphylococcus aureus® Cytotoxicity*

Monomeric 3-APA 1a (1, X=OH) 10 7 L.5
PyrNMe-1a 15 11 5.0
Theonelladin C (1, X=NH,) 12 8 6.0
PyrNMe-theonelladin C 15 11 6.0
Cyclic monomeric 3-APA (2) 19 16 1.2
Cyclostellettamine C (3) 12 11 1.0
Viscosamine (4) 8 9 1.2
Cyclic monomeric 3-APA (5) 23 22 0.3
Monomeric 3-APA 6 <7 <7 13

Monomeric 3-APA 8 (1, X=CHs;) <7 <7 12

“ For details, see experimental section. ® Results were obtained from an agar diffusion test with a sample amount of 20 pg. The diameter of growth
inhibition is given in [mm)]. ¢ Tested against cells of mouse fibroblasts 1.929; activity is given as ICy, value in ug mL™.

of the antimicrobial activity with increasing size and/or total
charges (see Table 1 and Fig. 3). Both antimicrobial activity and
cytotoxicity have a relationship with the size and/or total charges,
and the trends are opposite (4 is most potent in cytotoxicity but
weakest in antimicrobial). The activities obtained for the cyclic
compounds are shown in Fig. 3.

IC,-Value [uM]

10 T T
5 10 15 20

Zone of Inhibition St. a. [mm]

Fig.3 Cytotoxic(mouse fibrolasts 1.929) vs. antibacterial (Staphylococcus
aureus) activity of mono- (2), di- (3) and trimeric (4) 3-alkylpyridinium
macrocyles.

Linear 3-APAs with fully saturated alkyl chains (8) or a
terminal double bond (6) show virtually no antimicrobial and
low cytotoxic activities. Replacing the terminal methylene/methyl
group with an amino (theonelladin) or hydroxyl (1a) functionality
results in moderate antimicrobial activities comparable to those
of cyclostellettamine C (3). The methylation of the pyridine
nitrogen introducing a permanent charge leads to a slight increase
in the antimicrobial activity. For the amino compound, the
cyctoxicity remains constant, whereas the hydroxy compound
shows a decrease by a factor of 3. The very strong effects reported
by Stierle and Faulkner® were not observed here.

Conclusions

In conclusion, we have demonstrated the identification of the first
monomeric cyclic 3-APA from natural sources by comparsion of
the synthetic compound with the natural product. The analysis
of the potential natural products was based on HPLC and MS"
analysis.

Starting from MS data, we suggested (and synthesised) two
structural proposals for the new natural product. The structure
was elucidated by comparison of the two possible synthetic
compounds with the natural product in the n-BuOH fraction
by RP-HPLC. In this case, the lack of pure substance could be
compensated by the knowledge of the properties of 3-APAs in MS
and HPLC experiments. The synthesis finally proved the proposed
cyclic structure of the new natural product.

This first cyclic monomeric 3-APA shows the highest activities
observed so far in our investigations. From the comparison of the
natural products with other 3-APAs, the following general state-
ments are possible: (a) linear 3-APAs with an alkyl chain without
heteroatoms have no activity, (b) adding or removing methylene
groups in the alkyl chains alters the activity, (c) a permanent charge
increases the antibacterial activity, and (d) the ratio (molecular
mass/charge) of the molecule is the key to bioactivity. Although
the effects were weaker, statements (b) and (c) are in accordance
with the results obtained by Kobajashi et al.® and Stierle and
Faulkner.> Thus, our experiments confirm previous results and
also deepen the understanding of the biological activity of 3-APAs.

We would like to thank Prof. Michael Gobel (Universitét Frank-
furt/Main, Germany) for his support of this project, especially for
providing the laboratory space, Ellen Lichte for performing the
HPLC analysis, Achim Grube for the HPLC-MS measurements
and Bettina Hinkelmann for performing the biological assays.

Experimental
General experimental methods

Haliclona viscosa was collected off Blomstrandhalveya by SCUBA
diving in Kongsfjorden, Svalbard (June 2001). Voucher specimens
are deposited at the Zoologisch Museum, Amsterdam, The
Netherlands (ZMA No. 17009). Samples of H. viscosa were
divided into portions, immediately frozen after collection and
kept at —20 °C until extraction. Freeze-dried sponge tissue was
extracted at room temperature with a 1 : 1 mixture of MeOH
and CH,Cl,. The resulting crude extract was partitioned between
n-hexane and MeOH. The MeOH extract was concentrated and
further partitioned between EtOAc and H,O. Finally, the aqueous
layer was extracted with n-butanol. The extracted portions were
investigated by analytical HPLC.
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Analytical HPLC was carried out on a Kromasil RP;; column
(4.6 X 250 mm, 5 um, Knauer) with a Sedex 75 (EDC) light scat-
tering detector. Separation was achieved by applying a gradient
from 0 to 80% MeCN (0.1% TFA)-H,O (0.1% TFA) in 40 minutes,
100% MeCN (0.1% TFA) from 40 to 45 minutes, 50 : 50 MeOH-
MeCN (0.1% TFA) from 45 to 50 minutes and 100% MeOH for
5 minutes. Total analysis time was 55 minutes with a flow rate of
1.0 mL min™" and an oven temperature of 40 °C.

Mass spectra were acquired with a micrOTOF, - mass spectrom-
eter equipped with an ESI source (Bruker Daltonik). The following
ESI inlet conditions were applied: dry gas temperature: 180 °C;
dry gas flow: 10 L min™'; nebulizer pressure: 1.5 bar; capillary
voltage: 4500 V. The system was calibrated in positive mode by
external calibration with sodium formiate clusters. MS" spectra
were acquired with an Esquire 3000plus ion trap in the positive
mode equipped with an ESI source (Bruker Daltonik).

NMR spectra were recorded with a Bruker AM 250 (250 MHz)
spectrometer. Chemical shifts are quoted in ppm and are ref-
erenced to the appropriate solvent signal. FT-IR spectra were
recorded on a Perkin—Elmer 1600 series spectrometer. Absorption
maxima are reported in wavenumbers. Elemental analysis was
performed with a Heraeus CHN Rapid. Melting points were ob-
tained with a Kofler melting point apparatus and are uncorrected.
Column chromatography was performed on silica gel 60 (Merck,
particle size 0.04-0.063 mm). TLC was performed on aluminium
plates precoated with Merck silica 60. Compounds were visualised
by UV irradiation (254 nm) or dyeing with KMnO, solution (1 g
KMnO,, 6.6 g K,CO;, 2 mL 5% NaOH solution in 100 mL H,O).
All solvents were purified by simple distillation, except for THF,
which was distilled from sodium-benzophenone under argon.

Biological assays

Antimicrobial assay: antimicrobial activities were determined by
agar diffusion tests using paper discs of 6 mm diameter soaked
with 20 puL of the test compound in MeOH (1 mg mL™). The
microorganisms were received from the GBF collection, grown
on standard media and seeded into liquid agar medium to a final
O.D. of 0.01. Plates were incubated at 30 °C and the diameter of
resulting inhibition zones were measured after 1 day.

Cell proliferation assay: 1929 mouse fibroblasts were obtained
from the Deutsche Sammlung von Mikroorganismen und Zel-
lkulturen (DSMZ) and cultivated at 37 °C and 10% CO, in DME
medium (high glucose) supplemented with 10% fetal calf serum.
Cell culture reagents were purchased from Life Technologies Inc.
(GIBCO BRL). Growth inhibition was measured in microtiter
plates. Aliquots of 120 puL of the suspended cells (50 000/mL)
were added to 60 uL of serial dilutions of the test compounds.
After 5 days, the growth was determined using the MTT assay.

Syntheses

3-(14-Bromo-tetradecyl)-pyridinium bromide (Ic¢). A mixture
of 14-(pyridine-3-yl)tetradecanol (1b) (0.94 g, 3.2 mmol) and
15 mL of hydrobromic acid (48%) was heated to 110 °C for 12 h.
After cooling, the mixture was poured onto 50 mL of ice water,
the precipitate was filtered off and washed with cool H,O. Drying
in vacuo gave 1c (1.31 g, 93%) as a grey solid. R;: 0.4 (free base)
hexane-EtOAc 1 : 1, mp 121 °C, (Found: C, 52.5; H, 7.6; N, 3.2.

CyH3;Br,N requires C, 52.4; H, 7.6; N, 3.2%); V. (KBr)/cm™
2919, 2850, 2611, 1549, 1466, 1120, 809, 690; 6,;(250 MHz; CDCl;)
1.19-1.47 (20 H, m, 10 x CH,), 1.62-1.75 (2 H, m, 3-CH,CH,),
1.76-1.90 (2 H, m, CH,CH,Br), 2.84 (2 H, t, J 7.8, 3-CH,), 3.38
(2H,t,J 6.8, CH,Br), 791 (1 H, dd, J 8.0 and J 5.7, 5-H), 8.26
(1H,d,J8.1,4-H), 8.67 (1 H, s, 2-H), 8.72 (1 H, d, J 5.4, 6-H);
6c(62.5 MHz; CDCl;) 28.1, 28.6, 28.9, 29.1, 29.3, 29.5 (10 x CH,),
30.3 (3-CH,CH,), 32.7 (CH,CH,Br), 32.8 (CH,Br), 34.1 (3-CH,),
126.6 (C-5), 138.1 (C-3), 140.0 (C-6), 143.3 (C-2), 145.8 (C-4).

Cyclic monomer 5. 3-(14-Bromo-tetradecyl)-pyridinium bro-
mide (1¢) (0.5 g, 1.15 mmol) was dissolved in 25 mL of CH,Cl, and
neutralised by washing with 2 M Na,CO; (3 x 10 mL). The organic
layer was dried over MgSO, and most of the solvent removed,
leaving about 1 mL. It was diluted with 10 mL of butan-2-one,
and the resulting mixture was added to a refluxing solution of Nal
(0.21 g, 1.38 mmol) in 200 mL of butan-2-one via syringe pump at
a rate of 0.5 mL/h. After 4 d of refluxing, it was allowed to cool
down, the solvent removed and the residue triturated with Et,O to
give 5 as yellow solid. Recrystallisation from water yielded pure 5
(0.244 g, 53%) as slightly yellow powder. R,: 0.27 CH,Cl,: MeOH
9:1; mp 147-149 °C; (Found: C, 56.6; H, 8.0; N, 3.3. C,(H;,IN
requires C, 56.9; H, 8.0; N, 3.5%); Vuu(KBr)/cm™ 3013, 2925,
2854, 1627, 1501, 1459, 1156, 829, 698; 5,4(250 MHz; [d,]DMSO)
1.02-1.34 (20 H, m, 10 x CH,), 1.61-1.74 (2 H, m, 3-CH,CH,),
1.84-1.98 (2H, m, N-CH,CH,),2.84 (2 H,t,J 6.5,3-CH,), 4.61 (2
H,t,J6.1,N-CH,),8.12(1 H,dd, J6.2,J 7.7,H-5),8.52(1 H,d, J
8.0,H-4),8.97 (1 H, d, J 6.0, H-6),9.09 (1 H, s, H-2); 6.(62.5 MHz;
[ds]DMSO) 24.0, 25.3,25.4,26.3,26.4,27.1,27.3,27.6 (10 x CH,),
29.1 (3-CH,CH,), 30.0 (NCH,CH,), 31.4 (3-CH,), 60.9 (NCH,),
127.9 (C-5), 142.4 (C-6), 142.6 (C-3), 144.2 (C-2), 145.5 (C-4).

3-(Tetradec-13-enyl)pyridine (6). A suspension of Ph;PMeBr
(0.68 g, 1.9 mmol) in 30 mL of THF at—30 °C under an atmosphere
of argon was treated with 2 M LDA solution (0.9 mL, 1.8 mmol)
and the resulting mixture was stirred for 30 min. It was cooled to
—60 °C and a solution of 7 in 5 mL of THF was added dropwise.
After 30 min, the cooling was stopped and it was stirred for
another hour at r.t. The reaction mixture was then poured on
50 mL of water, acidified (pH 2) with HCI and extracted with
Et,O (3 x 20 mL). The aqueous phase was basified with Na,CO;
and extracted with Et,0 (3 x 20 mL). The combined organic layers
were dried over MgSO, and the solvent removed. The raw product
was purified by column chromatography on silica (hexane-EtOAc
4: 1), which yielded 6 (0.21 g; 43%) as yellow oil. R;: 0.57 hexane—
EtOAc?2: 1; (Found: C, 83.2; H, 11.5; N, 5.2. C,yH; N requires C,
83.5; H, 11.4; N, 5.1%); V. (neat)/cm™ 2925, 2854, 1575, 1421,
1026, 909, 713; 6,(250 MHz; CDCl;) 1.19-1.42 (18 H, m, 9 x CH,),
1.52-1.69 (2 H, m, 3-CH,CH,), 1.98-2.10 (2 H, m, CH,CHCH,),
2.60 2 H, t, J 7.7, 3-CH,), 4.88-5.04 (2 H, m, CHCH,), 5.73—
5.90 (1 H, m, CH), 7.19 (1 H, dd, J 4.8, J 7.7, 5-H), 7.48 (1 H,
d, J 7.8, 6-H), 8.40-8.47 (2 H, m, 3-H and 2-H); 6.(62.5 MHz;
CDCl;) 28.9, 29.1, 29.4, 29.5, 29.6 (9 x CH,), 31.1 (3-CH,CH,),
33.0 (CH,CHCH,), 33.8 (3-CH,), 114.0 (CHCH,), 123.2 (C-5),
135.7 (C-4), 138.0 (C-3), 139.2 (CH), 147.2 (C-6), 150.0 (C-2).

13-(Pyridin-3-yl)tridecanal (7). To a solution of oxalyl chloride
(0.61 mL, 7.2 mmol) in 30 mL of CH,Cl, at —=70 °C under an
atmosphere of argon successively dimethylsulfoxide (0.64 mL,
9.0 mmol) and alcohol 1a (1.0 g, 3.2 mmol) in 5 mL of CH,Cl, were
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slowly added. The mixture was stirred at —70 °C for 45 min. After
the addition of Et;N (1 mL, 7.2 mmol), it was allowed to reach r.t.
and was diluted with 30 mL of Et,O. The precipitate was filtered
off and washed with Et,O (3 x 10 mL) The combined solvents were
evaporated and the residue purified by column chromatography
on silica (hexane-EtOAc 1 : 1) to yield 7 (0.81 g, 82%) as slightly
yellow oil. R;: 0.5 hexane-EtOAc 2 : 1; (Found: C, 78.6; H, 10.7; N,
5.2. C;sHp,NO requires C, 78.5; H, 10.6; N, 5.1%); Vo (KBr)/cm™
2926,2854, 1725, 1466, 1422, 1026, 794, 714; 6,,(250 MHz; CDCl;)
1.20-1.37 (18 H, br s, 9 x CH,), 1.53-1.68 (4 H, m, CH,CH,CHO
and 3-CH,CH,),2.41 2H,td,J 7.3 and J 1.8, CH,CHO), 2.59 (2
H,t,J7.7,3-CH,),7.19 (1 H,dt,J 4.8 and J 7.7, 5-H), 7.48 (1 H,
dt, J 7.8 and J 1.8, 4-H), 8.40-8.45 (2 H, m, 2-H and 6-H), 9.76
(1H,t,J 1.8, CHO); 6.(62.5 MHz; CDCl;) 22.1 (CH,CH,CHO),
29.1,29.3,29.4,29.5 (10 x CH,), 31.1 (3-CH,CH,), 33.0 (3-CH,),
43,9 (CH,CHO), 123.2(C-5), 135.8 (C-4), 138.0 (C-3), 147.0 (C-6),
149.8 (C-2), 202.9 (CHO).
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A novel one-pot synthesis of tetrahydro-B-carboline systems via tandem
hydroformylation—Pictet-Spengler reaction starting from olefins and aryl ethylamines is described. This
tandem procedure allows fast and convenient synthesis of various substituted tetrahydro-B-carbolines.

Introduction

The Pictet-Spengler reaction® is one of the most widely used
methods for building tetrahydroisoquinoline and tetrahydro-§3-
carboline (THBC) ring systems, present in numerous natural and
synthetic organic compounds, many of which display useful and
interesting biological activities (Fig. 1).> In general, the Pictet—
Spengler (PS) reaction comprises an acid catalyzed cycloconden-
sation of B-arylethyl amine derivatives with aldehydes or ketones
involving an iminium ion intermediate.® Tetrahydro-B-carbolines,
covering a wide range of structural types, are very attractive
targets for synthesis and have stimulated the development of
new synthetic approaches and methodologies, especially in the
Pictet—Spengler reaction. Although the classical version of this
reaction is well established as a method of choice for construction
of THBC frameworks, original strategy has been modified over
the past decades, allowing N-acyl, N-sulfinyl and N-sulfonyl -
arylethylamines to be used as nucleophilic components.* On the
other hand, masked ketones, aldehydes and aldehyde equivalents
such as acetals, ketals, enol ethers, thioortho esters, oxazines
and oxazolidines® as well as acetylene sulfoxides, enamines and
azalactones® have been employed as electrophilic components.

Fumitremorgin C

(-)-Sauveoline

Fig. 1 Naturally occurring, bioactive tetrahydro-B-carbolines.

Results and discussion

Based on our general interest in tandem hydroformylation
sequences,” we wanted to explore the possibility of combining
a Rh catalyzed olefin hydroformylation reaction and a Pictet—
Spengler reaction into a tandem reaction sequence, involving
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olefins as precursors of the electrophilic component. In this
reaction sequence, the hydroformylation reaction in the presence
of a rhodium catalyst is used to synthesize the aldehyde in situ
from an olefin, thus reducing the functional group transformations
to a minimum. In the presence of a B-arylethyl amine (and a
Bronsted acid), this aldehyde is directly converted to a Schiff base,
which subsequently cyclizes to form tetrahydro-B-carboline or
tetrahydro-isoquinoline ring systems (Scheme 1). To the best of our
knowledge, up to now there is only one precedent in the literature,
where Taddei et al. have used this sequence in solid phase synthesis
of a carboline.® Here, we describe the first examples of this
reaction in solution, and discuss scope and limitations for further
applications. This methodology allows introduction of various
substituents at C, without the need of sensitive and sometimes
costly aldehyde components. Furthermore, high concentrations of
the aldehyde are avoided due to the slower hydroformylation step,
which prevents competitive aldehyde self-condensation reactions
resulting in low yields.® Thus some of the primary limitations of
the conventional Pictet-Spengler reaction are avoided. For high
yields of the desired product, high chemoselectivities are required
in each step of the tandem process. To achieve this, it is important
that all reagents and reactants as well as all intermediates are
compatible and do not affect each other.

Rs CO/H,, [Rh] NH
H*, solvent \ Ry
tryptamine N
R R,
! H R; Rg

\CO/HZ [Rh] H.0
-2

o &
e
N
HR1
R2 X

Scheme 1 Tandem hydroformylation—Pictet-Spengler reaction.

R3f0 tryptamine
+
R Ry H

Hydroformylation of the olefins, however, in the presence of
amines may yield a variety of products. Primary and secondary
amines are condensing with the aldehydes followed by hydrogena-
tion of the resulting imines or enamines to amines in an overall
hydroaminomethylation.” Tt is also known that the rhodium
acyl species, instead of hydrogenolysis to form the aldehyde, are
also undergoing nucleophilic addition of the amine to form the
amide.'® Therefore a synthesis of tetrahydro-B-carbolines under
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hydroformylation conditions according to the above described
limitations has to consist of an efficient hydroformylation step
leading exclusively to the aldehyde. This without isolation or side
reactions must condense under the same reaction conditions with
B-arylethyl amine to form the imine, while reduction and self con-
densation of aldehydes must be avoided. The intermediate imine
must cyclize so that no reduction leading to hydroaminomethyla-
tion products occurs. Since hydroformylation of terminal olefins
usually results in a mixture of linear and branched aldehydes, in
our initial investigations, disubstituted terminal olefins like 1,1’-
diphenylethylene or cyclic olefins were preferably used. The former
undergo regioselective hydroformylation to form linear aldehydes
and make the use of n-directing ligands obsolete, whereas the
latter are symmetric compounds and yield only one aldehyde
isomer. To prevent hydrogenation of the starting olefin, and/or
of the intermediate Schiff base, high carbon monoxide partial
pressures were chosen in order to support the rate determining
carbon monoxide insertion. Since it is well known that esters of
tryptophan undergo Pictet-Spengler reaction with aldehydes in
aprotic conditions,® the conversion of tryptophan methyl ester
and cyclopentene as electrophile precursor under hydroformyla-
tion conditions was chosen as a first model reaction. Cyclopentene
is a cheap and readily available olefin, and hydroformylation
of cyclopentene is well known and described, with conditions
usually involving temperatures of 40-80 °C and pressures of 40—

80 bar of syngas.®!! Therefore, cyclopentene is mixed with (S)-
tryptophan methyl ester in toluene, which is the most commonly
used solvent in conventional PS reactions and a convenient solvent
for hydroformylation reaction as well. This solution is submitted to
hydroformylation in the presence of 1 mol% of Rh(acac)(CO), at
80°Cand at 30: 10 bar of CO-H, pressure. After workup, however,
no Pictet-Spengler products were observed, and only products 4a
and 5a were isolated (Table 1, entry 1), which arise from mono and
double hydroaminomethylation reactions respectively (vide infra).
Obviously, reduction of the intermediate Schiff base under these
conditions is faster than electrophilic attack of the imine to the
aromatic ring of the indole (Scheme 2, pathways b and d). The same
products were isolated in a reaction with cyclohexene (Table 1,
entry 2), although this olefin required higher temperature for
hydroformylation as compared to cyclopentene. Since in toluene
only hydroaminomethylation products were obtained, the reaction
was performed in more polar solvents such as CH,Cl,, THF or
MeOH. In these solvents, Pictet-Spengler products 2a (cis) and 3a
(trans) were isolated in all cases. When starting from cyclopentene
and (S)-tryptophan methyl ester in CH,Cl, (Table 1, entry 3), 2a
and 3a were isolated in relative ratios of approximately 1 : 1 and
overall yield of 67%. Under these conditions, reduction of the
intermediate Schiff base was widely suppressed, but formation of
two additional side products 6a and 7a was observed. The same
reactants in THF under similar conditions gave rise exclusively

Table 1 Tandem hydroformylation—Pictet-Spengler reaction in aprotic conditions

CO,Me < CO:Me 5 CO,Me
CO/H; = table 1
sslRke Cf&
N n 1mol%
H 1eq Rh(acac)(CO),
1eq 1 solvent, t°C 3 )n
@{_(COQMB @j((cozl\ﬂe @\/CCO‘?ME QCCOZMS
Yield (%)

Entry CO-H, bar T/°C, time/d Solvent n(1) Yield (%)2 + 3 Ratio®2: 3 4 5 6 7
1 30:10 80°C,3d Toluene 1 (1a) — 65 (4a) 10 (5a) — —
2 30:10 120°C, 3d Toluene 2 (1b) — — 60 (4b) 12 (5a) — —
3 30:10 80°C,3d CH,CL,  1(1a) 67 (a) 48:52 3 (4a) 7(5a) 4(6a)
4 30:10 80°C,3d THF 1 (1a) 45 (a) 49:51 — — — —
5 30:10 80°C,4d THF 1 (1a) 52 (a) 47:53 10 (4a) — — —
6 30:10 80°C,3d MeOH 1 (1a) 15 (a) 50:50 48 (4a) — — —
7 50:10 80°C,3d CH,Cl, 1 (1a) 79 (a) 48 :52 1 (4a) 5 (5a) 3 (6a) —
8 70:10 80°C,3d CH,Cl, 1 (1a) 72 (a) 51:49 — 6 (5a) 5(6a)

9 50:10 120°C, 3d CH,Cl, 2 (1b) 63 (b) 45:55 — 11 (5b) 5(6b) 5(7b)

10 50:10 80°C,3d CH,Cl, 3 (1¢) 71 (¢) 44 : 56 22 (4c) — —

11 50: 10 80°C, 3d CH,Cl,  4(1d) — — 43 (4d)  — — —

12 50:10 120°C, 3d CH,Cl, Stilbene (1e) 438 (e) 51:49 41 (4e) — — —

13 50:10 120°C, 3d CH,Cl, 1,1’-diphenyl 67 (f)° 54 : 46 17 (4f) — — —

ethylene (1f)

“Yield of isolated product after column chromatography. ® Ratio based on isolated products after column chromatography. ¢ Isolated as mixture of

inseparable diastereoisomers.
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Scheme 2 Tandem hydroformylation—Pictet-Spengler reaction and formation of side products.

to Pictet-Spengler products 2a and 3a in 45% yield (Table 1,
entry 4), albeit in a lower yield as compared to CH,Cl, due to
incomplete conversion of 80% in this case. Prolonged reaction
time of 4 days allowed full conversion of the olefin and increased
the yields of 2a and 3a to some extent but also yielded in reduction
product 4a (Table 1, entry 5). Acetals, which are often used
as protected aldehydes in PS reactions, are also formed in situ
under hydroformylation conditions in the presence of alcohols.*
The use of alcohols as a solvent in the hydroformylation step
is therefore a further option and would provide low stationary
aldehyde concentrations. However, when the reaction was run in
MeOH, only 15% overall yield of Pictet-Spengler adducts were
isolated accompanied by 4a as a main product in 48% yield
(Table 1, entry 6). It is obvious that polarity of solvents plays a
crucial role in the distribution of products. In non-polar solvents,
such as toluene, reduction of the intermediate Schiff base is
favoured. The more polar solvents stabilize cationic intermediates
and promote electrophilic attack, hence, the rate of cyclization is
by far higher than that of reduction. As already noted, 4a is formed
by reduction of iminium ion 8a while formation of 5a and 6a can
be explained as depicted in Scheme 2 (pathways ¢ and d). Here the
monoalkylated tryptophan methyl ester 4a reacts with another
molecule of aldehyde giving Schiff base 9a, which undergoes
hydrogenation giving 5a or cyclization giving 6a. This assumption
was tested by control experiments. Isolated products 2a, 3a and
4a were separately submitted to the hydroformylation conditions
in the presence of cyclopentene and indeed, only 4a yielded 6a in
47% yield accompanied with dihydroaminomethylation product
5a, in 22% yield. On the other hand, 2a and 3a gave no product
of hydroaminomethylation presumably due to a higher steric
hindrance at the ring N atom in these cases. Based on these
observations, formation of 6a from 2a or 3a can be ruled out.
It is noteworthy to mention that 6a was isolated exclusively as
the trans isomer. According to earlier reports, the formation of the
trans isomer in this case is both kinetically and thermodynamically
favored, and was explained by a Felkin—Ahn-like attack of the

E-iminium from the face opposite to the ester group (Fig. 2).%
Cook et al. have demonstrated that if the side chain nitrogen of
tryptophan esters is monoprotected with sterically demanding Bn
or Cbz groups and as such submitted to conventional PS reaction,
the trans adduct will exclusively be formed. Apparently, this is
also the case with monohydroaminomethylated tryptophan esters
4a or 4b when cyclic olefins such as cyclopentene or cyclohexene
are used as aldehyde precursors. By-product 7a was only observed
when CH,Cl, was used as a solvent and the CH, fragment that
inserts between the iminium carbon and the indole stems most
probably from the solvent. Since the best yields of 2a and 3a
were obtained in CH,Cl,, this solvent was chosen for further
optimization of reaction conditions. In order to lower the extent
of reduction, carbon monoxide pressure and the CO-H, ratio
was increased to 50 : 10 and 70 : 10 bar. While a 50 : 10 ratio of
syngas gave 79% yield of 2a and 3a and lower yields of by-products
(Table 1, entry 7), a ratio of 70 : 10 gave slightly lower yields of
Pictet-Spengler adducts (Table 1, entry 8). Therefore, operating
pressures of 50 bar CO and 10 bar H, were chosen for other
substrates (Table 1, entries 9-13). In the reaction of cyclohexene
and tryptophan methyl ester at 120 °C (Table 1, entry 9), 2b and
3b were obtained in a yield of 63% and in a ratio of approximately
1: 1. Cycloheptene was hydroformylated at 80 °C and the products
2¢ and 3c were obtained in slightly higher yields than in case of
cyclohexene (Table 1, entry 10). Surprisingly, when cyclooctene
was reacted, no Pictet-Spengler products were observed and
the main product was that of mono hydroaminomethylation
reaction, 4d, obtained in 43% yield (Table 1, entry 11). A trend
from cyclopentene to cyclooctene can be observed: the yields of

Jo
> [TNTR
” LR1
CO,R®

Fig. 2 Felkin—Ahn model of stereochemical course of Pictet—Spengler
reactions of Nb protected tryptophanes.
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Pictet-Spengler products decrease until they finally disappear.
This is most probably connected with steric hindrance of the
aldehydes formed, i.e. higher steric hindrance lowers the rate
of cyclization and hence reduction becomes a more competitive
reaction, exclusively yielding the hydroaminomethylation product.
Cyclohexene is an exception here, most probably due to the
harsher reaction conditions required for hydroformylation of this
compound. This trend was also observed when acyclic olefins trans
stilbene le and 1,1-diphenylethylene 1f were reacted with (.S)-
tryptophan methyl ester under hydroformylation conditions. The
former, bearing one Ph group in the o position and one in the 3
position, gives PS products 2e and 3e in 48% yield accompanied by
mono hydroaminomethylated by-product 4e (Table 1, entry 12).
The latter, having two Ph groups in the B position of the aldehyde
due to lower steric compression, gives Pictet-Spengler products
2f and 3f in a higher yield of 67% as a mixture of inseparable
diastereoisomers accompanied by mono hydroaminomethylated
by-product 13 in 17% yield (Table 1, entry 13). In summary, a tan-
dem hydroformylation—Pictet—Spengler reaction performed under
aprotic conditions using tryptophan methyl ester as nucleophilic
component proved to be useful tool for the synthesis of simple
tetrahydro-f-carbolines starting from readily available and cheap
olefins.

In order to expand the scope of this sequence, we tested
the feasibility of tryptamine as a nucleophilic component in a
tandem sequence. PS reactions of tryptamine often feature harsher
conditions than their tryptophan counterparts. This is due to the
absence of the inductively electron-withdrawing carbonyl group in
tryptophan and thus lower pK, values of tryptamine based Schiff
bases.¥ Tryptamine imines are significantly less reactive towards
electrophilic attack, and hence the presence of acid (Brensted or
Lewis) is required. Bronsted acids such as sulfuric acid (1 eq),
trifluoroacetic acid (TFA) (1 eq), p-toluenesulfonic acid (pTsOH)
(1 eq), and camphorsulfonic acid (CSA) (1 eq) were tested in
the reaction of tryptamine and cyclopentene under optimized
conditions for tryptophan methyl ester. Lewis acids ZnCl,, and
BF; were tested as well. All reactions were carried out under
the same conditions for 72 hours and yields of products were
determined by isolation. The best results were obtained with
CSA while p-TSOH, sulfuric and trifluoroacetic acid yielded
mainly mixtures of products. In the presence of Lewis acids,
no product was formed. In the absence of acid, no product
of Pictet-Spengler cyclization was observed either. Conditions
optimized for tryptophan methyl ester with addition of 1 eq of
CSA were applied in the reaction of tryptamine with selected
olefins and the results are summarized in Table 2. Here, 5, 7,
and 8 membered carbocyclic olefins required milder conditions
for hydroformylation as compared to other olefins applied. The
reactions were run at 80 °C and full conversions of olefins were
observed after 3 days, with good yields of isolated products
(Table 2, entries 1, 2 and 4). Surprisingly, and in contrast to the
aprotic conditions, here we were able to isolate PS product from
the reaction of tryptamine and cyclooctene.

All other substrates gave moderate to good yields in the presence
of 1 eq of camphorsulfonic acid. 1,1-Disubstituted substrates,
as well as hindered internal olefins such as trans stilbene (Ta-
ble 2, entry 5), required harsher conditions for hydroformylation,
therefore, a temperature of 110 °C for 3 days was applied.
Hydroformylation of 1,1-diphenylethylene at 80 °C after 3 days

Table2 Tandem hydroformylation—Pictet-Spengler reaction of trypta-
mine and selected olefins under protic conditions

NH R3. 50/10 bar CO/H,
N\ 2 ﬂ . Rh(acac)(CO), 4 NH
+ (n
\ o1 g2 "M CSA, CHCly N R°
H

Hp1 \
R'- \
e ()
w0 R - n
Alkene
Entry Substrate T/°C t/h conversion (%)*  Yield“(%), 10
1 E> 80 72 >99 65 (10a)
2 @ 110 80 =95 46 (10b)
3 O 80 68  >99 68 (10c)
4 O 80 72 >99 59 (10d)
5 JJ\ 110 72 >95 64 (10e)
Ph Ph
6 110 2 9 49 (10
Ph” X Ph 7 >9 (10f)
7 110 72 >99 74 (10g)
N(Et)Ts
8 10 72 >99 82 (10h)
NPht
51 (10i)

9 110 72 >99
OBn

“Reactions were conducted at room temperature on a 1 mmol scale in
CH,CI, (10 ml) with a relative mol ratio of tryptamine-olefin—catalyst of
100 : 100 : 1; 1 mol% of Rh(acac)(CO),, 1 eq CSA, 50 bar CO, 10 bar H,,
CH,Cl,. ® Determined by analysis of "H-NMR spectra of crude reaction
mixture. ¢ Yield of isolated product after column chromatography.

yielded only 20% conversion of the olefin as determined by 'H-
NMR of the crude reaction mixture. The same substrate at 110 °C
after 3 days was almost quantitatively consumed and gave product
in quite a fair yield of 64% (Table 2, entry 5). Cyclohexene
and methallylic amines required harsher conditions, therefore
temperatures of 110 °C were applied in order to achieve full
conversions of these olefins (Table 2, entries 2, 7 and 8). Substrates
possessing allylicamino functionality had to be protected and used
in the form of tertiary amines in order to prevent intramolecular
cyclizations and formation of lactams under hydroformylation
conditions.' Yields varied from a moderate 46% for cyclohexane
to very good 74 and 82% yields respectively for methallylic amines
(Table 2, entries 7 and 8). In the reaction mixture of methallylic
amines, products 10g and 10h were accompanied by product 11,
which was isolated in 8% and 12% yield respectively (Scheme 3).
Methallylic alcohol (Table 2, entry 9) required harsher condi-
tions as well; product 10i was isolated in a moderate 51% yield.
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Scheme 3 Byproduct isolated after tandem hydroformylation—Pictet—
Spengler reaction with tertiary metallylic amines.

Conclusions

In summary, we have demonstrated that a reaction sequence of
tandem hydroformylation and Pictet-Spengler cyclization can be
applied in the synthesis of various THBCs involving both aprotic
and protic conditions. Problems arise with formation of reduction
byproducts, however, yields of products are synthetically useful in
most cases. The fact that intermediates do not have to be isolated
or purified clearly saves time and resources. Further investigation
in using more complex olefinic structures and possible application
in the synthesis of more complex structures is currently under way.
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and temperature on the formation and decomposition of diazo ethers that
initiate homolytic dediazoniation

Alejandra Fernandez-Alonso and Carlos Bravo-Diaz*

Received 5th June 2008, Accepted 7th July 2008
First published as an Advance Article on the web 5th September 2008
DOI: 10.1039/b809521¢

We have investigated the effects of solvent composition, acidity and temperature on the dediazoniation
of 4-bromobenzenediazonium (4BrBD) ions in MeOH-H,O mixtures by employing a combination of
spectrometric and chromatographic techniques. The kinetic behaviour is quite complex; in the absence
of MeOH, dediazoniations follow first-order kinetics with a half-life ¢,,, = 3000 min (7 = 45 °C), but
addition of small concentrations of MeOH lead to more rapid but non-first-order kinetics, suggestive of
a radical mechanism, with 7,,, = 125 min at 25% MeOH. Further increases in the MeOH concentration
slow down the rate of dediazoniation and reactions progressively revert to first-order behaviour, and at
percentages of MeOH higher than 90%, t,,, = 1080 min. Analyses of reaction mixtures by HPLC
indicate that three main dediazoniation products are formed depending on the particular experimental
conditions. These are 4-bromophenol (ArOH), 4-bromoanisole (ArOMe), and bromobenzene (ArH).
At acidities (defined as —log[HCl]) < 2, the main dediazoniation products are the substitution products
ArOH and ArOMe but, upon decreasing the acidity, the reduction product ArH becomes predominant
at the expense of ArOH and ArOMe, indicating that a turnover in the reaction mechanism takes place
under acidic conditions. At any given MeOH content, the plot of k., or ¢,,, values against acidity is
S-shaped, the inflexion point depending upon the MeOH concentration and the temperature. Similar
S-shaped variations are found when plotting the dediazoniation product distribution against the acidity.
The acid-dependence of the switch between the homolytic and heterolytic mechanisms suggests the
homolytic dediazoniation proceeds via transient diazo ethers. The complex kinetic behaviour can be
rationalized by assuming two competitive mechanisms: (i) the spontaneous heterolytic dediazoniation
of 4BrBD, and (ii) an O-coupling mechanism in which the MeOH molecules capture ArN,* to yield a
highly unstable Z-adduct which undergoes homolytic fragmentation initiating a radical process.
Analyses of the effects of temperature on the equilibrium constant for the formation of the diazo ether
and on the rate of splitting of the diazo ether allowed, for the first time, estimation of relevant
thermodynamic parameters for the formation of diazo ethers under acidic conditions.

gations by other researchers.>® They assumed that the radical
pathway followed the propagation sequence postulated by DeTar
and Turetzky,” Scheme 1, but could not find convincing evidence
for the nature of the initiation step and hypothesized a direct
electron transfer from the methanol to the arenediazonium ion,

Introduction

In 1977, Bunnett published two papers'? focused on the ther-
molysis of arenediazonium ions, ArN,*, in acidic methanol
seeking evidence to establish whether or not homolytic and

heterolytic dediazoniations proceed via a common intermediate.?
The phenomenon of interest was first described by DeTar
and Kosuge,® who showed that substituted benzenediazo-
nium ions such as 4-bromobenzenediazonium, 4BrBD, and 4-
methoxybenzenediazonium ions decompose in acidic MeOH
under a N, atmosphere yielding reduction products (mainly
bromobenzene and anisole, respectively), but in the presence of
0, they decompose yielding the corresponding solvolytic products
(4-bromoanisole and 1,4-dimethoxybenzene, respectively).

On the basis of kinetic and product distribution measurements,
Bunnett and co-workers? concluded that, in acidic methanol,
dediazoniations take place through competing ionic and radical
mechanisms, a conclusion substantiated in subsequent investi-

Universidad de Vigo, Facultad de Quimica, Dpt. Quimica Fisica, 36200 Vigo,
Spain. E-mail: cbravo@uvigo.es; Fax.: +34 986 812556, Tel: +34 986 812303

step 1 in Scheme 1. The lack of convincing evidence for or
against the postulated initiation mechanism made the topic remain
a matter of debate for a long time because in such homolytic
dediazoniations no obvious reductants are employed.

k . .
AMN,* +CH;OH — Ar+N,+H"+ CH0H I

Ar +CHOH 2> A+ cH,0H

fast

AN,'+ *CH,OH —3L > AN, +CH,0'H

‘CH,0'H CH,0 +H*

Scheme 1 Solvolytic dediazoniation mechanism proposed by Bunnett’s
group’? showing the initiation step 1, which was assumed to be an electron
transfer from the solvent to the arenediazonium ion, and the subsequent
propagation steps.
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In recent solvolytic dediazoniation work under acidic
conditions,"™ we proposed an initiation mechanism based on the
formation of a transient O-diazo ether in a rapid pre-equilibrium
step followed by a homolytic bond cleavage that initiates a radical
mechanism, steps 1 and 2 in Scheme 2. The experimental basis for
our proposal was the finding of S-shaped variations in both k&
and product formation with acidity for toluenediazonium' and
4-nitrobenzenediazonium, 4NBD, ions!! and the results allowed
identification of the dual role played by the ROH molecules as
nucleophiles that (i) simply solvate the diazonium ions (allowing
them to undergo thermal heterolytic decomposition), and (ii) react
directly with arenediazonium ions to yield O-coupling adducts
in a highly unstable Z configuration, i.e. Z-diazo ethers. In
the second route, the Z-diazo-ethers then undergo homolytic
fragmentation initiating radical processes.>*31%12-14 Moreover, the
kinetic investigation of the methanolysis of 4NBD under acidic
conditions provided an excellent example of the influence of
solvent composition on the change from a heterolytic mechanism
to a homolytic one."

AN, +MeOH Ar-N=N-O-Me +H* 1

kiiom

AFNN-O-Me — > Ar + N+ OMe 2

Ar +McOH—2 > A+ CH,OH
Ar 4 OMe 125> ArOMe
2A1-. fa—St> Ar-Ar
2°CH0H 2L > CH;OH + CH,HO

Scheme2 Newly proposed solvolytic dediazoniation mechanism showing
an initiation step comprising the formation of a highly unstable diazo
ether in a rapid pre-equilibrium step that subsequently decomposes
homolytically initiating a radical process. The spontaneous decomposition
of ArN,*, which takes place through the rate-determining formation of
an aryl cation that further reacts with available nucleophiles (Dy + Ax
mechanism) is not shown for the sake of clarity.

Here we report an extension to our solvolytic studies by
investigating the methanolysis of p-bromobenzenediazonium ions
(4BrBD) over the whole MeOH-H,0 composition range at
different acidities and temperatures. Our aim is to confirm the
proposed initiation mechanism and to gain insights into the
energetics of diazo ether formation and decomposition. For this
purpose, a combination of spectrometric and chromatographic
techniques was employed.

4BrBD was chosen as a model arenediazonium ion for several
reasons; the most relevant are: I) 4BrBD is one of the ArN,* ions
employed in previous studies by DeTar et al.* and Bunnett and co-
workers? and II) because it is well recognized that substituents in
the aromatic ring of diazonium ions have important mechanistic
effects.>®'> For instance, electron-withdrawing substituents in the
4-position destabilize the aryl cation by induction more than
they destabilize the parent arenediazonium ions, and therefore its
spontaneous decomposition reaction is much slower than that of
the parent, or of arenediazonium ions bearing electron-releasing
groups such as Me.™'¢ A Br- group in the 4 position (like 4-MeO-)
withdraws electrons by induction through the ¢ bonds but has an
electron donating capability through resonance, which contrasts
with other electronegative groups such as 4-NO,, which has no
electron donating capability. Electron-withdrawing substituents

(as opposed to methyl, for example) in the aromatic ring make
the arenediazonium ions prone to decompose through homolytic
pathways. For example, transient O-diazo ether derivatives were
detected in dediazoniation of 4NBD ions in the presence of
B-cyclodextrin'™® or ascorbic acid;* for both nucleophiles, the
adducts were detected experimentally and, in some instances,
isolated.?®

As we shall show, the results obtained for the methanolysis of
4BrBD provide further support for a radical initiation mechanism
via formation of a transient diazo ether, Ar—-N=N-OMe, which
undergoes homolytic fragmentation yielding a bromophenyl rad-
ical (Ar’) and the methoxy radical ("MeO). Formation of the
O-adduct is dependent on the acidity, the MeOH concentration
and the temperature. At a given temperature and —log[HCI] > 2,
competitive homolytic and heterolytic mechanisms are observed
and the aryl radicals are able to abstract a hydrogen atom from
MeOH within the solvent cage leading to the formation of
the reduction product, bromobenzene. The formation of the O-
coupling adduct is exothermic, but the large negative entropic
term makes the Gibbs free energy for the equilibrium formation
of the diazo ether small but positive at normal temperatures. An
increase in the temperature does not favor diazo ether formation
even in reaction mixtures with a high MeOH content.

Results

Effects of the percentage of MeOH on the rate of
decomposition of 4BrBD

The effect of solvent composition on the observed rate constant,
kqns» Was investigated by changing the percentage of MeOH in the
reaction mixture at different acidities (HCI, [H;O*] at least 10 times
greater than initial concentrations of substrate). In the absence
of MeOH, the thermal decomposition of 4BrBD in aqueous
acid solution is extremely slow but the reactions appeared to
follow first-order kinetics (results not shown) and a value of 7,,, =
3000 min was estimated at 7= 45 °C (see Experimental section for
details). This remarkable thermal stability is consistent with that
of benzenediazonium ions bearing other electron-withdrawing
groups in the aromatic ring compared with that of those bearing
electron-donating groups.®'¢2!

Addition of only small amounts of MeOH results in the UV
absorbance against time plots becoming S-shaped, Fig. 1, which
is clearly not compatible with simple first-order kinetics and
suggests intrusion of a radical process. Careful purification of
the diazonium salt (see Experimental section), and changes in the
batches of the MeOH employed to prepare the reaction mixtures
and of the MeOH supplier, did not result in significant changes in
the observed kinetic behavior, indicating that the results obtained
are not due to possible impurities in the MeOH.

Upon increasing further the percentage of MeOH, the reaction
profiles gradually became first order again with #,,, = 1080 min in
98% MeOH, i.e. t,), is about 3 times higher in 98% MeOH than in
pure water. All these observations are very similar to those found
for the methanolysis of 4NBD ions.!!

Because of the non-first-order behaviour obtained at interme-
diate MeOH percentages, but wishing to compare the effect of
the percentage of MeOH on the rate of the reaction, we report
half-lives, #,,, values of which are plotted instead of k,, in Fig. 2.
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Fig. 1 Typical S-shaped kinetic plots obtained for the thermolysis of
4BrBD in a 25% (v : v) MeOH-H,O binary mixture at different acidities.
[4BrBD] ~ 1.3x 10* M, T =45 °C.

104tz /s

10%t1n/ s

0 20 40 60 80 100
% MeOH

Fig. 2 Variation of ¢,,, with the percentage of MeOH for solvolyses of
4BrBD. [4BrBD] ~ 1.3 x 10* M, [HCI] = 0.01 M, T = 45 °C. The inset is
a magnification of the 0-30% MeOH range.

As noted before, ¢,,, = 3000 min (7" = 45 °C) in the absence of
MeOH, but addition of small amounts of MeOH speeds up the
reaction appreciably with #,,, values decreasing to a minimum of
about f,,, = 125 min at 25% MeOH. Further addition of MeOH
causes ?,,, to increase smoothly up to about #,,, =1100 min at 98%
MeOH. The inset in Fig. 2 is an expansion of the results obtained
in the range 0-20% MeOH.

It may be worth noting that the ~ 24 fold decrease in #,,, found
for 4BrBD, Fig. 2, is very similar to that observed for 4NBD, but
a larger [MeOH] is required; for 4NBD the minimum in ¢,,, is
reached at ~ 9% MeOH.'*!!

Effect of acidity on #,,, and on the product distribution

The effects of acidity on ¢, were investigated at selected per-
centages of MeOH, Fig. 3. In both cases, S-shaped profiles
were obtained, emphasizing the effect of acidity on the rate of
the reaction. It was not possible, however, to obtain complete
sigmoidal profiles at low percentages of MeOH because of the
much higher HCI concentrations needed, Fig. 3, and because of
the extremely low reactivity of 4BrBD (the thermal decomposition

-log[HCI]

Fig. 3 Effects of acidity on the methanolysis of 4BrBD in a 25 : 75 (@)
and in a 75 : 25 () MeOH/H,O (v : v) binary mixtures. [4BrBD] ~ 1.3 x
10* M, T =45°C.

becomes competitive), but the data obtained are suggestive of S-
shaped profiles.

The finding of S-shaped kinetic profiles is in keeping with
previous findings showing parallel variations of k. or ¢,,, with
the acidity in the ethanolyses and butanolyses? of toluenedia-
zonium ions and in the methanolyses of 4NBD and attributed
to the formation of transient diazo ether intermediates from the
arenediazonium ions which then lead on to the reduction product
ArH, Scheme 2. Note the large variation of ¢,,, in the —log[HCI] =
0-2 range compared to that in the 2-7 range, highlighting the
crucial role of the acidity in the formation of the diazo ethers,
whose formation seems to be important even under relatively high
acidic conditions (—log([HCI] ~ 1-2).

HPLC analyses of the reaction mixtures indicate that three main
dediazoniation products, ArH, ArOH, ArOMe were formed but
total yields were less than 100% in all runs as in previous 4BrBD
solvolytic dediazoniation works (see Experimental section). Fig. 4
shows the effects of acidity in the yields of the three main dediazo-
niation products, ArOH, ArH, and ArOMe, at two selected solvent
compositions. Fig. 4A shows that, at low percentages of MeOH,
the yield of ArOH drops very fast from ~70% at the highest acidity
to only 8% at —log[HCI] = 2, with a concomitant increase in the
yield of the reduction product (60% at —log[HCI] = 2). Thereafter,
however, the yield of ArOH is remarkably constant on changing
the acidity of the solution.

Fig. 4B displays the results at 75% MeOH showing the increase
in the yield of the reduction product ArH at the expense of the
substitution products ArOMe and ArOH. Note that the yield of
ArH becomes constant at —log[HCI] > 3 and that the yields of
ArOH and ArOMe are very similar in spite of the increase in
[MeOH].

Effect of temperature on #,,, and on the product distribution

Fig. 5A and 5B show the effects of temperature on ¢,,, for the
thermolysis of 4BrBD at different acidities in two selected MeOH :
H,O binary mixtures. Again, S-shaped kinetics are obtained at any
temperature and, at a given temperature, the largest variations in
t,,, are obtained in the —log([HCI] = 0-2 acidity range.

To determine the effect of the temperature on product distri-
bution, the reaction mixtures at two solvent compositions and
different acidities were chromatographed after the reaction was
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Fig. 4 Effects of acidity on the product distribution for the methanolysis
of 4BrBD in 25 : 75 (A) and 75 : 25 (B) MeOH-H,O binary mixtures. O
ArOH [0 ArOMe @ ArH. Experimental conditions as in Fig. 3.

complete, Fig. 6. At a given temperature, S-shaped variations in
the yields are observed on increasing the acidity and at a given
acidity temperature does not seem to have a major effect on the
product distribution.

Discussion

S-shaped variations in k., (or #,,,) with acidity such as those
shown in Fig. 3-6 are usually observed in reactions of acid-
base pairs where both forms are attainable and show different
reactivities.”® Only two specimens under our experimental con-
ditions may undergo acid-base processes, the ArN,* ions and
MeOH. The pK, of MeOH is ~ 15 and the pK, value of 4BrBD
has been reported to be ~ 11.1,* so it appears unlikely that
ArN,* ions react with MeO~ or with OH-™ ions, as in alkaline
medium,"? under our experimental conditions. We propose the
reaction mechanism shown in Scheme 2 which hypothesizes two
competitive mechanisms: (i) the thermal decomposition of the
solvated ArN,* ions through the heterolytic Dy + Ay mechanism
(not shown), and (ii) the formation of an adduct between ArN,*
ions and MeOH in a rapid pre-equilibrium step followed by its
rate-determining homolysis, initiating a radical process.

Similar mechanisms have been employed to interpret the
reactivity of arenediazonium ions with a number of ascorbic
acid derivatives where the formation of a diazo ether interme-
diate was detected experimentally by employing electrochemical
methods™? and for the ethanolysis of toluenediazonium ions!
and methanolysis of 4-nitrobenzenediazonium ions.'! The as-
sumption of a rate-limiting decomposition of the diazo ether

T 7T T T T T 1T

10‘4t1/2 /s

104t12/ s

-log[HCI]

Fig. 5 Effects of temperature and acidity on ¢,,, for the methanolyses
of 4BrBD in 25% (A) and 75% (B) MeOH-H,O binary mixtures. B 7 =
45°COT=50°C@®T=55°CO T'=60°C.[4BrBD] = 1.37 x 10* M.

is also consistent with reported results for other O-coupling
reactions,'>*??7 and was probed experimentally in reactions of
arenediazonium ions where geometric restrictions apply.'”-?

From Scheme 2, eqn (1) can be derived where kypr and kyoym
are the rate constants for the spontaneous thermal heterolytic
decomposition of ArN,* and the decomposition of the diazo ether,
respectively, with K standing for the equilibrium constant for diazo
ether formation shown in Scheme 2.

_ Ky [H' ]+ K40 K[MeOH]
o K[MeOH]+[H']

k (1
This equation is typical of processes where an S-shaped depen-
dence of k,,, with —log[H*] is observed (where [H*] represents the
concentration of protonated solvent molecules). From eqn (1),
and by considering limits, we find that when [H*] >> K[MeOH],
kows = kugr, Le., the reaction proceeds wholly through the Dy +
Ay mechanism and only heterolytic products are obtained. On
the other hand, when [H*] << K[MeOH], ky = kuowm, ie. the
reaction proceeds wholly through the O-diazo ether and formation
of reduction products is favored. The solid lines in Fig. 3-6 were
obtained by fitting the experimental data to eqn (1) by means of
a non-linear least-squares method provided by the GraFit 5.0.5
computer program and the average K values obtained are listed in
Table 1.

At a given temperature, the K values at 75% MeOH are lower
than those at 25% MeOH in keeping with previous findings
and confirming that increasing concentrations of MeOH have
opposing effects upon the formation of the diazo ether in this
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ArH
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Fig. 6 Effects of T on product distribution for thermolysis of 4BrBD in a 25 : 75 (left) and in a 75 : 25 MeOH-H,O (right) mixtures. In the 25 : 75
MeOH-H,0 mixture only traces of ArOMe were detected and for this reason the variation in its yield with acidity is not plotted. B 7 =45°CO T =

50°C@® T =55°C O T =60 °C. Other conditions as in Fig. 5.

Table 1 Average values for the equilibrium constant K, determined by
fitting the data in Fig. 3-6 to eqn (1), and values for the enthalpy and
entropy of the formation of the diazo ether (step 1 in Scheme 2) determined
by means of eqn (2), (3)

T/°C 45 50 55 60
MeOH : H,O (v:v) 25:75

10°K 3.6 32 2.6 2.0
AH/kJ mol™! -35

AS/J mol! K™! -137

MeOH : H,O (v:v) 75:25

10°K 34 2.1 1.7 0.9
AH/kJ mol™! =77

AS/J mol™ K™! —288

concentration range: it is favored modestly by higher concen-
trations of MeOH through the mass action effect, but strongly
opposed by the medium effect on the equilibrium constant.
It is worth noting, however, that the variation of K with the
percentage of MeOH seems to be smaller than that found for the
methanolysis of 4NBD" but larger than that for the ethanolysis
of toluenediazonium ions."” At low percentages of MeOH, an
increase in the temperature does not seem to have a significant
effect on K but the effect seems to be more noticeable on increasing

the concentration of MeOH, and at 75% MeOH, an increase in K
of 1.5 fold is obtained on increasing the temperature from 7' = 40
to 60 °C.

The analysis of the variation of the K values with the tem-
perature allows one, for the first time, to gain insight into the
energetics of diazo ether formation, step 1 in Scheme 2. Fig. 7

"‘8._,’ L
— 2_
1
1,6:‘\
1200
3 304 308 312 3.16
1001/T

Fig. 7 van’t Hoff plot according to eqn (2) for the equilibrium of
formation of the diazo ether, step 2 in Scheme 2. @ 25 : 75, B 75 : 25
MeOH : H,O (v : v). Data from Table 1.
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shows a typical van’t Hoff plot, according to eqn (2), illustrating
the linear variation found between —log K and 1/7T at the two
methanol percentages investigated and from which the enthalpy
values shown in Table 1 were determined. Entropic terms, AS,
determined by employing eqn (3), are also displayed in Table 1.
Details on the assumptions and limitations on the use of eqn (2)
and (3) can be found elsewhere.?”

_ d(logK)
AH =-2.3R {a(l/T) L 2)
TAS = AH - AG (3)

Data in Table 1 show that AH and AS are of the same sign,
and so work in opposite directions. Formation of the diazo ether
is exothermic yet has a positive standard free energy of formation
at any of the temperatures investigated. The Gibbs free energy AG
for the 75 : 25 mixture is higher than that for the 25 : 75 one,
highlighting the opposing effects of [MeOH]. Because AG > 0,
K =k,/k, < 1and thus k, < k_,. An increase in the temperature
increases kyom, Fig. 8, and at any temperature kyoy must be higher
than k_, since once the diazo ether is formed it splits homolytically
according to the steps indicated in Scheme 2.

3 304 308 312 316
108 1/T

Fig. 8 Variation of In[z,,,(HOM)], which refers to the fitted value at low
acidity, eqn (1), for the methanolysis of 4BrBD with the reciprocal of the
temperature in a 25 : 75 (@) and a 75 : 25 (l) MeOH-H,0 mixture.
[4BrBD] ~1.40 x 10* M, —log[HCI] = 4.1.

The analyses of the effects of temperature on kygr (or ¢,,,(HET))
and kyoy (or t,,,(HOM)) allowed us to estimate the values for
the activation energy of the heterolytic and homolytic pathways,
Fig. 8. The estimated value for the heterolytic process is in line
with those reported in the literature,® E, = 100 kJ mol™” and
those for the decomposition of the diazo ether in 25 : 75 (E, =
(71 £ 10) kJ mol™") and 75 : 25 MeOH/H,O mixtures (E, = (74 =
10) kJ mol™) are very similar to each other but substantially lower
than that for the heterolytic process.

Previous studies on the formation of diazo ethers under alkaline
conditions suggest that diazo ethers are initially formed in a
highly unstable, kinetically controlled, Z-configuration which then
may undergo subsequent isomerization to the thermodynamically
stable E-isomers, which be in some instances can isolated,® or
eventually may give rise to homolytic rupture of the bonds
providing the initiation of a radical process.'*'*?>3! This bond-
rotating mechanism to transform the Z- into the FE-isomers
has been recently described for Sandmeyer hydroxylations and
chlorination reactions.® All kinetic and product distribution

evidence suggests, therefore, that in the present case there is
no conversion of the unstable Z-diazo ether to the much more
stable E-isomer, which would eventually undergo acid catalyzed
fragmentation,'>'**? as was found for the methanolysis of 4NBD."!

In conclusion, we have been able to show that the methanolysis
of 4BrBD under acidic conditions takes place through two
competitive mechanisms where a MeOH molecule may act as
a nucleophile by simply solvating 4BrBD (allowing it to un-
dergo thermal heterolytic decomposition) or react directly with
4BrBD to yield an O-coupling adduct which undergoes homolytic
fragmentation. The formation of this adduct is favoured by
decreasing the acidity but suppressed by increasing [MeOH] and
the temperature.

Because large amounts of the reduction product ArH are
formed under relatively mild conditions, the results obtained here
also indicate a simple, effective and quick practical method for
replacing an aromatic amino group by hydrogen, representing
an improved alternative to the method proposed by Kornblum?
using hypophosphorous acid as reducing agent or that proposed
by Bravo-Diaz et al. using sodium dodecyl sulfate surfactants®** or
B-cyclodextrin.'”

Formation of diazo ethers with neutral and anionic nucleophiles
in the course of dediazoniations has been described.'”#20253537 I
most instances analyzed, the nucleophile must possess a charge,
such as OH-, CN-, RO™ or ascorbate ions, and experimental
conditions are chosen so that substantial concentrations of the
anionic form of the nucleophile are present.'*'**>3! However,
our results suggest that the formation of Z-diazoethers with
neutral nucleophiles is much more common than expected, and
further investigations to elucidate the role of substituents in the
aromatic ring and experimental conditions on the formation and
decomposition of diazo ethers are warranted.

Experimental section
Instrumentation

UV-VIS spectra and some kinetics experiments were followed on
an Agilent 8453 spectrophotometer equipped with a Julabo F12-
ED thermostatted cell carrier and attached to a computer for data
storage. Product analysis was carried out on a WATERS HPLC
system which included a model W600 pump, a W717 automatic
injector, a W2487 dual wavelength detector, and a computer for
control and data storage. Products were analyzed on a Microsorb-
MYV C-18 (Rainin) reverse phase column (150 mm length, 3.9 mm
internal diameter, and 4 um particle size) using a mobile phase of
45 : 55 v : v MeOH-H,O containing 10* M HCI. The injection
volume was 25 uL in all runs and the UV detector was set at
225 nm.

Materials

4-Bromobenzenediazonium (4BrBD) tetrafluoroborate (Aldrich,
96%) was purified three times from CH;CN—cold ether; it was
stored in the dark at low temperatures to minimize its de-
composition and was recrystallized periodically. 4-bromophenol
(ArOH), 4-bromoanisole (ArOMe), bromobenzene (ArH), were
from Across Organics and were used without further purification.
Other reagents were of maximum available purity from Panreac
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or Riedel de Hien. Solution composition is expressed as percent
MeOH by volume. Molar concentrations were calculated by
ignoring the small excess volume of mixed solvents.*® All aqueous
solutions were prepared by using Milli-Q grade water.

Methods

Kinetic data were obtained spectrophotometrically and by
HPLC. Observed rate constants were obtained by fitting the
absorbance-time data for at least three half-lives to the integrated
first-order eqn (4) using a non-linear least squares method in those
cases where clean first-order kinetics were observed; otherwise,
t,, values are reported and defined as the time elapsed for the
absorbance or concentration of the reactant to decrease to half its
initial value, or for the yield of a product to increase to half its
final value.

In M-M. =—kt 4)
My-—M_ )

Duplicate or triplicate experiments gave average deviations less
than 10%. Stock 4BrBD salt solutions were prepared by dissolving
it in the appropriate acidic (HCl) mixture to minimize diazotate
formation;* solutions of final concentrations about 1 x 10° M
and [HCI] = 3.6 x 10° M were used generally immediately or
within 90 min with storage in an ice bath to minimize spontaneous
decomposition. Beer’s law plots (not shown) in aqueous and
methanolic solutions up to 2.00 x 10~ M were linear (cc. > 0.999).
Spectrophotometric kinetic data were obtained by following the
disappearance of the absorbance of ArN,* at A = 292 nm.
Reactions were initiated by adding an aliquot (<100 uL) of the
ArN,* stock solution to the previously thermostatted reaction
mixture.

Product analysis of reaction mixtures was by HPLC after
dediazoniation was complete. Preliminary HPLC experiments
showed that three main products are formed, ArOH, ArH, and
ArOMe. Linear (cc. >0.999) calibration curves for converting
HPLC peak areas, 4, into concentrations were obtained for
these products by employing commercial samples. Percentage of
formation, Y, of dediazoniation products were obtained from the
dediazoniation product concentration, [analyte], and the initial
diazonium salt concentration, [ArN,*],, estimated by weight, i.e.
Y = 100[analyte]/[ArN,*],, as described elsewhere.!**5

Inasmuch as total yields were less than 100%, careful purifi-
cation and quantification of 4BrBD was done, and the MeOH
employed in the kinetic experiments was HPLC grade from
different suppliers and batches (and used as received), but
the yields did not improve significantly. HPLC chromatograms
showed no extraneous peaks that could be eventually associated
to unidentified dediazoniation products. Large scale thermolysis
reactions were carried out to provide substantial amounts of
minor by-products for easy identification and quantification but
all efforts were unsuccessful and no tangible amounts of other
products were detected except traces of 4,4’-dibromobiphenyl at
percentages of MeOH ranging 5-15%.

We found no easy explanation of the anomalous low total
yields found, which contrasts to the quantitative yields found
in other solvolytic dediazoniations under similar experimental
conditions.>®!*!* One might think the cause to be an erroneously

low measurement of the initial amount of 4BrBD used. This
is unlikely to be the case because, in addition to the careful
purification of 4BrBD, different experiments and batches carried
out in different days gave similar results.

Yields less than 100% were already reported for the thermolysis
of 4BrBD in acidic MeOH in previous dediazoniation works!#40
and no clear explanation was provided in spite of the numerous
attempts to isolate minor products. Even in some of the most
recent dediazoniation studies, where the yields of 4BrBD solvolytic
reactions were determined by GC analyses,* the computed total
yields are substantially less than 100% both in the presence
and absence of radical trapping agents such as iodoacetic acid.
Here we assumed, as Bunnett ef al'? did in the past, that
the low yields should be recognized as a systematic error on
computing total yields, which does not affect the kinetic results
(since dediazoniation products are formed competitively, see
experimental results) nor the variation in the yield of a given
dediazoniation product with acidity or temperature, thus not
affecting the main mechanistic conclusions that can be ruled out
from the experimental data.
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The use of enol phosphinates as electrophiles for cross-coupling reactions has been explored. Both
boronic acids (Suzuki-Miyaura reaction) and stannanes (Stille reaction) couple efficiently with lactam

derived phosphinates.

Introduction

Late transition metal (Pd, Ni) mediated cross-coupling reactions
represent one of the most common methods for forming C-C
bonds.! Whilst halides represent the most common electrophilic
component, there are a large number of oxygen based leaving
groups that have been described.> Of these, vinyl and aryl
triflates,3 by virtue of their excellent leaving group ability and
ease of preparation from phenols and enolates, have become the
most widely used in the various cross-coupling strategies. However,
these versatile intermediates often suffer from drawbacks, such as
a lack of stability and the need to use expensive triflating reagents,
which can be difficult to handle and store. An attractive alternative
to the triflate group is the analogous phosphate group. Not only
are the reagents needed for their preparation cheap and easily
stored, phosphates are often found to be superior substrates in
cross-coupling reactions. Although previously reported in simple
cuprate displacement reactions (Fig. la),* the first examples
of palladium mediated cross-coupling of vinyl phosphates was
reported in 1980 by Oshima et al., who coupled a series of vinyl
phosphates with trialkyl aluminium species in the presence of
a Pd(PPh;), catalyst (Fig. 1b).> More recently, amongst others,
Nicolaou et al.® and Coudert et al.” have successfully used enol-
phosphates in a variety of cross-coupling reactions (Fig. lc
and 1d).

Despite these successful applications of the phosphate group in
cross-coupling chemistry, the parallel phosphonate and phosphi-
nate groups, Fig. 2, remain unexplored.

Since replacing P-O bonds with P-C bonds lowers the leaving
group ability, these groups are predicted to be more stable and
thus potentially more suitable for more labile functionality. In
this respect, we have begun to explore applications of these
other phosphorus groups as electrophiles in synthesis. We have
previously shown that both solution and solid phase phosphonates
are viable partners in Suzuki and Stille cross-coupling strategies,
Fig. 3, and in this paper, we describe the application of lactam
derived phosphinates in simple transition metal catalysed cross-
coupling strategies.
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Results and discussion

As a simple system to explore phosphinate based electrophiles in
cross-coupling chemistry, we chose to build on our earlier work
and use simple N-Boc caprolactam enolates as test substrates.
Although reaction with Boc,O in DCM was unsuccessful, simple
treatment of commercially available caprolactam 1 with DMAP
and Boc anhydride in THF smoothly furnished 2 in an excellent
yield of 92%. Subsequent treatment of a cold THF solution of 2
with LDA and TMEDA and trapping of the resultant anion with
diphenylphosphonic chloride afforded the desired phosphinate 3a
ina 77% yield. The formation of the phosphinate was characterised
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by a single peak in the 3P NMR spectrum at 29.7 ppm and a
distinctive signal at 5.36 ppm (1H, dt, J, =3 Hz, Jy; = 7 Hz) in the
"H NMR spectrum due to the C-3 vinylic proton. Subsequently
replacing LDA-TMEDA by NaHMDS proved to be cleaner and
more efficient, providing phosphinate 3a in 90% yield.

With the phosphinate now readily available, attention then
turned to cross-coupling reactions. Reflecting its widespread
use, and the low toxicity of the reagents involved, we opted
to commence these studies using the Suzuki-Miyaura reaction.
Following the protocol successfully applied in the coupling of enol
phosphonates (1.5 eq ArB(OH),, 2 eq Na,COs;, 0.05 eq Pd(PPh;),,
DME-EtOH-H,0, 80 °C, 1 h), the reaction of phosphinate
3a with three boronic acids (3,5-dimethylphenyl 4i, p-tolyl 4ii,
and thiophene boronic acid 4iii) was attempted. Whilst with
3,5-dimethylphenyl boronic acid, the desired product could be
isolated, as evidenced by a shift in the resonance for the C-3 vinylic
proton to 5.85 ppm (1H, t, / = 7 Hz) and a molecular ion at MNa*
of m/z = 324.1934 in the ESI mass spectrum, the yield was low
(30%). Moreover, as with the majority of the coupled products vide
infra, 5a-i was isolated as a mixture of rotamericisomers (4 : 1 ratio)
as characterised by two sets of peaks in the "H NMR spectrum.
Notably, two peaks due to the C-3 vinyl proton can be seen at
6.11 ppm (t, J = 7 Hz). These coalesce to a single broad peak
on heating the sample in CDClI; to 60 °C (see ESI for spectrat).
However, reactions with the other boronic acids selected failed to
afford any of the desired coupled products (Scheme 1).

Consequently, we initiated a simple screening strategy to identify
conditions to effect the coupling of phosphinate 3a with a range
of boronic acids in good yields. Since the number and range of
variables render a complete and systematic screen impractical, we
simply selected combinations drawn from a total of 4 palladium

- G,

0 92%
2
b 77%
or
c 90%
B Sammme
Q Ar Q Pth
5 3
Q @f D
0% 30% 0%

Reagents: a) DMAP, (CO,'Bu),, THF, r.t. 3 h. b) i) LDA, TMEDA, THF,
78 °C, ii) Ph,P(O)CI. c) NaHMDS, THF, -78 °C, ii) Ph,P(O)CL.
d) ArB(OH), 4, Pd(PPhs),, Na,CO5;, DME/H,O/EtOH (3:2:2), 80 °C,
30 min.

Scheme 1 Initial Suzuki cross-coupling studies with phosphinate 3a.

salts, 7 ligands 10 bases and 8 solvents.} Using the Suzuki reaction
between phosphinate 3a and 3,5-dimethylphenyl boronic acid 4i
as the test transformation, an array of reactions were carried
out in parallel on a 0.1 mmol scale in a Radley Technologies
Greenhouse Parallel Synthesiser™. The reactions were carried out
on a 0.1 mmol scale with analysis via GC using dodecane as an
internal standard to enable conversion levels and chemical yields
to be calculated for each run.

This simple screen revealed that, regardless of the choice of
solvent, the use of an organic base (NEt;) resulted in poor yields of
the desired product, <11%, indicating that an inorganic/aqueous
base is essential to the success of the reaction. Of the seven
conditions that fulfilled this requirement and gave yields that
merit discussion (Table 1), six employed a protic solvent (EtOH
or H,0) and the five highest yielding entries all employed water
as a co-solvent in tandem with an organic solvent with which it is
miscible. It is suspected that such an aqueous—organic solvent
combination provides greater solubility of all the reagents in
the reaction leading to better results. Using the most promising
conditions identified from the array (Table 1, A4) the Suzuki cross-
coupling of phosphinate 3a was then carried out on a preparative
(0.4 mmol) scale The reaction was followed by TLC analysis and
no starting material remained after 1 h. Following a standard
work-up, the coupled product 5a-i was isolated in an excellent
83% yield (Scheme 2, Table 2, entry 1).

Importantly, these optimised conditions proved to be relatively
general across a range of boronic acids affording cross coupled
products 5a-i to Sa-ix in generally excellent yields (Table 2, entries
1-11). Of particular note is the coupling of the highly hindered
2,4,6-trimethylphenyl boronic acid 4vi giving coupled product

1 A full listing of all combinations explored can be found in the ESL.§
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Table 1 Selected results from the array optimisation of Suzuki cross-
coupling protocol using phosphinate 3 and 3,5-dimethylphenyl boronic
acid.”

B(OH)2 PdO, base /
g Y™y
N ~PPh; . Boc

| (e} Ligand, solvent
Boc
3a 4i 5ai
Entry Catalyst Ligand Base Solvent GC yield
A2 Pd(PPh,), K;PO, DMF 23%

A4 Pd(PPh,), NaHCO, DME-H,O0  98%

A5  Pd(PPhy), Ba(OH), DME-H,O 72%
C5 Pd(OAc), ‘Bu,P(BiPh) K;PO, EtOH-H,O 44%
D1 Pd,(dba), KOAc Toluene-EtOH 31%

D4  PdCL(Binap) NaHCO, DME-H,0  46%
D6  PdCL(Binap) CsF THF-H,0  63%

Reaction conditions: carried out on a 0.1 mmol scale. ArB(OH), (1.0 eq),
phosphinate 3 (1 eq), dodecane (1 eq), Pd source (0.05 eq), phosphine
(0.05 eq), base (3 eq), solvent (1 ml total), 80 °C, 18 h.* A full listing of all
combinations explored can be found in the ESI.{

B(OH),
/ (e}
+
'Tl o PPh,
Boc
3a (1eq) 4i (1.1 eq)
Pd(PPhj), (0.05eq)
NaHCO; (3eq)
83% | DME/H,0 (7:3)
80°C, 1h.
\
Boc
5a-i
Scheme 2

Sa-vi in a 65% yield (Table 2, entry 6) as well as electron poor
boronic acids yielding coupled products 5a-vii and Sa-viii in 87%
and 72% respectively (entries 7 and 8). Unsurprisingly, however,
employing an electron poor and sterically hindered boronic acid
4ix resulted in a marked drop in yield giving 5a-ix in a moderate
32% (entry 9). Significantly, in contrast to our preliminary studies,
the electron rich heterocyclic boronic acids 4x and 4xi could also
be successfully employed in the Suzuki reaction, furnishing the
corresponding coupled products in 68% and 90% yield respectively
(entries 10 and 11).

Having established the viability of N-Boc caprolactam phosphi-
nate 3a as the electrophilic component in cross-coupling reactions,
the scope and limitations of the process were investigated by
varying the protecting group and the lactam ring.

Initial attempts to use simple alkyl protecting groups (Me
and Bn) were unsuccessful, owing to an inability to form the

Table 2 Suzuki-Miyaura cross-coupling reactions of phosphinates 3

% \o© 1.1 eq ArB(OH), 4 (s
] 0.05 eq Pd(PPhy), \
N OPPh, - Ar
) 3 eq NaHCO3, DME/H,0 (7:3),
R 85°C, 0.5-1h
3 5

3aR=Boc,n=3
3dR=Ts,n=3
3gR=Ts,n=4

3bR=CO,Ph,n=3
3eR=Boc,n=2

3¢ R=C0O,Bn,n=3
3fR=CO,Ph,n=2

ArB(OH), 4
- F3C -
MeO MeOZC

CLCOZMe @z{ ’ Qﬁlf
BB
©/\002Me

6
Entry Phosphinate 3 Boronic acid 4 Enamide 5 Yield
1 3a 4i Sa-i 83%
2 3a 4ii Sa-ii 81%
3 3a 4iii Sa-iii 99%
4 3a 4iv Sa-iv 89%
5 3a 4v Sa-v 75%
6 3a 4vi Sa-vi 65%*
7 3a 4vii Sa-vii 87%
8 3a 4viii Sa-viii 72%
9 3a 4ix Sa-ix 32%
10 3a 4x 5a-x 68%°
11 3a 4xi Sa-xi 90%
12 3b 4iii Sb-iii 81%
13 3b 4i 5b-i 75%
14 3b 4vi Sb-vi 69%
15 3b 4viii Sb-viii 37%
16 3c 4viii Sc-viii 20%
17 3¢ 6 Sc-viii 58%
18 3d 4ii 5d-ii 64%
19 3e 4iii Se-iii 41%
20 3e 4x Se-x 29%
21 3f 4ii 5f-ii ~10%
22 3f 4iii Sf-iii ~10%
23 3g 4ii Sg-ii 86%"

“Quoted yield based on recovered starting material.

enol phosphinate. However, preparation of, and subsequent
phosphinate formation with the more electron withdrawing N-
phenyl carbamate, N-benzyl carbamate and N-tosyl protected
caprolactams proceeded smoothly, following analogous proce-
dures to that employed for Boc protected phosphinate 3a. In each
case, the phosphinates (3b—d) were isolated in good to excellent
yields, 90%, 58% and 73% respectively. All three phosphinates
were then investigated in the thermal Suzuki reaction. Using the
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standard conditions identified for the N-Boc derivative 3a, coupled
products 5 were isolated in moderate to good yields (Table 2,
entries 12-18). Again, electron rich and electron poor boronic
acids both perform well, although coupling of the sterically
demanding and deactivated 2-carboxymethylphenyl boronic acid
4viii with both 3b and 3d under thermal conditions afforded the
corresponding coupled product 5b-viii and Sc-viii in poor yields
of 37% and 20% respectively (Table 2, entries 15 and 16). Given
that similar observations had been made with phosphinate 3a
(Table 2, entry 9), we then explored the use of the corresponding
potassium trifluoroborate salts, which are often more reactive in
Suzuki coupling reactions than their boronic acid equivalents.’
Consequently, 2-carboxymethylphenyl boronic acid was treated
with KHF, in a MeOH-H,O mixture; recrystallisation from
acetonitrile afforded the trifluoroborate salt 6 in a 75% yield.
Pleasingly, use of this in a Suzuki coupling with 3d under identical
conditions resulted in a threefold increase in yield, affording the
desired product in a now reasonable 58% yield (Table 2, entry 17).

We then turned to consider the effect of lactam ring size. Whilst
attempts to generate the five-membered ring enol phosphinates
appeared successful by LCMS analysis of the crude material,
all attempts to purify these proved unsuccessful, leading only
to recovered lactams. Similar results were obtained on using
the phosphinates directly in cross-coupling experiments and we
surmise that the 5-membered enol phosphinate is highly strained,
making it very prone to hydrolysis. Although the six-membered
ring analogue protected as the N-Ts also exhibited some degree of
hydrolytic instability, both the N-Boc and N-CO,Ph derivatives
3e and 3f were stable to flash column chromatography and
could be isolated in excellent yields, 89% and 95% respectively,
but proved to be unstable with respect to prolonged storage or
acidic media. Similar problems complicated applications in cross-
coupling reactions, which provided modest yields of the desired
arylenamides (Table 2, entries 19-22). This instability persisted in
the products, which, although stable in the solid state, as solutions
in CDCl; were found to gradually convert to the corresponding
acyclic amino ketones over a period of days.

In contrast, ring strain appears to be much reduced in the eight
membered phosphinate 3g, which could be prepared in a moderate
51% yield from the corresponding N-Ts protected §-membered
ring lactam and was successfully coupled with p-tolylboronic acid
4ii (Table 2, entry 23). Notably, this substrate performed better
in the Suzuki reaction than the analogous N-Ts 7-membered ring
phosphinate 3d (Table 2, entry 18).

Having demonstrated the viability of phosphinate electrophiles
in the Suzuki-Miyaura reaction, we then considered other com-
mon cross-coupling methods. Initially exploring the Stille cross-
coupling, aryl, heteroaryl, vinyl and alkynyl tributylstannanes
were all coupled in moderate to good yields using standard
literature conditions (Table 3, entries 1-4). Trimethylstannanes
can also be employed, although in the single example explored,
the reaction proved to be less efficient than the analogous tributyl-
stannane (Table 3, entries 4 and 5). Both thermal and microwave
protocols performed equally well, however, carrying out the
reactions in a microwave has the advantage of drastically shortened
reaction times and dispensing with the need to degas solvents
before the reaction. Whilst Kumada—Hayashi type coupling with
isopropylmagnesium bromide in the presence of a Ni salt and
phosphine ligand afforded the very hydrolytically labile alkyl

Table 3 Further cross-coupling reactions of phosphinate 3

o )/
1l ic (R
Pen, Organometallic (RM), catalyst Q

) O T R
Boc solvent, base Boc
3a 5
Entry RM Product 5 Yield
1 0, 89% 91%°
@—SnB% /
'Tl o]
Boc | //
2 X SnBuy 82% 85%°
l}l =
Boc
3 SnBug 49%° 54%°
Z /
Ph
N
b N\
oC
Ph
4 : _SnBuj, Q 45% 45%°
N ph
Boc
5 : .SnMe; Q 29%¢
N ph
Boc
37() Oc

6 BrMQ/W/

r

Boc

Reaction conditions:* 1.5 eq R’SnR;, 2.5 eq LiCl, 0.05 eq Pd(PPh;),,
THE, reflux, 2 h. * 1.5 eq R’SnR;, 2.5 eq LiCl, 0.05 eq Pd(PPh;),, THF,
microwave, 15 min. 1.5 eq 'PrMgBr, 0.05 eq Ni(dppe)Cl,, Et,O-THF
(1:1),rt., 18 h.

enamide Saq in a moderate 37% yield (Table 3, entry 6), all attempts
to utilise 3 in Heck and Sonogashira coupling protocols have, to
date, been unsuccessful.

In conclusion, lactam derived enol phosphinates with electron
withdrawing groups on the nitrogen atom have been shown to
be excellent partners for both Suzuki and Stille cross-coupling
protocols and also show some activity in nickel catalysed Kumada
type coupling reactions. Both electron rich and electron poor
boronic acids couple equally efficiently, with the only restriction
being those combining deficiency with steric hindrance. However,
this problem may be circumvented by use of the corresponding
aryltrifluoroborate salt. Whilst six- to eight-membered rings are
tolerated, a limitation appears to be ring strain, which results
in hydrolysis being competitive for smaller rings. Overall, these
results suggest that phosphinates represent a viable alternative to
the more commonly used triflate group.
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Experimental section

All reactions were carried out under an argon atmosphere unless
otherwise stated. Solvents were purified following established
protocols. Petrol refers to petroleum spirit boiling in the 40—
60 °C range. Ether refers to diethyl ether. Commercially available
reagents were used as received unless otherwise stated. Flash
column chromatography was performed according to the method
of Still ez al. using 200-400 mesh silica gel. Yields refer to isolated
yields of products of greater than 95% purity as determined by
'H + *C NMR spectroscopy or elemental analysis (Durham
University Microanalytical Laboratory).

Melting points were determined using Gallenkamp melting
point apparatus and are uncorrected. Infrared spectra were
recorded as thin films between KBr plates (liquids) or using an
ATR attachment (golden gate apparatus) on a Perkin-Elmer FT-
IR 1600 spectrometer. Unless otherwise stated, 'H NMR spectra
were recorded in CDCl; on Varian Mercury 200, Varian Unity-
300, Mercury-400 or Varian Inova-500 and are reported as follows:
chemical shift  (ppm) (number of protons, multiplicity, coupling
constant J (Hz), assignment). Residual protic solvent CHCI;
(0 = 7.26 ppm) was used as the internal reference. "C NMR
spectra were recorded at 101 MHz or 126 MHz on Mercury-400
or Varian Inova-500 respectively, using the central resonance of
CDCl; (6. = 77.0 ppm) as the internal reference. All chemical shifts
are quoted in parts per million relative to tetramethylsilane (6, =
0.00 ppm) and coupling constants are given in Hertz to the nearest
0.3 Hz. All 3C spectra were proton decoupled. Assignment of
spectra was carried out using DEPT, COSY, HSQC and NOESY
experiments. Low-resolution electrospray mass spectra (ES) were
obtained on a Micromass LCT Mass Spectrometer or a Thermo-
Finnigan LTQ. High-resolution mass spectra (ES) were obtained
on a Thermo-Finnigan LTQFT Mass Spectrometer in Durham.
Procedures for the reaction screen and characterisation data for
compounds 3b-3e, 5a-i to 5a-xv can be found in the ESI.T

N-(tert-Butyloxycarbonyl)-2-oxo-azepane 2

To a solution of caprolactam (11.47 g, 0.10 mol) and DMAP
(13.62 g, 0.11 mol) in dry THF (120 ml) was added a solution
of di-tert-butyldicarbonate (24.33 g, 0.11 mol) in dry THF
(60 ml). The reaction mixture was stirred at RT for 3 h. The
mixture was concentrated and extracted with EtOAc (150 ml).
The organic phase was washed with 5% HCI (3 x 25 ml), brine
(3 x 25 ml) and NaHCO; (3 x 25 ml), dried over MgSO, and
concentrated. Kugelrohr distillation (50 °C, 0.4 mbar) afforded
the title compound as a yellow oil (19.87 g, 93.17 mmol, 92%).
Vmax (NaCl) 1768 (CH,C=0), 1716 (O=C-0), 1457, 1367, 1299,
1152 cm™. 8y (500 MHz, CDCl;) 1.50 (9H, s, C(CH;)3), 1.72 (6H,
m, 4-H,, 5-H,, 6-H,), 2.62 2H, m, 7-H), 3.75 (2H, m, 3-H,).
d¢c (125 MHz, CDCl;) 23.7 (CHjs)s3), 28.3 (C-5), 28.9 (C-6), 29.5
(C-4), 39.7 (C-3), 46.4 (C-7), 83.0 (C(CHj;),), 153.1 (C-2), 176.0
(OC=0). m/z (ES+) 236.1 (MNa*), 449.1 (2MNa).

Typical procedure for the formation of enol phosphinates.
N-(tert-Butyloxycarbonyl)-4,5,6,7-tetrahydro-1H-azepin-2-yl
diphenylphosphinate 3a

To a cold solution (=78 °C) of the N-protected lactam 2 (0.1 M,
1 eq) in dry THF was added NaHMDS (2 M 1.2 eq) slowly via

syringe and the reaction mixture was stirred at —78 °C for 1 h.
Diphenylphosphonic chloride (1.2 eq) was added dropwise via
syringe and the reaction mixture was stirred at —78 °C for an
additional 2 h before warming to room temperature and quenching
with H,O. The resulting mixture was concentrated and the
aqueous layer extracted into EtOAc (3 x). The combined organics
were washed with brine, dried over MgSO, and concentrated,
affording the crude product as a yellow oil. Purification by flash
chromatography ([1 : 1] dichloromethane-ethyl acetate) afforded
the title compound as a white solid (90%). Mp 81-83 °C. Found,
C, 66.70; H, 6.82; N, 3.22%; Calc. for C,;HxNO,P; C, 66.82; H,
6.83; N, 3.39%. V. (KBr) 2932 (C-H), 1703 (C=0), 1681 (enol
ether), 1440 (P-Ph), 1356 (P=0), 1226 (P-O-Ar), 1159, 1131, 1059,
541, 524 cm™. 8y (400 MHz, CDCl;) 1.44 (13H, m, (CH;);C, 5-
H,, 6-H,), 1.56 (2H, m, 4-H,), 1.99 (2H, m, 7-H,), 5.36 (1H, dt,
JP =3 Hz, JH = 7 Hz, 3-H), 7.38-7.58 (6H, m, Ar-H), 7.78—
7.92 (4H, m, Ar-H). 6. (100 MHz, CDCl;) 24.3 (C-5), 24.8 (C-6),
28.5 (C(CHs);), 29.4 (C-4), 46.4 (C-7), 81.0 (C(CHs;),), 110.1 (C-
3), 128.6, 128.7 (ArC-H), 130.9, 131.9 and 132.0 (ArC-H), 132.3
and 132.5 (ArC), 144.9 (C-2), 153.4 (C=0). 6y (162 MHz, CDCl,)
29.7. m/z (ES+) 436.2 (MNa*), 849.0 (2MNa*).

Typical Suzuki cross-coupling protocols.
N-[(4-Methylphenyl)sulfonyl]-2-(4"-methylphenyl)-
4,5,6,7-tetrahydro-azepane 5d-ii

Method A. A solution of phosphonite 3d (1 eq), NaHCO;
(3 eq), and 3',5'-dimethylphenylboronic acid (1 eq) in DME—~
H,O (7 : 3) was degassed via the freeze-pump-thaw method.
Pd(PPh;), (0.05 eq) was added and the reaction mixture stirred
at reflux (85 °C) for 1 h. The reaction mixture was cooled to
room temperature, concentrated and extracted into EtOAc (3 x).
The combined organics were washed with H,O (3 x) then brine
(3 %), dried over MgSO, and concentrated. Purification on a
Horizon® column chromatography system (1.5% ethyl acetate—
DCM) afforded recovered starting material (33%) and the title
compound as a white solid (43%).

Method B. The desired phosphinate (1 eq), boronic acid
(1.1 eq), Na,CO; (3 eq) and catalyst (0.05 eq) were placed in a
standard 2 ml microwave vial, the solvent (DME-H,0O-EtOH,
[7 : 3:1]) was added and the vial sealed. Reaction parameters;
Prestir = 10 s, reaction time = 300 s, temperature = 100 °C. The
reaction was allowed to cool to room temperature, concentrated
and extracted into EtOAc (3 x). The combined organics were
washed with H,O (3 X) then brine (3 x), dried over MgSO,
and concentrated, affording the crude product. Purification on
a Horizon® column chromatography system (1. 5% ethyl acetate—
DCM) afforded recovered starting material (32%) and the title
compound as a white solid (35%). Vu.x (ATR) 2938, 2918, 1440,
1334, 1150, 1087, 1058, 950, 814, 763, 704 cm™. &y (400 MHz,
CDCl;) 1.43 (2H, m, 5-H,), 1.83 (2H, quint, J = 6 Hz, 6-H.,),
2.06 2H, q, J = 7 Hz, 4-H,), 2.34 (3H, s, CH;), 2.41 (3H, s,
CH;), 6.04 (1H, t, J = 7 Hz, 3-H), 7.04 2H, d, J = 8 Hz, Ar-
H), 7.18 (4H, d, J = 8 Hz, Ar-H), 7.55 2H. d, J = 8 Hz, Ar-
H). éc (100 MHz, CDCl;) 19.8 (CHj;), 20.2 (CHj;), 22.3 (C-5),
25.3 (C-4), 28.6 (C-6), 49.3 (C-7), 124.7 (Ar—CH), 126.1 (Ar-
CH), 126.9 (C-3), 127.4 (Ar—CH), 127.9 (Ar-CH), 134.4 (Ar—
0), 136.2 (C-2), 137.4 (Ar-C), 141.6 (Ar-C), 141.7 (Ar-C). m/z
(ES*) 342.3 (MH"), 359.4 (MH,O"), 700.6 (2MH,0O*). HRMS
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(ES) found MH* 342.1523, C,,H,,NO,S requires 342.1522, found
MNa* 364.1342, C,H,;NO,SNa requires 364.1342.

Stille protocols. N-tert-Butyloxycarbonyl-2-vinyl-4,5,6,7-
tetrahydro-azepane Sa-xii

Method A. A solution of 3a (0.413 g, 1.0 mmol) and LiCl
(0.106 g, 2.50 mmol) in THF (15 ml) was degassed by purging Ar
for 10 minutes before CH,=CHSnBuj; (1.5 mmol) and Pd(PPh,),
(0.058 g, 0.05 mmol) were added. The mixture was refluxed for
2 h before cooling to room temperature. The solution was concen-
trated and extracted with EtOAc—(1 M aqueous KF), the organic
phase was combined, dried (MgSO,), filtered and evaporated.
Flash chromatography on silica (19 : 1 to 9 : 1 petroleum ether—
EtOAc) gave the coupled compound as a colourless oil (82%).

Method B. A solution of 3 (0.413 g, 1.0 mmol) and LiCl
(0.106 g, 2.50 mmol) in THF (7 ml) was degassed by purging
with Ar for 10 minutes before ArSnR; (1.5 mmol) and Pd(PPh;),
(0.058 g, 0.05 mmol) was added. The reaction mixture was
sealed in a standard 10 ml microwave vial and was heated in a
Biotage microwave oven with stirring (irradiation power; 50 W;
temperature ramped to 150 °C in 2 min and held for 15 min),
then cooled to rt. The solution was extracted with EtOAc—(1 M
aqueous KF), the organic phase was combined, dried (MgSO,),
filtered and evaporated. Flash chromatography on silica (19 : 1 to
9 : 1 petroleum ether—EtOAc) gave the title compound (85%). Rf
(19 : 1 petroleum ether-EtOAc): 0.30. Found; C, 69.11; H, 9.31;
N, 6.09%: Calc. for C;;H, NO,; C, 69.92; H, 9.48; N, 6.27%. Vi
(NaCl film) 3092, 2926, 2933, 2853, 1703, 1698, 1645, 1445, 1391,
1253, 1166, 985, 896 and 779 cm™. 8y (400 MHz, CDCl;) 1.37
(9H, s, (CH;);C), 1.47 (2H, br, 5-H,), 1.78 (2H, quintet, J = 6 Hz,
6-H,), 2.15 (2H, m, 4-H), 2.90-3.70 (2H, br, 7-H,), 4.95 (1H, d,
J=10Hz), 5.07 (1H, d, J = 17 Hz), 5.67 (t, |1H, J = 7 Hz, 3-H),
6.18 (1H, dd, J1 = 17 Hz, J2 = 10 Hz). 6. (100 MHz, CDCl;)

24.5(C-4),27.1 (C-5), 28.3 (CH,),C), 29.8 (C-6), 46.7 (C-7), 80.0
((CH,),C), 111.9 (CH,=CH), 127.8 (C-3), 134.3 (CH,=CH), 144.3
(C-2), 154.1 (O-C=0). miz (ES+) 246.0 MNa".
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The host properties of a calix[6]arene cone capped by a Zn(11) tris-imidazole core at the small rim and
decorated by three NH, substituents at the large rim are described and compared to the /exa-tBu
parent complex. It is shown that the replacement of three bulky /Bu substituents by three hydrophilic
and small NH, groups has three major impacts: the receptor is now soluble in aqueous media, it accepts
large guests such as dimethyldopamine and, most interestingly, undergoes a spectacular induced-fit

behavior for guest binding.

Introduction

Calixarenes are versatile platforms for building selective
receptors.! In a cone conformation, they provide a m-basic cavity
that allows the endo-binding of organic guests. In this perspective,
calix[6]arenes are more appealing than calix[4]arenes due to their
larger size. However, several obstacles must be overcome to
obtain a good host: (i) their high flexibility, which contrasts with
cyclodextrin hosts, must be restricted to constrain the macrocycle
in a cone conformation,? (ii) the high number of phenol units
makes their selective functionalization difficult, and (iii) the large
rim ¢Bu substituents limit the cavity size and cause them to be
insoluble in aqueous solvents.

For about ten years now, we have been working on and develop-
ing a system that provides efficient answers to these problems. In
the so-called funnel complexes, the coordination of a metal ion at
the small rim constrains the calix[6]arene macrocycle into a cone
conformation, taking advantage of previously reported selective
methodologies for grafting three coordinating “arms” in alternate
position onto the small rim.? Recently, we have discovered efficient
methodologies allowing the selective funtionalization of the large
rim, for which very few methods exist.* Indeed, we have made use
of the small rim functionalities to direct ipso-reactions such as
nitration® and chlorosulfonylation® at the large rim.

Here, we report on the impact of a large rim modification on
the properties of a “classical” funnel complex based on Zn(11)
coordination into a tris-imidazole core at the small rim. Indeed,
the parent hexa-tBu derivative (1)* has been converted to a tris-
amino derivative (2), thus presenting three NH, groups at the
entrance of the cavity, in place of the rBu door in the parent
ligand. A comparison of the corresponding Zn(11) complexes (4
and 3, respectively) highlights three major novel properties: an
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appreciable increase in the water solubility of the receptor, a
substantial increase in its capacity to accept large guests’ and,
most interestingly, a higher flexibility that gives rise to spectacular
induced-fit phenomena for guest binding.

Results

Calix[6]arene 2 was obtained in two steps from the tris(imidazole)
calix[6]-ligand 1 by (i) the selective ipso-substitution of three
tBu groups for nitro groups and (ii) the reduction of the nitro
substituents to amino groups. Ligand 2 was then reacted with one
equiv. of Zn(11) perchlorate to provide the corresponding dicationic
mono-Zn complex 3 (Scheme 1).8

A novel Zn(11) dicationic aqua complex

The XRD molecular structure of complex 3 is displayed in
Fig. 1.° Tt shows a calix[6]arene cone in a flattened pseudo
C;, symmetrical conformation. The Zn(11) metal center is in a
tetrahedral environment (Td), being coordinated to the three N-
methyl-imidazole arms [d(Zn,N) = 1.98-2.00 A] grafted onto
the calix[6]arene small rim, and to one guest water molecule
[d(Zn,088) = 2.04 A]. The latter is hydrogen-bonded to one
oxygen atom of the calixarene small rim [d(088,063) = 3.09 A].1*
Interestingly, one aniline unit of the calixarene macrocycle is
pointing much more into the cavity than the two others and
therefore presents its aromatic core at a relatively short distance
from the water guest [d(O88—centroid) = 3.48 A] coherent with
an OH-= interaction.” The nitrogen atom (N72) of this peculiar
aniline unit is at relatively short distances from the two others
(3.13 and 3.24 A), whereas the others are more distant from each
other (4.38 A). All together, these amino functions form a door
that closes the entrance to the calixarene cavity.

Here it is very interesting to compare this structure with the
aqua Zn complex 4% based on the parent ligand 1 reported a
few years ago (Scheme 1, Fig. 2)."> In many ways, the structures
resemble each other: a similar Td environment for the metal ion,
similar coordination bond distances [d(Zn—N) = 1.98-2.01 A and
d(Zn-0,) = 1.97 A for complex 4], alternate in/out positions
of the aromatic units of the calixarene cone. A major difference,
however, lies in the presence of a second water molecule in the
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R=tBu 1 .
4 No, ! 3
NH, 2 < i

Scheme 1 Strategies for selective amino group introduction on the large rim and metallo host synthesis. (i) HNO;—AcOH, 80%; (ii) hydrazine
monohydrate, Pd/C, 75%; (iii) Zn(H,0),(Cl0,), (1 equiv.), CH;CN-H,O (2 : 1), 72%.

Fig. 1 XRD structure of complex 3. Left: side view, right: bottom view. The dashed lines indicate the H,O stabilizing interactions within the calixarene
cavity. Hydrogen atoms and counter anions have been omitted for clarity. Selected bond lengths [A] and angles [°]: Znl1-N1 1.9980(17), Zn1-N57
1.9972(18), Zn1-N501.9766(17), Zn1-088 2.041(2), N1-Zn1-N50 112.50(7), N1-Zn1-N57 104.05(7), N50-Zn1-N57 109.74(7), N1-Zn1-O88 110.25(8),
N50-Zn1-088 112.09(8), N57-Zn1-088 107.81(8), O88 - -- 063 3.091, O88 - - - Ar 3.479.

6.10 A

— 0

Fig.2 Comparison of the calixarene cores of the Zn-aqua complexes 3 (left) and 4 (right),* with space-filling representation of the guest water molecules

and the large rim inner substituents evidencing a different cavity space. Hydrogen atoms and counter anions have been omitted for clarity.

hexa-7Bu derivative 4, which, in the case of 3, is lacking. The
role attributed to the second water molecule is: (i) to stabilize
the coordinated one through a strong hydrogen bond [d(0O,0) =
2.54 A], thus establishing a bridge to an anisole unit through an
OH-n interaction, and (ii) to fill the cavity, hence stabilizing the
overall structure and avoiding a major distortion of the calixarene
core that would have been induced by the partial inclusion of a
bulky /Bu group.”® In complex 3, the stabilization of the water
ligand is ensured by a direct OH-7 interaction with the bent
aniline unit that shrinks the cavity size, thus adapting it to the
smallness of the guest ligand. This is shown by the average
distances between the nitrogen atoms in complex 3 (3.58 A),

which are much shorter than the 6.10 A separating the central
tBu C atoms that lie in the in position of complex 4. Hence,
when stacked together, the bulky /Bu groups define a larger cavity
space, whereas in complex 3, the small amino substituents allow
an increased flattening of the calixarene cone, leading to a smaller
cavity volume, well adapted to a single guest water molecule.

Host—guest properties

Comparative "H NMR spectra of ligand 2 and its zinc complex
3 in various solvents are displayed in Fig. 3. Each spectrum is
sharp and characteristic of an average C;, symmetrical flattened
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Fig. 3 (a) 'H NMR profiles (250 MHz) of ligand 2 and its Zn(11) complex 3 in various solvents® (5 mM), (b) '"H NMR signature of the benzylamine
guest in a CD;CN-D,0 1 : 4 solvent mixture, and (c) values of the high field shifts [SA (ppm)] measured for three bulky guest amines hosted by 3. W
(CH,);C, O OCH,, A NCH, and H,,, ® CH,Ar, @ CH,,,,, O H, o and M H,, 5. greek characters: guest protons; S: solvent; W: water.

cone conformation. As classically observed for such calix[6]arene-
based ligands,***! the methoxy resonance appears at a relatively
high-field (1.97 ppm, Fig. 3a, upper spectrum), which indicates
that they are oriented toward the center of the calixarene cavity.
After Zn complexation, this methoxy resonance is displayed at a
“normal” shift (ca. 3.5-3.6 ppm depending on the solvent.,® see
Fig. 3a, lower spectra), thus attesting to a switch in the alternate
flattened cone conformation. Indeed, in order to coordinate the
zinc dication, the imidazole arms must be projected toward the
C; axis (in position), thus pushing the methoxy groups into the
out position. Such a switch of the pendulum (as schematized in
Scheme 1) is further attested by the large modification of the Hy,
resonances belonging to the calixarene core: independent of the
solvent in which the complex has been dissolved, the aniline walls
display H,, protons at a very high field (5.0 ppm, in position),
whereas the aromatic units bearing /Bu groups at the large rim
see their H,, protons at a low field (ca. 7.2 ppm). The Bu 9§ shift
changes (0.97 ppm for the ligand in DMSO vs. 1.4 ppm for the
complex either in CDCl; or in a MeCN-D,0 mixture) further
substantiates the conformational switch.

As previously reported® for the parent Zn complex 4, the
addition of a variety of small ligands (DMF, acetamide, DMSO,
EtOH, aminopropanol, heptylamine) to complex 3 leads to their
encapsulation in the calixarene cone. This was attested by the
appearance of new peaks in the high field area (see the ESIT),
with very little change to the resonances of the calixarene core,
the conformation of which was barely affected. Hence, complex
3 displays similar host properties for small guest molecules
compared with host 4.> However, two major differences in their
behavior were observed.

e First, complex 3 is soluble and stable in aqueous solvents.
Indeed, the 'H spectrum recorded in a 1 : 4 mixture of CD;CN—
D,O shows a profile that can almost be superimposed on that
recorded in CDCI; (Fig. 3a).? This indicates that the cone is
maintained thanks to the strong complexation of the Zn(I1) ion.
With host 4, the first drop of water added to an acetonitrile
solution of the complex induced its precipitation. This shows that
the replacement of three /Bu groups with three NH, moieties has
a strong impact on the solubility properties of the complex and
allows its solubilisation in an 80% aqueous medium at 10 mM
concentration.

e Second, complex 3 can host much bulkier guests than 4
does. This is best illustrated by its higher affinity for benzylamine,
dimethyldopamine or decarboxylated tryptamine when compared
with 4, which either did not host these guests or underwent
decoordination of Zn(11) from the calixarene core. With host 3,
their endo-binding was cleanly observed upon the addition of
one equiv. of these amines to the complex (ca. 5 mM) in any
solvent: CDCl;, MeCN or aqueous medium. A representative
signature is shown Fig. 3b together with the 'H high-field shifts
observed for the bulky guests, attesting to their inclusion in the
aromatic macrocycle. As for host 3, the highest up-field shifts
are observed for the protons situated in the B and y positions
relative to the coordinated amino group (see Fig. 3c), which
indicates a similar positioning of the Zn-guest ligand adduct
relative to the host calixarene skeleton. Interestingly, in the case
of these bulky ligands, and in contrast with the above mentioned
small guests, their inclusion in the calixarene core induces strong
modifications of the host resonances. As illustrated by Fig. 3b,
the aromatic protons that are in an in position (Hawm) together
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with the methylene groups connecting the tris-imidazole core to
the macrocycle, undergo a down-field shift of ca. 0.3 and 0.5 ppm,
respectively. This shows that each aromatic unit straightens up to
a position that is more parallel to the C; axis, thus opening the
cavity entrance and increasing the cavity space to allow the guest
ligand to fit in. This interestingly denotes an induced fit process by
which the cavity adapts to its guest, folding-in when water is the
endo ligand, and unfolding to accommodate larger guests.

The XRD molecular structures of complex 3 with dimethyl-
dopamine and benzylamine as the guest ligands are displayed in
Fig. 4.5 As in the case of the aqua complex, the calix[6]arene core
is in a pseudo C;, symmetry with a tetrahedral Zn(11) ion bound
to the imidazole arms and to the guest ligand. In each case, the
coordinated primary amino function is stabilized through two hy-
drogen bonds with the oxygen atoms belonging to two tBuAr units
[d(N---0) = 2.92-3.01 A].™ The guests are further stabilized by
CH - - - winteractions''® with the aromatic walls of the calixarene
[d(C89 - - centroid) = 4.02 A each, d(C90- - - centroid) = 3.77 A,
d(C92 - centroid) = 4.10 A and d(C96,N69) = 3.57 A for the
dopa adduct], (see Fig. 4).

Here, the XRD structures show an important modification of
the cone conformation compared to the aqua complex depicted
in Fig. 1. Indeed, the aniline units are now almost parallel to the

C; axis and the average distance between aniline nitrogen atoms
has increased from 3.48 A for the aqua complex to 6.57 A and
7.53 A for the dopa and benzylamine complexes, respectively. Such
a change in the cone shape was obviously induced by the inclusion
of the voluminous guest, necessitating the wide opening of the
cavity door, as well as the increase in the cavity space.

Discussion and conclusion

In conclusion, this study shows that an a priori minor structural
change at the large rim of a receptor has a major impact on his
properties. Not only does it increase its water solubility and allow
larger guests to fit in the cavity, but it also confers interesting
adaptive properties to the cavity. Indeed, the replacement of the
tBu door by small NH, groups increases the degree of freedom
of the aromatic units to rotate one relative to the other. This
allows the calixarene to tune its cavity space for a best fit to
the guest size, which can range from a single water molecule to
the large dopa derivative. The increased flexibility also allows
the optimization of non-covalent stabilizing interactions within
the cavity ie hydrogen-bonds, OH-n and CH-n interactions
with the aromatic walls of the more or less flattened cone core.
Such a behavior stands in strong contrast with cyclodextrin'? or

Fig. 4 XRD structures of complex 3 with bulky guest ligands L. Left: L = dimethyldopamine; right: L = benzylamine. Hydrogen atoms and counter

anions have been omitted for clarity.
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resorcinarene-based’® receptors, which, due to their rigidity, can
display strong binding to organic guests, but only on the condition
that there is a good fit between the guest size and the cavity size
(described as the 55% rule by Rebek and Mecozzi).” Hence, a
rigid receptor presents a disadvantage as only a restricted number
of guests will display a strong affinity for the receptor: only those
whose size fits with the 55% rule. In our system, the high, but
controlled, flexibility of the host turns out to be an advantage,
with a cavity that adapts to the size and nature of the guest for an
optimized host-guest binding energy.

From a biomimetic point of view, it is first worth noting that
dicationic 4-coordinate Zn(l1)aqua complexes, which model the
active species of a number of hydrolytic enzymes, are rare species,
difficult to stabilize with a simple tridentate ligand due to the high
acidity of the coordinated water molecule. Complex 4 was the
first example of its kind. Complex 3 displayed in Fig. 1 and 2,
provides another example that illustrates the importance of the
second coordination sphere for the stabilization of the dicationic
core. It is also interesting to relate this system to enzyme-substrate
complexes. Highly specific enzymes generally display a relatively
rigid pocket for the selective recognition of a unique substrate.
In contrast, enzymes that contribute to the metabolism of drugs
and xenobiotics, such as cytochromes P-450, must carry out the
efficient binding of a wide variety of substrates within the same
active pocket. It has been recently recognized that this class of
P-450 enzymes has indeed a very flexible proteic backbone that
allows the active pocket to shrink or expand depending on the
substrate size.”

We are now currently exploring the specific recognition proper-
ties that the presence of an amino door with acid-base properties
can bring to our calix[6]arene-based versatile receptors.
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We report the synthesis and characterization of N,N’-bis[(7-dimethylamino)phenothiazin-
S5-ium-3-yl]-4,4’-ethylenedipiperidine diiodide (3), consisting of two photosensitizing phenothiazinium
rings attached to a central ethylenedipiperidine linker. At all time points (10, 30, 60 min) and all
wavelengths (676, 700, 710 nm) tested, photocleavage of pUCI19 plasmid DNA (22 °C and pH 7.0) was
markedly enhanced by 1 uM of 3 in comparison to 1 uM of the parent phenothiazine methylene blue
(MB). At concentrations of phenothiazine ranging from 5 to 0.5 uM, the photocleavage levels produced
by compound 3 were consistently higher than the cleavage produced using approximately twice the
amount of MB (e.g., 710 nm irradiation of 5 uM of 3 and 10 uM of MB cleaved the plasmid DNA in
93% and 71% yields, respectively). Scavenger assays provided evidence for the involvement of singlet
oxygen and, to a lesser extent, hydroxyl radicals in DNA damage. Analysis of photocleavage products
at nucleotide resolution revealed that direct strand breaks and alkaline-labile lesions occurred
predominantly at guanine bases. While compound 3 and MB were both shown to stabilize duplex
DNA, the AT, values of calf thymus (CT) and C. perfiingens DNAs were approximately three fold
higher in the presence of compound 3. Finally, viscometric data indicated that CT DNA interacts with
compound 3 and MB by a combination of groove binding and monofunctional intercalation, and with

compound 3 by a third, bisintercalative binding mode.

Introduction

In photodynamic therapy (PDT), photosensitizing drugs are
employed to effectively treat a variety of malignant tumors and
non-cancerous diseases.! PDT offers the advantage of selective
localization and light activation of the photosensitizer in diseased
tissue, thereby minimizing damage to healthy cells. Notwith-
standing, only a few drugs, mostly first and second generation
porphyrin derivatives, have been approved clinically.’” There is now
great interest in the development of alternative photosensitizing
agents. An important requirement of PDT is strong absorption
of light within a therapeutic window of 600-800 nm.'" These
longer wavelengths reduce light scattering and are more readily
transmitted by biological constituents, thereby providing maximal
light penetration. At wavelengths greater than 800 nm, photons do
not possess the necessary energy required by the sensitizer triplet
state to excite ground state molecular oxygen.

The phenothiazine dye methylene blue (MB; Scheme 1) strongly
absorbs light at 664 nm. With regards to PDT, MB has demon-
strated efficient photodynamic activity in several malignant cell
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BC NMR and HMQC NMR spectra of compound 3, viscometric plots of
alternating poly[(dA-dT)], and poly(dA)-poly(dT) pre-equilibrated with
compound 3 and with MB, UV-visible absorbance data and spectra for
compound 3 and MB in solutions containing 1 uM of dye in the presence
and absence of CT DNA and 1% SDS. See DOI: 10.1039/b810015b
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Scheme 1 Structure of methylene blue and transformation of
10H-phenothiazine 1 to bis-(phenothiazinium)ethylenedipiperidine salt 3.

lines,> murine tumor models,® and in the palliation of inop-
erable human esophageal cancer* and AIDS-related Kaposi’s
sarcoma.* Additionally, MB has been employed in anti-microbial
research.® Specifically, MB has exhibited photoinactivation of
bacterial pathogens including Bacillus anthracis, the causative
agent of anthrax,® and methicillin-resistant, epidemic strains
of Staphylococcus aureus.® MB photosensitization is in current
use to inactivate the human immunodeficiency virus HIV-1 in
donated blood products.®* A recent study has indicated that
phototreatment of cell cultures in the presence of MB abolishes
the infectivity of West Nile virus.®
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Methylene blue meets two additional important criteria of
PDT: low levels of cytotoxicity in the absence of irradiation and
preferential retention by diseased tissue.* As a result, MB has
been employed as a staining agent for tumor detection in vivo.* Low
toxicity levels have permitted other non-PDT clinical applications,
which include the use of MB to identify sentinel lymph nodes
in cancer staging,” and as an effective treatment for ifosfamide-
induced encephalopathy® and methemoglobinemia.®

While methylene blue has been reported to accumulate in
mitochondria and lysosomes,” Riick and co-workers have demon-
strated that irradiation triggers its re-localization from lysosomes
to the cell nucleus.” MB is positively charged at physiological pH
(pK, > 12.0)," rendering DNA an attractive biological target.
In fact, it has been well established that MB can non-covalently
bind to DNA (K, = 7-10 x 10° M), by exhibiting one of two
different binding modes (intercalation or groove binding), as a
function of DNA sequence and experimental conditions.! Its close
association with DNA and efficient singlet oxygen production
form a basis for effective oxidative photodamage by MB.>"
Although enzymatic reduction of phenothiazinium chromophores
to the photoinactive, leuco form can reduce photodynamic action,
methylation of methylene blue at the 1 and/or position 9 of the
phenothiazinium ring has been shown to prevent and/or inhibit
the reduction process and increase singlet oxygen yields.>'?

In spite of the many advantages of MB, the use of
phenothiazine-based chromophores in PDT has remained rel-
atively unexplored. Herein we report the synthesis and char-
acterization of photosensitizer 3 in which two phenothiazine
intercalating units are attached covalently by a semi-rigid, electron
donating ethylenedipiperidine linker. (In a previous study, the
substitution of ethylenedipiperidine into the linking chain of
ditercalinium was shown to promote stronger bisintercalation into
double-helical DNA with appropriate placement of the linker in
the major groove of the helix.’®*) Our goal was to design a reagent
capable of photocleaving DNA more efficiently and at longer
wavelengths than MB.

Results and discussion
Synthesis

Bis-(phenothiazinium)ethylenedipiperidine salt 3 was synthesized
according to the procedures depicted in Scheme 1. The pre-
cursors 1 and 2 are known compounds™ and were prepared
following a commonly utilized route for the synthesis of 3-
(dialkylamino)phenothiazin-5-ium salts with the exception of
changing the solvent from methanol to chloroform in the prepa-
ration of compound 2. While syntheses of other 3,7-disubstituted
phenothiazin-5-ium salts have been reported,*'* the nucleophilic
attachment of an ethylenedipiperidine linker chain to two equiv-
alents of 2 to form dicationic 3 required the exploration of a
number of different solvents (e.g., methanol, chloroform, DMSO)
and counterions (e.g., hexafluorophosphate). The synthesis of
the iodide salt of 3 was finally achieved in DMF using caesium
carbonate as base. Purification of the reaction products by silica
gel flash column chromatography and subsequent recrystallization
from methanol yielded pure compound 3 as a dark-blue solid in
54% yield.

Table 1 Electronic absorption data*

Compound Amax/nm X 10*/M7'ecm™  &x10*/M™" (bp) cm™
3 615 nd na

3+ 1% SDS 675 14.5 na

3+ DNA 680 na 7.78

MB 664 6.43 na

MB + 1% SDS 661 7.84 na

MB + DNA 675 na 5.80

“ Extinction coefficients for compound 3 and MB were determined in
10 mM sodium phosphate buffer pH 7.0 using solutions containing 1
to 10 uM of dye in the presence and absence of 1% SDS (w/v) or
38 to 380 uM bp CT DNA. The A, values were obtained from the
spectra recorded at 10 UM concentrations of phenothiazine. The samples
containing DNA were pre-equilibrated for 12 h in the dark at 22 °C. na =
not applicable; nd = not determined due to aggregation in buffer.

UV-visible spectrophotometry

In our first set of experiments, we recorded UV-visible absorption
spectra of 10 uM of compound 3 and of 10 uM of MB in the
presence and absence of calf thymus (CT) DNA (380 uM bp CT
DNA, 10 mM sodium phosphate buffer pH 7.0; Table 1, Fig. 1A
and 1B). Dye-nucleotide base-stacking interactions give rise to
bathochromic wavelength shifts and hypochromic absorption in
the electronic spectra of most if not all DNA intercalators.
To more easily detect these DNA-induced spectral changes, the
negatively charged surfactant sodium dodecyl sulfate (SDS) was
added to samples with no DNA in order to disrupt phenothiazine
dimerization.” (Dimerization of phenothiazines produces a blue-
shifted absorption band with respect to the absorption band of
corresponding phenothiazine monomer.?)

Under our experimental conditions, 10 uM solutions of com-
pound 3 and of MB exhibited maxima at 615 nm and 664 nm in
the absence of 1% SDS and 675 nm (¢ = 1.45 x 10° M cm™)
and 661 nm (¢ = 7.84 x 10* M~ cm™) in the presence of 1%
SDS, respectively (Table 1, Fig. 1A and 1B). Thus, SDS produced
a pronounced red shift only upon its addition to compound 3,
indicating that 10 uM of 3 undergoes extensive dimerization in
the absence of the surfactant. Notwithstanding, when the 1%
SDS was removed and then replaced with 380 uM bp CT DNA,
bathochromic wavelength shifts and hypochromic absorption
were generated, indicating that compound 3 dimerization was
disrupted and that compound 3 and MB were bound to DNA
under the experimental conditions employed: in the presence of
the CT DNA, 10 uM of compound 3 and of MB exhibited
maxima at 680 nm (¢ = 7.78 x 10* M~ (bp) cm™) and 675 nm
(e = 5.80 x 10* M (bp) cm™), respectively. When the series of
experiments was conducted using 1 uM of compound 3 and of
MB, the corresponding UV-visible spectra exhibited the same
general dimerization and DNA binding trends observed at 10 uM
concentrations of phenothiazine (Fig. S1 in ESIY).

A previous comparison of MB to partially methylated analogs
demonstrated that phenothiazine absorption moves to longer
wavelengths as the degree of N-methylation increases (MB >
azure B > azure A > azure C).!" The electronic spectra of
compound 3 and methylene blue in 1% SDS show that the effect
of replacing an N,N-dimethyl group in MB with an electron
donating ethylenedipiperidine linker is to induce an additional
bathochromic wavelength shift. In the presence of either DNA or

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4026-4035 | 4027





1'5 T T T T 1'5 T T T T 0'10 T T T
B) C)
0.08[ ]
o 10L 1 1.0 i
e 0.06[. ]
®©
2
o
3 0.04[ ]
® 05) 1 o5 i
0.02[ ]
0.0 ? . . ) 0.0 ke=—e=e B o =l 0.00 I L
540 600 660 720 780 540 600 660 720 780 400 500 600 700 800

wavelength / nm

Fig. 1 UV-visible spectra recorded at 22 °C in 10 mM sodium phosphate buffer pH 7.0 of: (a) 10 uM compound 3 (@, A,... = 615 nm) in the presence
0of 380 uM bp CT DNA (O, Ay = 680 nm) or 1% SDS (w/v) (solid line, Ay, = 675 nm); (b) 10 uM MB (0, A,,., = 664 nm) in the presence of 380 uM bp
CT DNA (O, Ay = 675 nm) or 1% SDS (w/v) (solid line, Adnex = 661 nm); (c¢) 1 uM compound 3 (@, A, = 680 nm) or 1 uM MB ([, Ay = 671 nm)
with 38 uM bp CT DNA. Line markers (@,O,0) are placed at every 50* data point. Prior to data acquisition, the samples containing DNA were

pre-equilibrated for 12 h in the dark at 22 °C.

SDS, it is evident that compound 3 absorbs light more strongly
and at longer wavelengths in comparison to MB (Fig. 1A and 1B).

Photocleavage experiments

DNA photocleavage as a function of wavelength (676, 700 and
710 nm) and time (10, 30, 60 min) was studied next. Reactions
were carried out in 10 mM sodium phosphate buffer pH 7.0
with 38 uM bp pUCI19 plasmid DNA and 1 uM of 3 or MB.
The samples were aerobically irradiated using a 75 W xenon
lamp fitted with a monochromator. DNA photocleavage products
were then visualized on a 1% nondenaturing agarose gel. While
both phenothiazines showed time-dependant photocleavage that
continued to increase after 30 min of irradiation, compound 3
exhibited markedly higher levels of cleavage at all time points and
all wavelengths tested (Fig. 2). In Fig. 1C are the corresponding
absorption spectra of compounds 3 and of MB prior to irradiation
(10 mM sodium phosphate buffer pH 7.0 with 38 uM bp calf
thymus DNA and 1 uM of each phenothiazine). The absorption
of DNA-bound compound 3 is stronger and more red-shifted than

DNA-bound MB at all three wavelengths (676, 700 and 710 nm
in Fig. 1C, Table S1 in ESIt). Therefore, the absorbance data
are in good general agreement with the higher levels of DNA
photocleavage produced by 1 uM of compound 3 in comparison
to 1 uM of MB.

We then used the longest wavelength in the series to compare
DNA photocleavage as a function of dye concentration. (Due to
the presence of hemoglobin and melanin, the main chromophores
in human tissue, the penetration depth of visible light increases
with increasing wavelength, and is higher at 710 nm in comparison
to 676 nm and 700 nm.'“'®) Reactions consisting of 38 uM bp
pUCI19 plasmid DNA and 10 to 0.25 uM of compound 3
or MB were irradiated at 710 nm for 60 min. As shown in
Fig. 3, compound 3 consistently generated higher levels of DNA
photocleavage at all six tested concentrations. Notably, irradiation
of only 5 uM of dye at 710 nm produced cleavage yields of 93%
and 59% for 3 and MB, respectively. In addition, the cleavage
levels produced by 5 to 0.5 uM concentrations of compound 3
were higher than the cleavage produced using greater to or equal
than twice the concentrations of MB (10 to 1 uM). For example,
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Fig. 2 % DNA photocleavage of 38 uM bp pUC19 plasmid DNA in the presence of 1 pM compound 3 (grey bars) or 1 uM MB (white bars) in 10 mM
sodium phosphate buffer pH 7.0 at 22 °C. The samples were irradiated at 676, 700, or 710 nm with a 75 W xenon lamp connected to a monochromator.
The black bars represent DNA that was irradiated for 60 min in 10 mM sodium phosphate buffer pH 7.0 in the absence of dye. In the inset are dark
controls in which 1 uM of 3 and 1 uM of MB were treated with 38 uM bp pUCI19 plasmid for 60 min (22 °C, no hv). % DNA cleavage (% nicked +%
linear DNA) was averaged over three trials with error bars representing standard deviation.
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Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

[dyepM] O 10 10 5 2 1 05025 0 1010 5 2 1 05025
light + - + + + + + + + -

nicked (%) 12 6 89 93 82 55 40 25 10 9 71 59 42 32 26 16

+ + + + + +

Fig. 3 Photograph of a 1% nondenaturing agarose gel showing photo-
cleavage of pUC19 plasmid DNA. Samples contained 10 mM sodium
phosphate buffer pH 7.0 and 38 uM bp DNA in the presence and absence
of dye. After being equilibrated for 12 h in the dark at 22 °C, the samples
were aerobically irradiated at 710 nm for 60 min at 22 °C. Lanes 1 and
9: DNA controls (no dye). Lanes 3 to 8: 10 to 0.25 uM compound 3.
Lanes 11 to 16: 10 to 0.25 uM MB. Lanes 2 and 10: 10 uM 3 and 10 uM
MB (no hv). Abbreviations: N = nicked; S = supercoiled. It is evident
that DNA photocleavage yields increase as a function of increasing dye
concentration with one exception. We attributed the slight decrease in
photocleavage observed in the presence of 10 uM of compound 3 to DNA
precipitation.

710 nm irradiation cleaved plasmid DNA in 93% and 71% yields
in the presence of 5 uM of 3 and 10 uM of MB and in 82% and
59% yields in the presence of 2 uM of 3 and 5 uM of MB.

Chemically induced changes in photocleavage

DNA photodamage by MB is thought to proceed primarily
through a Type II (energy transfer) pathway in which singlet
oxygen ('O,) produces the alkaline labile lesion 8-hydroxy-2-deoxy
guanosine ca. 17 times more frequently than direct strand breaks."”
We therefore conducted a series of experiments to test for the
relative participation of singlet oxygen ('O,) compared to DNA
damaging Type I hydroxyl radicals (-OH) in direct strand break
formation. A total of 50 mM of the 'O, scavenger sodium azide
or of the -OH scavenger D-mannitol was added to photolysis
reactions containing 1 pM of compound 3 or 1 uM of MB and
38 uM bp plasmid DNA (10 mM sodium phosphate pH 7.0).
DNA photocleavage yields in the presence of sodium azide and
D-mannitol were reduced by approximately 48% and 20% in
reactions containing compound 3 and by 40% and 20% in reactions
with MB (Table 2). These data indicate that singlet oxygen is
likely to be a principal reactive species involved in phenothiazine-
induced DNA photocleavage. Because deuterium oxide is known
to increase the lifetime of singlet oxygen, an additional set of
reactions was conducted in 85% D,O (v/v). As shown in Table 2,

Table 2 Percent change in DNA photocleavage by compound 3 and MB
in the presence of scavengers and D,0*

Compound D-Mannitol NaN, D,O
3 =201 —-48+2 +20x+6
MB -20%7 —-40+1 +20+5

“ Individual solutions consisted of 38 uM bp pUCI19 plasmid DNA, | uM
compound 3 or 1 pM MB, and 10 mM sodium phosphate buffer pH 7.0 in
the presence of either 50 mM D-mannitol, 50 mM sodium azide (NaNj),
or 85% (v/v) D,O. The solutions were aerobically irradiated at 710 nm for
60 min, 22 °C. Percent change in DNA photocleavage was averaged over
three trials with errors reported as standard deviation.

the effect of this chemical was to increase phenothiazine cleavage
yields by approximately 20%, supporting the involvement of 'O,
in photoinduced DNA strand scission. Interestingly, the weak
inhibitory effects of D-mannitol indicate that hydroxyl radicals
may make a minor contribution. This latter result contrasts with a
previous report in which hydroxyl radical scavengers were shown
to be ineffective in inhibiting the production of methylene blue-
sensitized direct strand breaks."”

DNA photocleavage at nucleotide resolution

To further investigate mechanism(s) underlying photocleavage,
pUC19 plasmid DNA was linearized with EcoRI, 3’-end labeled
with [*S]dATPaS, and cut with Fspl to generate a 138 bp restric-
tion fragment. Duplicate sets of reactions containing 15 uM bp of
the radiolabeled DNA in 20 mM sodium phosphate buffer pH 7.0
without and with 5 uM of 3 and 5 uM of MB were irradiated
for 60 min in a ventilated Rayonet Photochemical Reactor fitted
with twelve 575 nm lamps (spectral output 400-650 nm). In order
to produce DNA strand breaks at alkaline labile lesions, half of
the reactions were treated with 1% piperidine (90 °C, 30 min)
immediately after the 60 min irradiation period. Products were
resolved adjacent to G, G + A, and T chemical sequencing
reactions on a 10% denaturing polyacrylamide gel. Shown in Fig. 4
are photocleavage plots generated from a representative 40 bp
sequence within the 138 bp radiolabeled DNA fragment. In the
absence of piperidine, it is evident that many of the direct strand
breaks produced by compound 3 and MB are at guanine bases
(Fig. 4A). This result points to a photocleavage mechanism that
involves either singlet oxygen and/or direct electron transfer from
DNA nucleobases, as both pathways produce preferential DNA
damage at guanines.’® (With respect to electron transfer, guanine
possesses the lowest oxidation potential out of the four bases.) It
can also be concluded that hydroxyl radicals are less likely to have
played a major role. These reactive oxygen species cleave DNA
by abstracting hydrogen atoms from deoxyribose. Because sugar
residues are present at every nucleotide position, hydroxyl radicals
and other reagents which function by hydrogen atom abstraction
tend to cleave at all nearby DNA sequences irrespective of base
composition.” Thus, the cleavage patterns produced by compound
3 and MB are in agreement with the photocleavage data in Table 2.
Both indicate that singlet oxygen, rather than hydroxyl radicals,
makes a more significant contribution to the formation of DNA
direct strand breaks.

As shown in Fig. 4B, levels of damage at guanine bases were
dramatically increased after the DNA photolysis reactions were
treated with piperidine. This result indicates that irradiation of 3
and MB contributed to the formation of alkaline labile lesions
at guanine bases, either through the production of singlet oxygen
and/or by direct electron transfer from DNA. Notwithstanding,
the different photocleavage patterns obtained after piperidine
treatment indicate that the two phenothiazines may bind to DNA
at different sites. In comparison to 3, the damage produced by MB
at the eleven guanine bases in the 40 bp fragment is more evenly
distributed. For example, compound 3 is more specific for cleavage
at the 3’-G of the two 5’-GGG-3’ tracts contained in the fragment.
This is in contrast to the DNA damage produced by direct electron
transfer, where base radical cation migration forms piperidine
labile lesions at the second base in 5-GGG-3’ sequences.® Taken
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Fig. 4 Cleavage plots of a representative 40 bp DNA sequence. Photo-
cleavage intensities as a function of base were calculated by quantitating
a storage-phosphor autoradiogram of DNA photocleavage products
resolved on a 10% denaturing polyacrylamide gel. A total of 15 uM bp of
»S 3’-end labeled 138 bp restriction fragment was irradiated at 575 nm
in the presence of 5 uM 3 and 5 uM MB without (a) and with (b)
post-irradiation piperidine treatment.

together, the above data indicate that DNA binding by 3 is
non-uniform in comparison to MB and that its photocleavage
pattern might arise from locally higher concentrations of singlet
oxygen at preferentially bound DNA sites.”* Our results are in
agreement with previously published work in which the majority
of direct strand breaks and alkaline labile lesion produced by
irradiation of MB occurred at guanine bases.'”*

Thermal denaturation

Thermal melting studies offer a reliable method for ranking the
relative affinities of ligands that preferentially bind to helical
forms of DNA. In the process of intercalation and/or groove
binding, favorable free energy contributions arising from n-m,
van der Waals, electrostatic, and hydrogen bonding interactions
increase the DNA binding affinity of these ligands, and stabilize
the DNA duplex. Because more heat energy must be applied to
melt the ligand-bound duplex, the melting temperature (7,) of
the DNA is increased.”® We recorded thermal melting curves at
dye to DNA bp molar ratios (r = [dye]/[DNA bp]) ranging from

0.05 to 0.6 (12.5 uM bp CT DNA in 10 mM sodium phosphate
buffer pH 7.0). While the AT, values produced by MB continued
to increase, the AT, values produced by 3 remained constant at
r 2 0.3, indicating that DNA saturation by this compound had
been reached (Fig. 5A). Shown in Fig. 5B are the corresponding
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Fig. 5 (a) AT, values of 12.5 uM bp CT DNA in 10 mM sodium phos-
phate buffer pH 7.0 and 0.625, 1.25, 3.75, and 7.50 uM of phenothiazine:
O =3, 0= MB. (b) Thermal melting curves of: 12.5 uM bp CT DNA (A,
T, =165°C), 12.5uM bp CT DNA and 3.75 uM of MB (I, T, = 69 °C),
or 3.75 uM of 3 (O, T,, = 78 °C). (c) Melting curves of: 12.5 uM bp CP
DNA (A, T, = 60 °C), 12.5 uM bp CP DNA and 3.75 uM of MB ([J,
T, = 66°C), or 3.75 uM of 3 (O, T,, = 78 °C).
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melting curves generated at r values of 0.0 and 0.3. Under these
conditions, the melting temperature (7',,) obtained for CT DNA
was 65 °C, while the addition of compound 3 or MB produced
T, values of 78 °C (AT, = 13 °C) and 69 °C (AT,, = 4 °C),
respectively. When the ratio of dye to DNA bp was doubled from
0.3t00.6, the T',, for MBwas 71 °C (AT, = 6 °C), still significantly
lower than the T, of 78 °C (AT, = 13 °C), recorded for compound
3 at saturation (r = 0.3 and 0.6). Even at the lowest ratio in the
series (r = 0.05), the addition of 3 raised the T',, of CT DNA from
65 °C to 70 °C, compared to only 66 °C for MB.

In order to rank the relative DNA binding affinities of com-
pound 3 and MB as a function of DNA sequence, we recorded
additional melting isotherms using C. perfringens DNA (CP DNA;
12.5 uM bp CP DNA in 10 mM sodium phosphate bufter pH 7.0).
In comparison to CT DNA (58% AT), CP DNA possesses a higher
AT content (69%). As shown in Fig. 5C, the T,, of CP DNA is
60 °C, while the addition of 3 or MB at an r value of 0.3 raises the
T,to78°C (AT, =18°C)and 66 °C (AT, = 6 °C), respectively.

Collectively, the CT and CP DNA melting data indicate that
compound 3 produces an approximately three fold higher level of
duplex stabilization compared to MB under identical experimental
conditions: at r = 0.3, the AT, values of 12.5 uM bp of CT and
CP DNAs were 13 °C and 18 °C for 3 and 4 °C and 6 °C for
MB. Thus, higher DNA binding affinity in addition to stronger
light absorption may account for the ability of compound 3 to
photocleave DNA more efficiently. Because compound 3 and MB
generated higher AT, values in the presence of CP DNA compared
to CT DNA, interaction of these phenothiazines with AT rich
sequences is likely to stabilize the nucleic acid duplex to a greater
degree than their interaction with GC rich sequences. Finally, the
T, data indicate that compound 3 saturates CT DNA binding
sites at a significantly lower concentration than MB. It can be
inferred from this latter result that either the linker chain and/or
the second phenothiazine ring of 3 may come into direct contact
with DNA.

Viscometric measurements

Viscosity provides a simple and stringent hydrodynamic assay
for inferring the binding modes of DNA interacting compounds
in the absence of X-ray crystallography and/or high-resolution
NMR structural data. When an intercalator binds to duplex DNA,
the helix unwinds and lengthens to accommodate the ligand in
between base pairs. This increase in length results in an increase in
DNA viscosity. Alternatively, groove binding compounds do not
lengthen helical DNA and viscosity is not significantly changed.*
In the case of classical monointercalators such as daunomycin,
ethidium bromide, and proflavin, the slopes observed from plots
of the cubed root of the relative viscosity ((11/1,)"*) versus r (molar
ratio of bound ligand to DNA bp) range from 0.80 to 1.50. For
bisintercalators, typical slopes are from 1.3 to 2.3.25%

Fig. 6 shows that viscometric data of MB with CT DNA
(42% GC) yields a slope of 0.962 + 0.002, clearly consistent with
monofunctional intercalation, while the slope for compound 3 is
1.50 £ 0.13 and is within the ranges expected for both mono-
and bisintercalators. Notwithstanding, 3 increases the viscosity
of CT DNA to a significantly greater extent than MB (Fig. 6),
leading us to hypothesize that the association of compound 3 with
DNA might involve the existence of multiple binding modes (e.g.,
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Fig. 6 Viscometric measurements of CT DNA in the presence of
compound 3 (O, slope = 1.50 + 0.130, R = 0.997) and MB ([J, slope =
0.962 £ 0.002, R = 0.987). The values were averaged over at least three
trials. Error bars represent standard deviation.

concomitant monointercalation, bisintercalation, and/or groove
binding). In fact, combinations of these modes are thought to
account for DNA viscosity enhancements produced by a number
of bifunctional agents with non-ideal slopes (usually lower than
twice the slope of the corresponding monointercalator).?”

To test our hypothesis, we performed viscometric measurements
of 3 and MB in the presence of additional double-helical se-
quences. Plots of (1n/n,)"* versus r for poly(dA)-poly(dT) and
alternating poly[(dA-dT)], DNAs yielded slopes of 0.22 and
1.18 for compound 3, and 0.17 and 1.11 for MB, respectively
(Fig. S7 in ESIt). These data indicate the existence of different
binding modes as a function of DNA sequence: groove binding
for poly(dA)-poly(dT) and monointercalation for poly[(dA-dT)].
However, taking into consideration the minimal effect of com-
pound 3 on poly(dA)-poly(dT) viscosity, we recorded the circular
dichroism (CD) spectra shown in Fig. 7. The strong, positive
induced CD signal at 690 nm confirms the formation of a complex
in which 3 associates with the DNA duplex via groove binding.
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Fig.7 CD spectra recorded at 22 °C of 10 mM sodium phosphate buffer
pH 7.0 in the presence and absence of 50 uM bp poly(dA)-poly(dT)
DNA or 12 uM of compound 3. Solid line: compound 3. Dashed line:
poly(dA)-poly(dT) DNA. O: compound 3 + poly(dA)-poly(dT) DNA
(O line marker is placed at every 20" data point).

The above viscosity data are consistent with a published CD
study in which MB was shown to bind to poly(dA)-poly(dT) and

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 4026-4035 | 4031





Table 3 Viscometric data“

Slope
Deoxyribonucleic acid MB Compound 3
poly(dA)-poly(dT) 0.17 0.22
[poly(dAdT)], 1.11 1.18
CT DNA (58% AT) 0.92 1.50

“ The slopes of viscometric plots of the cubed root of relative DNA viscosity
((n/n,)""?) versus r, molar ratio of bound ligand (MB or compound 3) to
DNA bp.

alternating poly[(dA-dT)], by groove binding and intercalation,
respectively.?® The same study provided convincing evidence that
MB interacts with poly(dG)-poly(dC) by intercalation. We next
attempted to measure the viscosity of poly(dG)-poly(dC) and
M. lysodeikticus (28% AT) DNA, but were unsuccessful due
to DNA precipitation in the presence of high concentrations
of 3. Notwithstanding, when the poly(dA)-poly(dT), alternating
poly[(dA-dT)],, and CT DNA (58% AT) slopes are compared
side by side (Table 3), it can be inferred that CT DNA interacts
with MB by groove binding and monofunctional intercalation,
and with compound 3 by a combination of three modes: groove
binding, and mono- and bisintercalation.

Conclusion

We have synthesized a new DNA photocleaving agent (3) in which
two phenothiazine units are attached by an ethylenedipiperidine
linker. To the best of our knowledge, compound 3 represents the
first example of a phenothiazine that binds to DNA through
bisintercalation. In comparison to the parent phenothiazine
methylene blue, this compound absorbs light more strongly at
longer wavelengths, exhibits higher levels of photocleavage under
near physiological conditions of temperature and pH, and, as
indicated by T, data, associates more strongly with double-helical
DNA. Our future research efforts will focus on obtaining high-
resolution structural data that will aid in the design of new and ef-
fective DNA intercalators. We envisage that phenothiazine-based
compounds will represent attractive alternatives to porphyrins for
use in phototherapeutic applications.

Experimental

General materials and methods

Merck silica gel 60 (230400 ASTM mesh) was employed for
flash column chromatography. TLC was performed on precoated
aluminium silica gel plates (Merck or Macherey-Nagel 60F254
0.25 mm). Melting points were determined in a Stuart Scientific
model SMP10 apparatus. Infrared spectra were taken on an
FT-IR Perkin Elmer Spectrum One spectrophotometer. '"H and
“C NMR spectra were recorded at 300 and 75 MHz, respec-
tively, on either Varian Unity One or Varian Mercury-VX-300
spectrometers. Carbon and proton assignments were based on
HSQC, HMBC, and HMQC spectra obtained using a Varian
Unity Plus 500 MHz instrument. Tetramethylsilane was utilized
as an internal reference. Coupling constants (J values) are given
in Hz. Electrospray ionization (ESI) mass spectra were acquired
on a Micromass Q-Tof hybrid mass spectrometer. Elemental

analyses (CHNS) were done on a Leco CHNS-932 automatic
analyzer. lodine composition was performed by oxygen flask
combustion and by ion chromatography (Atlantic Microlabs,
Inc. Norcross, GA). UV-visible and CD spectra were recorded
with a UV-1601 Shimadzu spectrophotometer and a JASCO J-
810 spectropolarimeter, respectively. Thermal melting curves were
generated using a Cary Bio100 UV-visible spectrophotometer.
Distilled, deionized water was utilized in the preparation of
all buffers and aqueous reactions. Chemicals were of the highest
available purity and were used without further purification.
Methylene blue chloride (99.99% purity) was purchased from
Fluka. Caesium carbonate, chloroform, D,0O, dimethylamine
(2 M solution in methanol), DMF, ethidium bromide, 4,4’-
ethylenedipiperidine dihydrochloride, iodine, 10 H-phenothiazine,
sodium azide, sodium benzoate, sodium phosphate dibasic, and
sodium phosphate monobasic were obtained from the Aldrich
Chemical Co. Transformation of Escherichia coli competent cells
(Stratagene, XL-blue) with pUC19 plasmid (Sigma) and growth
of bacterial cultures in Lauria-Bertani broth were performed
according to standard laboratory procedures.” The plasmid DNA
was purified with a Qiagen Plasmid Mega Kit. The restriction
enzymes EcoRI and Fspl were purchased from New England
BioLabs and [*S]dATPaS was supplied by GE Healthcare. Ultra
Pure™ calf thymus (Invitrogen Lot No. 15633-019, 10 mg mL™,
average size < 2000 bp) and C. perfringens DNA (Sigma, Lot
No. 024K4065, purity ratio A/ A = 1.9) were used without
purification. The DNA polymers poly(dA)-poly(dT) (average
size ~6000 bp, Lot No. GD0276), and poly[(dA-dT)], (average
size ~5183 bp, Lot No. GF0106) were obtained as lyophilized
powders from Amersham Biosciences. They were dissolved in
10 mM sodium phosphate pH 7.0 and were used without further
purification. The concentrations of all DNA solutions were
determined by UV-visible spectrophotometry using the following
extinction coefficients in units of dm’ mol” (bp) cm™: calf
thymus DNA, &, = 12824; C. perfringens DNA, &, = 12476;
poly(dA)-poly(dT), ey = 12 000; and poly[(dA-dT)],, &x, = 13 200.

N,N’-Bis[(7-dimethylamino)phenothiazin-5-ium-3-yl]-4,4'-
ethylenedipiperidine diiodide (3)

To a solution of 2 (0.200 g, 0.322 mmol) in 20 mL of DMF
were added 4,4’-ethylenedipiperidine dihydrochloride (0.044 g,
0.161 mmol) and caesium carbonate (0.629 g, 1.931 mmol). The
reaction was vigorously stirred at rt for 48 h and then concentrated
under reduced pressure. The progress of the reaction was moni-
tored by silica gel TLC (9.5 : 0.5 dichloromethane-methanol).
The resultant solid was purified by flash column chromatography
(3 cm column, 39 g silica gel) using 9.5 : 0.5 dichloromethane—
methanol as the eluent. Then, two successive recrystallizations
from methanol afforded dark-blue solid 3 (81 mg, 54%), mp >
300 °C (from MeOH); R, = 0.2 (9.5 : 0.5 dichloromethane—
methanol); V. (film)/cm™ 2907, 1592, 1487, 1389, 1330, 1232,
1133, 1038, 969, 883, 825, and 779; 6,4(300 MHz, 4 : 6 CDCl;—
CD,0D; Me,Si) 7.95 (2H, d, J 9.6, H-1), 7.94 (2H, d, J 9.6, H-9),
7.50-7.46 (4H, m, H-6, H-8),7.33 (2H, dd, J 9.6 and 2.7, H-2), 7.26
(2H, d, J 2.7, H-4),4.42 (4H, d, J 13.5, 2 x CH,-o), 3.43 (12H, s,
2xN(CH;),), 3.38 (4H, m, overlap with CH;0OH, 2 x CH,-), 2.06
(4H,d,J 11.7,2x CH,-B), 1.81 (2H, broad, 2 x CH) and 1.44-1.31
(8H, m, CH,-CH,, 2 x CH-B); 6c(75 MHz, 4 : 6 CDCl,-CD,0D;
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Me,Si) 154.3 and 153.3 (C-3, C-7), 139.2 and 138.7 (C-1, C-9),
136.4, 135.9, 135.8, and 134.8 (C4a, C5a, C9a and C10a), 119.3
and 118.6 (C-2, C-8), 107.1 and 106.4 (C-4, C-6), 49.3 (C-), 41.6
(NCH,), 35.8 (CH), 33.0 and 32.9 (C-B, CH,-CH,); m/z (HR-ESI)
337.1612 (M* — C4HyN,S, requires 337.1613).

UV-visible spectrophotometry

Extinction coefficients for compound 3 and MB were determined
using 500 uL solutions containing 1 to 10 uM of dye in the
presence and absence of 38 to 380 uM bp calf thymus DNA in
10 mM sodium phosphate buffer pH 7.0. The solutions were pre-
equilibrated for 12 h in the dark, after which spectra were recorded
in 1 cm quartz cuvettes at 22 °C. The absorbance was then plotted
as a function of concentration and linear least square fits to these
data yielded slopes (KaleidaGraph version 3.6.4 software) that
were averaged over three trials. Using the procedure described
above, extinction coefficients in the absence of calf thymus DNA
were also recorded in the presence of a final concentration of
aqueous 1% sodium dodecyl sulfate (w/v).

Photocleavage experiments

Individual samples consisted of 38 uM bp pUC19 plasmid DNA
and 10 to 0 uM of compound 3 or MB in 10 mM sodium
phosphate buffer pH 7.0 (total volume 20 puL). The samples were
pre-equilibrated in the dark for 12 h at 22 °C, after which they were
kept in the dark or aerobically irradiated at 676, 700 or 710 nm
for 10, 30, or 60 min at 22 °C using a Photon Technology Inc.
Model A1010 light supply fitted with a 75 W xenon lamp and a
monochromator with a grating (blazed at 500 nm, 1200 lines/mm,
20 nm slit width). After irradiation, cleavage products were
electrophoresed on a 1% nondenaturing agarose gel stained with
ethidium bromide (0.5 ug mL™), visualized on a transilluminator
set at 302 nm, photographed, and scanned. The amounts of
supercoiled, nicked, and linear plasmid DNA were quantitated by
densitometry using ImageQuant version 5.2 software (Amersham
Biosciences). Photocleavage yields were calculated using the
formula [(nicked DNA + linear DNA)/total DNA] x 100. The
density of supercoiled DNA was multiplied by a correction factor
of 1.22 to account for the decreased binding affinity of ethidium
bromide to supercoiled DNA as compared to the nicked and
linear forms. Photocleavage concentration profiles were conducted
as described above. In these experiments, individual reactions
consisting of 10 to 0.0 uM of compound 3 or of MB in the presence
of 38 uM bp pUC19 plasmid DNA were irradiated at 710 nm for
60 min.

Chemically induced changes in DNA photocleavage

Immediately prior to irradiation, a chemical additive, either
sodium azide (final concentration 50 mM), D-mannitol (final
concentration 50 mM), or D,O (final concentration 85% (v/v)) was
transferred to individual 20 puL reactions consisting of 38 uM bp
pUC19 plasmid DNA pre-equilibrated with 1 uM of compound
3 or MB in 10 mM sodium phosphate buffer pH 7.0 in the
dark for 12 h at 22 °C. Control reactions containing 1 uM of
compound 3 or MB, 38 uM bp pUCI19 plasmid, and 10 mM
sodium phosphate buffer pH 7.0 were run in which an equivalent
volume of ddH,O was used to substitute for the sodium azide,

D-mannitol, or D,0. The samples were then aerobically irradiated
at 710 nm using a Photon Technology Inc. light supply (Model
A1010) fitted with a 75 W xenon lamp and monochromator
with a grating (blazed at 500 nm, 1200 lines/mm, 20 nm slit
width) for 60 min at 22 °C. Reaction products were resolved
on a 1% nondenaturing agarose gel and quantitated as described
above. The percent change in DNA photocleavage was calculated
as follows: [((% cleavage with chemical) — (% cleavage without
chemical))/ (% cleavage without chemical)] x 100.

DNA photocleavage at nucleotide resolution

An established laboratory protocol was used to prepare a
138 bp EcoRI-Fspl pUCI9 restriction fragment 3’-end-labeled
with [*S]JdATPaS.* The purified, radiolabeled DNA was stored
at —78 °C in a total volume of 400 uL of ddH,O until use.

Typical photocleavage reactions contained 15 uM bp of the
138 bp DNA fragment in 10 mM sodium phosphate buffer pH 7.0
and 5 uM of 3 or 5 uM of MB (50 uL total volume). The reactions
were pre-equilibrated in the dark at 22 °C for 2 h and then
were aerobically irradiated for 60 min in a ventilated Rayonet
Photochemical Reactor (Southern New England Ultraviolet Co.)
fitted with twelve 575 nm lamps (spectral output 400-650 nm).
The photolyzed DNA was precipitated with 40 pg glycogen-2.5
volumes neat ethanol, and washed with 70% aqueous ethanol. A
duplicate set of precipitated reactions was dissolved in 100 puL
of 1% aqueous piperidine, heated at 90 °C for 30 min, and
then lyophilized to dryness. Cleavage products without and with
piperidine treatment were dissolved in 4 uL of Sequenase™ Stop
Solution, denatured for 3 min at 95 °C, and then electrophoresed
on a 10% denaturing polyacrylamide gel adjacent to G, G + A,
and T chemical sequencing reactions.*® To determine yields, the
gel was scanned with a Storm 860 Phosphorlmager (Molecu-
lar Dynamics). The resulting storage-phosphor autoradiogram
was quantitated using ImageQuant 5.2 software (Molecular
Dynamics).

Thermal melting studies

Individual 3 mL solutions containing 10 mM sodium phosphate
buffer pH 7.0 and 12.5 uM bp calf thymus DNA in the presence
and absence of 0.625, 1.25, 3.75 and 7.50 uM of compound 3 or of
MB were placed in 3 mL (1 cm) quartz cuvettes (Starna). Similarly,
12.5 uM bp C. perfringens DNA was utilized in the presence and
absence of 3.75 uM of compound 3 or MB. After the samples
were equilibrated in the dark for 12 h and 22 °C, absorbance
was monitored at 260 nm while the DNA was denatured using a
Peltier heat block programmed to increase the temperature from
25 to 95 °C at a rate of 0.5 °C min™'. KaleidaGraph version
3.6.4 software was then used to approximate the first derivative
of AAsg /AT versus temperature. The 7', values were determined
according to the maximum of each first derivative plot.

Viscosity measurements

In a total volume of 1 mL, individual solutions containing 10 mM
sodium phosphate buffer pH 7.0 and 200 uM bp of calf thymus
DNA (average length <2000 bp) in the absence and presence of
2 to 12 uM of compound 3 or MB were pre-equilibrated for 12 h
in the dark at 22 °C. DNA viscosity was then measured in a
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Cannon-Ubbelohde size 75 capillary viscometer immersed in a
thermostated water bath maintained at 25+ 0.1 °C. The flow times
of the buffer, DNA in buffer, and dye-DNA in buffer were
measured with a stopwatch. The measurements were averaged over
four trials to an accuracy of £0.2 s. After subtracting the averaged
flow time of the buffer, DNA (n,) and dye-DNA (7)) averaged
flow times were plotted as (1/1,)"? versus the molar ratio of dye to
DNA bp.*" Slopes were generated by conducting linear least square
fits to these data (KaleidaGraph version 3.6.4 software). The
viscosity measurements containing poly(dA)-poly(dT) (average
length ~6000 bp) and poly[(dA-dT)], (average length ~5183 bp)
were done exactly as described for calf thymus DNA except
that DNA concentrations were decreased to account for the
longer average lengths of these polymers compared to calf thymus
DNA. Accordingly, measurements were conducted with 50 uM bp
of each polymer and 0.5 to 3 uM of compound 3 or MB (Fig. S7
in ESIt) such that dye to DNA bp molar ratios were consistent
with the calf thymus DNA measurements. While the conventional
method for performing viscosity assays involves titration of the
ligand into a DNA solution inside the viscometer, here we report
an alternative and efficient technique that may be particularly
useful for 3 as well as for other phenothiazines (e.g., 1,9-dimethyl
methylene blue and methylene blue) where pre-equilibration with
DNA is required to reduce ligand self-stacking interactions in
solution.*

Circular dichroism analysis

Samples consisted of 10 mM sodium phosphate buffer pH 7.0 and
12 uM of compound 3 in the presence and absence of 50 uM bp
poly(dA)-poly(dT) DNA in a total volume of 500 uL. After
equilibration in the dark for 12 h at 22 °C, spectra were recorded
from 800 to 200 nm at 22 °C in a 0.5 cm quartz cuvette using a
scan rate of 100 nm min™ and a time constant of 1 s. The spectra
were averaged over 4 acquisitions and were baseline-corrected to
remove signals generated by the buffer.
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cis-Dihydrodiol metabolites were obtained from dioxygenase-catalysed asymmetric dihydroxylations of
five monocyclic (azabiphenyl) and four tricyclic (azaphenanthrene) azaarene substrates. Enantiopurity
values and absolute configuration assignments were determined using a combination of stereochemical
correlation, X-ray crystallography and spectroscopy methods. The degree of regioselectivity found
during cis-dihydroxylation of monocyclic azaarenes (2,3 bond >> 3,4 bond) and of tricyclic azaarenes
(bay region > non-bay region bonds) was dependent on the type of dioxygenase used. The
cis-dihydrodiol metabolite from an azaarene (3-phenylpyridine) was utilised in the chemoenzymatic

synthesis of the corresponding trans-dihydrodiol.

Introduction

The asymmetric dihydroxylation of carbocyclic arenes to yield
the corresponding cis-dihydrodiols, using ring hydroxylating
dioxygenase enzymes as biocatalysts, and their applications in
synthesis, have been widely reported.’! Most of the known arene
cis-dihydrodiols have been produced from substituted benzenes
(monocyclic arene substrates) and toluene dioxygenase (TDO)
as biocatalyst. Bicyclic and tricyclic arenes have been mainly
biotransformed to the corresponding cis-dihydrodiols, using naph-
thalene dioxygenase (NDOQO) and biphenyl dioxygenase (BPDO)
enzymes which have larger active sites. Tetracyclic and pentacyclic
arenes could only be accommodated by the dioxygenase BPDO
having the largest active site; the only acceptable monocyclic arene
substrates for NDO and BPDO dioxygenases appeared to be the
biaryl type e.g. biphenyl 1a.

The oxidative biotransformations of azaaromatic substrates
can, in principle, yield enantiopure bioproducts that are of
potential value as chiral building blocks in the synthesis of target
molecules.”™ Surprisingly, few azaheterocyclic cis-dihydrodiols
have been isolated, stereochemically assigned and applied as chiral
precursors in synthesis. Different types of dioxygenase enzyme
(NDO, BPDO and phenanthrene dioxygenase, PDO) were used
as biocatalysts in earlier studies for the production of a small
number of cis-dihydrodiols from di-,"*** tri-'*!* and tetra-cyclic'®
azaarenes.

It was assumed that cis-dihydroxylation of an electron-rich
pyrrole ring, e.g. indole, occurred readily to give the corre-
sponding heterocyclic cis-dihydrodiol.” Unfortunately the pu-
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tative indole cis-dihydrodiol, being an unstable hemiaminal,
spontaneously dehydrated to yield indoxyl which in turn was
autoxidised to yield indigo.”® By contrast, the electron-poor
pyridine ring has proved to be much more resistant to dioxygenase-
catalysed cis-dihydroxylation. Thus, TDO-catalysed oxidation
of substituents attached to a pyridine ring, e.g sulfoxidation
of SR groups,” monohydroxylation of alkyl groups,® or cis-
dihydroxylation of benzofused rings,'**¢ all occur more readily
than cis-dihydroxylation of a pyridine ring. Indirect evidence
for the TDO-catalysed formation of unstable cis-dihydrodiols as
minor metabolites of a pyridine ring was found when 2-chloro- and
2-methoxy quinolines were both converted to a 2-quinolone cis-
diol™ and hydroxypyridines were obtained from the corresponding
2- and 4-alkyl pyridines.?**!

As our earlier studies of the TDO-catalysed cis-dihydroxylation
of azaarenes were mainly focussed on bicyclic substrates, e.g.
quinoline, isoquinoline, quinoxaline and quinazoline rings,'*** the
major emphasis of the current programme was on the regio- and
stereo-selectivity of dioxygenase-catalysed cis-dihydroxylation of
monocyclic azaarene analogues of biphenyl 1a (Scheme 1) and of
tricyclic azaarene analogues of phenanthrene 4a containing a bay
region (Scheme 2). These substrates were selected on the basis
of similar steric requirements, ie. the coplanar conformations
of the monocyclic azaarenes 1b-1d and the planar tricyclic
azaarene analogues of phenanthrene 4a, e.g. benzo[/]quinoline 4b,
benzo[f]quinoline 4¢, phenanthridine 4d and benzo[c]cinnoline 4e.
It was, therefore, anticipated that all of these azaarenes would be
similarly accommodated at the BPDO active site.

Supporting evidence for this presumption is now presented
through the biotransformation of the monosubstituted benzene
rings bearing pyridine (1b-1d), pyrrole (le) or pyrazole (1f)
ring substituents, to yield the corresponding carbocyclic cis-
dihydrodiols 2b-2d as major metabolites and of fused benzene
rings in the tricyclic azaarenes 4b—4e to give mainly the corre-
sponding cis-dihydrodiols Sb—Se.

A further objective of this programme was to examine the
comparative effect of different types of dioxygenase enzyme
(TDO, NDO, and BPDO) on the regio- and stereo-selectivity

This journal is © The Royal Society of Chemistry 2008
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of cis-dihydroxylation of monosubstituted benzene rings bear-
ing an azarene substituent or of benzene rings fused directly
to an azaarene ring. Evidence for the NDO-catalysed cis-
dihydroxylation of the 3,4-bond of azaarene 1b to yield the unusual
cis-dihydrodiol 3b, as a minor metabolite, has now been obtained.
Furthermore, a change in regioselectivity from the preferred bay
region has been observed using a site-directed mutant strain of
NDO (NDOkgss,y) and the tricyclic azarene substrates 4b and 4d
where the corresponding non-bay region cis-dihydrodiols 6b and
6d have been isolated as major metabolites. The final phase of this
study was designed to show how a typical azaarene cis-dihydrodiol
2c¢ could be utilised in a synthesis of the corresponding trans-
dihydrodiol 17.

Results and discussion

(a) Normal dioxygenase-catalysed cis-dihydroxylation at the 2,3
bond of the monosubstituted benzene substrates 1b—1f

At the beginning of this study, biphenyl 1a was assumed to be
unique among monosubstituted benzenes as the only acceptable
substrate for all three types of dioxygenases used (TDO, NDO
and BPDO). Each of these dioxygenases can catalyse oxidation
at the 2,3 bond of biphenyl 1a, to give enantiopure (1S,2R)-
cis-dihydrodiol 2a with yields increasing in accord with size of
the dioxygenase active site, i.e. in the sequence TDO < NDO
< BPDO.”»» The NDO-catalysed biotransformation of biphenyl
1a was unusual, since cis-dihydroxylation occurred not only at
the expected 2,3 bond to yield cis-dihydrodiol 2a as the major

W

xq Xq Xq
Vo YO W Dioxygenase v
TI Dioxygenase || BAY ————3 ||
z: /E o z% 05 = OH
HO™ Y
OH

N

W, X,Yand Z=CHor N

6a-e

OH
5a
NT
Il
N \J0OH
9 "OH
5e (+)-6a or (+)-6bor (+)-6d or
(--6a (-)-6b (-)-6d

Scheme 2

bioproduct (87%), but also at the 3,4 bond, to yield the abnormal
regioisomer 3a as a minor metabolite (13%, Scheme 1).22%

Addition of the azabiaryls 2-phenyl- (1b), 3-phenyl- (1¢) and
4-phenyl- (1d) pyridines to whole cells of a constitutive mutant
strain (UV4), of the bacterium Pseudomonas putida (expressing
TDO) gave the corresponding cis-dihydrodiols 2b-2d, only in low
yields (ca.: 1%, Scheme 1). The cis-dihydrodiol metabolite 2b of
2-phenylpyridine 1b had not been found during earlier studies
using TDO as biocatalyst.** As the phenylpyridine substrates
1b-1d are of almost identical shape to the parent substrate
biphenyl 1a, it was assumed that they would be more acceptable
substrates for BPDO and would thus give higher yields of the
corresponding cis-dihydrodiols. This premise was confirmed by
their biotransformation using whole cells of an inducible mutant
strain (B8/36), of Sphingomomas yanoikuyae (expressing BPDO).
The corresponding cis-dihydrodiols 2b-2d, of identical structure
and absolute configuration to those found using TDO, were
isolated as the only identified bioproducts with yields in the range
of 31-59%.

The cis-dihydrodiols 2b (], +173, MeOH; 59% yield), 2¢ ([a]o
+249, THF; 49% yield) and 2d ([e], +181, THF; 31% yield) were
each shown to be single enantiomers (ee >98%) by formation of
the corresponding boronate esters using (+)-(R) and (-)-(S)-2-(1-
methoxyethyl)phenylboronic acid (MEBBA).' H-NMR analysis of
the MEBBA derivatives of cis-diol metabolites 2b—-2d also allowed
their absolute configurations to be tentatively assigned as (15,2R),
employing methods successfully used for other cis-dihydrodiol
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metabolites.”*?¢ The absolute configuration of (+)-cis-dihydrodiol
2¢ was then rigorously established as (15,2 R) by hydrogenation of
the 5,6-bond to yield the cis-tetrahydrodiol 2g followed by X-ray
crystallographic analysis using the anomalous dispersion method
(Fig. 1). Compound 2g in the solid state showed the carbocyclic
ring having the half-chair conformation with the hydroxyl group
proximate to the pyridine ring being pseudoaxial. The torsion
angle along the inter-ring bond is +48°. The (1S,2R) absolute
configurations, assigned to compounds 2b, 2¢ and 2d by the
MEBBA method, were supported by comparison of their very
similar circular dichroism (CD) spectra.

N
|/

2,0H

1 OH
(1S. 2R)-29

Fig. 1 X-Ray crystal structure of the cis-tetrahydrodiol 2g.

Biotransformations of 1-phenylpyrrole 1e and 1-phenylpyrazole
1f were carried out using P. putida UV4 to give the corresponding
cis-dihydrodiols 2e and 2f (Scheme 1). These were obtained in
higher yield (12%) compared with that of the phenyl pyridine
substrates 1b-1d (ca.: 1%) using P. putida UV4. This improved
cis-dihydroxylation of azaarenes le and 1f with P. putida UV4
could be due to their reduced size which allows them to fit more
easily into the smaller active site of the TDO enzyme. It is also
possible that dihydroxylation of the electron-rich azaarene rings
(cf.: the cis-dihydroxylation of the pyrrole ring of indole)’” may
have occurred with the resultant unstable water-soluble cis-diols,
or their ring-opened derivatives, not being isolated.

An X-ray crystal structure analysis of cis-dihydrodiol 2e ([o]p
+144, THE. Fig. 2), using the anomalous dispersion method,
showed the presence of three crystallographically independent
molecules in the solid state. All had the (1S,2R) configuration and
the same conformation for the carbocyclic ring, with a pseudoaxial
hydroxyl group adjacent to the pyrrole ring. This preference for
the hydroxyl group nearest to the bulky (azaarene) substituent in
compound 2e to adopt a pseudoaxial conformation in the solid
state has previously been observed for most other cis-dihydrodiol

Fig. 2 X-Ray crystal structure view one of the three independent
molecules of cis-dihydrodiol 2e.

metabolites of monosubstituted?” and 1,4-disubstituted benzene
substrates.”® Similar preferred pseudoaxial conformations, re-
sulting from reduced steric interactions between substituents R
and proximate hydroxyl groups, would be expected to occur in
solution. The three independent molecules of 2e differed only
in the conformation of the pyrrole ring, with torsion angles of
+14°, +29° and —30°, respectively, along the inter-ring bond. This
is most likely due to crystal packing factors as each of the six
crystallographically independent hydroxyl groups is involved in
intermolecular hydrogen-bonding, as both a hydrogen donor and
ahydrogen acceptor. cis-Dihydrodiol metabolite 2f was found to be
enantiopure (ee >98%, MEBBA formation) and its CD spectrum
was consistent with a (15,2R) absolute configuration.

An earlier study had shown that 2-phenylpyridine 1b, 1-
phenylpyrrole 1e and 1-phenylpyrazole 1f were substrates for
BPDO.* One of the resulting cis-dihydrodiols, 2f, was not isolated
as it appeared to spontaneously decompose via dehydration to
yield the corresponding phenol bioproduct. Although the other
cis-dihydrodiols 2b and 2e were isolated, their optical rotations, ee
values and absolute configurations were not reported.* While it is
probable that metabolites 2b and 2e isolated earlier have the same
absolute configurations as of those obtained during this study, in
the absence of chiroptical data from the previous study,* it was
not possible to make a direct stereochemical comparison.

(b) Normal dioxygenase-catalysed cis-dihydroxylation at a
bay-region bond of the azaphenanthrene substrates 4b—4e

BPDO-catalysed biotransformation of azaphenanthrenes, benzo-
[h]quinoline 4b, benzo[f]quinoline 4¢, phenanthridine 4d and
benzo[c]cinnoline 4e using S. yanoikuyae B8/36, was found in
each case, to yield the corresponding bay-region cis-dihydrodiol
as the only (or major) isolated bioproducts i.e. 5b, ([a], +167,
MeOH; 50% yield), Sc¢ ([a]p +153, MeOH; 67% yield), 5d ([o]p
+82, MeOH; 72% yield), and Se ([o], —280, pyridine; 62% yield)
(Scheme 2). The biotransformation of phenanthridine 4d, using
an E. coli recombinant strain expressing the PDO gene, had
earlier been reported to yield 5d as one of three metabolites.’
As expected, no evidence of cis-dihydroxylation was found in the
electron-poor pyridine rings in either this or the earlier study.'
Using S. yanoikuyae B8/36 expressing BPDO as biocatalyst,
benzo[/]quinoline substrate 4b was also transformed into the non-
bay-region cis-diol 6b, ([a], +46, MeOH), as a minor metabolite
(13% yield) which was separated from the major metabolite 5b
by PLC. The pattern of a strong preference for BPDO-catalysed
cis-dihydroxylation at the bay region, observed earlier when
phenanthrene 4a was mainly biotransformed into cis-dihydrodiol
5a (>90%),%** was thus also evident in the azaphenanthrene series.
The structures and % ee values (>98%) of the cis-dihydrodiols Sh—
5e and 6b were determined by analysis of the "H-NMR spectra of
the diols and their MEBBA derivatives.

In the absence of X-ray crystallographic data, a stereochemical
correlation sequence for cis-dihydrodiols 5b and 5d, involving
hydrogenation (Sb — 7; 5d — 11), diacetylation (7 — 8; 11 —
12), oxidative cleavage (8 — 9; 12 — 9) and methylation (9 —
10) to yield dimethyl (2,3-diacetoxy)adipate 10 ([o]p +153) of
established (2S5,3S) configuration, was used (Scheme 3). This
provided an unequivocal method for the determination of the
(9S,10R) absolute configuration and enantiopurity (>98% ee) of

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 3957-3966 | 3959





AN X A
Pd-C, H2
~N —~N ~N
MeOH Ac20
OH OH OAc
OAc

OH OH
5b 8
NalOg,
RuO2
MeO2C OAc HO2C OAc
/\I = /\I
-
MeO2C OAc HO2C OAc
10 9
NalO4,
RuO2
Pd-C, H2
MeOH AC20 N
H OAc
OAc
12

Scheme 3

(+)-cis-diols 5b and 5d. It also confirmed the validity of the method
adopted earlier for determination of ee values where analysis of the
'"H-NMR spectra of the corresponding MEBBA derivatives was
also used in the assignment of absolute configurations to cis-diols
5b—5e (9S5,10R) and 6b (7R,8S). A modified Mosher’s method was
used earlier in assigning the (95,10R) configuration to metabolite
5d but its optical rotation value was not reported.*

(c) Abnormal dioxygenase-catalysed cis-dihydroxylation at the 3,4
bond of the monosubstituted benzene substrate 1b and at non-bay
region bonds in azaphenanthrenes 4b and 4d

It is noteworthy that both TDO and BPDO enzymes catalysed
the cis-dihydroxylation of the biaryls 1a—1f, exclusively, at the 2,3
bond to yield the corresponding diols 2a-2f (Scheme 1). Similar
results have been reported for all other monosubstituted benzene
substrates using TDO as biocatalyst.'™ Earlier studies*?** showed
that cis-dihydroxylation of biphenyl 1a occurred mainly (87%) at
the 2,3 bond to yield (1S,2R)-cis-dihydrodiol 2a (ee >98%) as
the major bioproduct with P. putida (9816/4, a source of NDO).
However, a significant proportion (13%), of (15,2 R)-dihydrodiol
3a (ee >98%) was also isolated as a result of cis-dihydroxylation
occurring at the 3,4 bond (Scheme 1). Regioselectivity for the 3,4
bond became more marked when a site-directed mutant strain
of E. coli containing a modified form of NDO (NDOyg;s,y) was
employed. Use of this strain, formed by a Phe-352-Val mutation,
occurring near the mononuclear non-heme iron atom in the o sub-
unit of the NDO active site, resulted in a remarkable change in both
regio- and stereo-selectivity. Thus, cis-dihydroxylation occurred
almost exclusively at the 3,4 bond (99%), to yield cis-dihydrodiol
3a with an excess of the opposite (1R,2S) configuration (ee 77%).

Evidence for ortho-xylene dioxygenase-catalysed  cis-
dihydroxylation of toluene 1h occurring at the 2,3 and 3,4
bonds to give cis-dihydrodiols 2h (R = Me, major) and 3h
(R = Me, minor) respectively, based on GC-MS analysis of

the corresponding boronate derivatives, was recently obtained
(Scheme 1).2*3' The minor cis-dihydrodiol metabolites 3a***
and 3h%*¥ are therefore among the relatively few literature
examples of the dioxygenase-catalysed cis-dihydroxylation of
monosubstituted benzene substrates occurring at the 3,4-bond.
In view of the difficulty of obtaining these abnormal cis-
dihydrodiol regioisomers, e.g. 3h (R = Me) and 3i (R = F), from
dioxygenase-catalysed cis-dihydroxylation at the 3,4-bonds of
monosubstituted benzene substrates 1h (R = Me) and 1i (R = F),
new chemoenzymatic methods for their synthesis from the normal
isomers 2h (R = Me) and 2i (R = F) have now been developed.*

Recent studies of the large-scale (>100 g) production of the
normal cis-dihydrodiol metabolite (2i, R = F) of fluorobenzene (1i,
R = F) from our laboratories have produced the first example of
a TDO-catalysed oxidation at the 3,4 bond of a monosubstituted
benzene (unpublished data). This unusual (15,2 R)-cis-dihydrodiol
regioisomer (3i, R = F, [o]p —21, MeOH, ee 20%) (lit.** [o]p, 101,
¢ 0.5, MeOH, ee >98%) was only present as a minor metabolite
(< 3%) that was isolated along with the normal cis-dihydrodiol
(2i, R = F, >97%).

In order to investigate further the unusual regioselective cis-
dihydroxylation of the 3,4 bond in monosubstituted benzenes,
exemplified by the formation of cis-dihydrodiol 3a catalysed by
NDO,?* a comparative metabolism study was carried out, using
an inducible mutant strain of P. putida (9816/11, expressing
NDO) and the monocyclic azaarene 1b as substrate. Although
cis-dihydroxylation of substrate 1b using NDO again occurred
at the 2,3-bond to give diol 2b ([]p, +173, MeOH), the isolated
yield (25%) was lower than that found earlier using BPDO (59%).
'"H-NMR analysis of the crude product mixture confirmed that
cis-dihydrodiol 2b was the dominant bioproduct (=95% relative
yield). Several very weak signals in the relevant baseline section
of the '"H-NMR spectrum of the crude extract suggested that a
second cis-dihydrodiol, could be present as a very minor (<5%)
component.

More reliable evidence of the minor cis-dihydrodiol regioi-
somer of compound 2b was found by LC/MS analysis, using
reverse phase chromatography (aqueous MeOH as eluent) and
electrospray ionisation MS of the crude extract; it confirmed the
presence of a major peak (=95%) with an identical retention time
(7.1 min) and an accurate mass corresponding to cis-dihydrodiol
2b (M + HJ* 190.08546). However, a minor peak (< 5%) eluting
slightly later, at 7.8 min, with an almost identical mass ((M + H]*
190.08567) and fragmentation pattern as the earlier peak, sup-
ported the presence of a regioisomer. MS/MS analysis focussing
on the molecular ion at m/z 190 throughout the analysis period
provided further evidence of a regioisomeric cis-dihydrodiol. The
accurate mass data (172.07503, 144.07786, 78.03393) of the main
product ions, from fragmentation of the minor compound, were
found to be in accordance with those obtained from the major cis-
dihydrodiol 2b. When collision energy of 10 eV was used, the main
fragment ion observed for both the unknown minor metabolite
and compound 2b, was at m/z 172. This facile loss of a molecule
of water, in each case, through aromatisation is entirely consistent
with the structures of compounds 2b and a regioisomer, e.g. 3b,
where the hydroxyl groups are located on adjacent carbon atoms.

Based on the LC-MS results, the biotransformation was re-
peated several times to obtain a sufficient quantity of compound
3b for recording '"H-NMR (2D-COSY), EI MS, CD spectra and an
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optical rotation. The data collected finally provided unequivocal
evidence for the regioisomer structure 3b, resulting from cis-
dihydroxylation at the 3,4 bond of azaarene 1b. cis-Dihydrodiol
3b was found to be enantiopure (ee >98%) by formation and 'H-
NMR analysis of the corresponding MEBBA derivatives. The CD
spectrum of cis-dihydrodiol 3b confirmed that it had the same
(1S,2R) absolute configuration as for the other cis-dihydrodiols
2b, 2¢ and 2d.

The more sterically demanding tricyclic azaphenanthrenes 4b—
4e were not substrates for the TDO expressed in P putida
UV4, but the larger active sites present in NDO and BPDO
were able to accommodate them. Thus, when P. putida 9816/11
(expressing NDO) was used, the corresponding bay-region cis-
dihydrodiols Sb—Se were isolated in low yields (7-17%). Using
S. yanoikuyae B8/36 (expressing BPDO), these cis-dihydrodiols
were obtained in higher yields (50-67%), with identical ee values
(>98%) and absolute configurations i.e. 9S,10R (S5b—5e) (Scheme 2,
Table 1).

Despite the similar stereoselectivities, observed during NDO-
and BPDO-catalysed cis-dihydroxylations of azaphenanthrenes
4b—4e to yield mainly the corresponding cis-dihydrodiol metabo-
lites 5b—Se, some differences in regioselectivity were observed
(Scheme 2, Table 1). Benzo[k]quinoline 4b metabolism, using
NDO as biocatalyst, gave (9S,10R)-cis-diol 5b and (7R,8S) cis-
diol 6b (60:40) compared with BPDO (80:20). A marked increase in
regioselectivity for NDO-catalysed cis-dihydroxylation at the 7,8
bond in compound 4b was found when the site-directed mutant
E. coli \po.risv strain was used. It gave the non-bay region cis-
diol 6b as the sole metabolite (100%) but in low yield (11%) and
of opposite (75,8 R) configuration (ee >98%) compared with the
normal NDO and BPDO enzymes. Similarly, biotransformation
of phenanthridine 4d, using NDO (P. putida 9816/11) or BPDO
(S. yanoikuyae B8/36), yielded the enantiopure (ee >98%) sole
metabolite (95,10R)-cis-diol 5d as the result of cis-dihydroxylation
occurring exclusively at the bay-region (Scheme 2, Table 1).
When this biotransformation was repeated using the E. coli
Npo-F3s2v Tecombinant strain, the bay region cis-dihydrodiol 5d was
again formed (10% yield) having an identical (9S,10R) absolute
configuration but a much lower enantiopurity (51% ee). cis-
Dihydrodiol 6d was the major bioproduct (12% yield) having an
excess (84%) of the (3R,4S) enantiomer.

The dramatic change in regioselectivity, obtained using the site-
directed mutant strain E. coli ypo.rssav (source of NDO-352V), is
clearly evident compared with a preference for cis-dihydroxylation
of the bay regions present in phenanthrene 4a — 5a, (90%),%*
benzo[/]quinoline 4b — 5b, (60-80%) and phenanthridine 4d —
5d, (100%), when using NDO and BPDO (Table 1). This metabolic
profile was reversed using NDOy;s,y where a preference for the
non-bay regions was found using phenanthrene 4a — 6a (83%),>*
benzo[/]quinoline 4b — 6b (100%) and phenanthridine 4d — 6d
(56%).

cis-Diols 5a, 6a, 5b, 6b, 5¢, 5d and Se, obtained using NDO
and BPDO, were consistently found to be enantiopure (>98% ee)
and of allylic (S) configuration. By contrast, the enantioselectivity
associated with cis-diols formed using NDOgs,y, to give bay region
cis-diols produced of the same (S) configuration but with lower %
ee values e.g. 5a (95%)** and 5d (51%) and non-bay region cis-
diols having the opposite allylic (R) configuration e.g. 6a (91%),>*
6b (>98%) and 6d (84%) (Table 1). The structural changes induced
by mutation of the Phe-352 amino acid in NDO has recently
been shown to result in a different orientation of phenanthrene
4a and thus in an altered pattern of regio- and enantio-selectivity
of cis-dihydroxylation.*®* A similar change in orientation could
also account for the observed change in regio- and enantio-
selectivity associated with NDOy;s,y-catalysed dihydroxylation of
the azaarenes 4b and 4d.

(d) Application of the azarene cis-dihydrodiol 2c in the
chemoenzymatic synthesis of the corresponding
trans-dihydrodiol 17

To date, few of the cis-dihydrodiol metabolites from azaarene sub-
strates have been employed in synthesis. However cis-dihydrodiols
from bicyclic azaarenes (e.g. quinoline) and tricyclic azaarenes
(e.g. acridine) have been used in the synthesis of arene ox-
ides and trans-dihydrodiols.'"* cis-Dihydrodiol metabolites of 2-
chloroquinolines have been used as precursors of 2,2’-bipyridine
ligands in our laboratories (reference 11 and unpublished data).
The synthetic potential of the monocyclic azaarene cis-dihydrodiol
2¢ was demonstrated by its conversion to the corresponding trans-
dihydrodiol 17. The six-step synthetic sequence involved (i) partial
hydrogenation (2¢ — 2g), (ii) Mitsunobu inversion (2g — 13),

Table 1 Relative (isolated) yields of cis-dihydrodiol products Sb—Se, 6b and 6d enantiomeric excess values (% ee), and absolute configurations (ab.con.)

Substrate Enzyme Relative (isolated) product yield, % ee, ab.con. Relative (isolated) product yield, % ee, ab.con
4b 5b 6b
NDO 60 (16) >98, 9S,10R 40 (10) >98, 7R ,8S
BPDO 80 (50) >98, 9S,10R 20 (13) >98, 7R.8S
NDOkg;350v 0 100 (11)* >98, 7S,8R
4c 5c
NDO 100 (17) >98, 9S,10R 0
BPDO 100 (67) >98, 9S,10R 0
4d 5d 6d
NDO 100 (7) >98, 9S,10R 0
BPDO 100 (72)* >98, 9S,10R 0
NDOgss50v 44 (10) 51, 9S,10R 56 (12) 84, 3R,4S
4e Se
NDO 100 (16) >98, 9S,10R 0
BPDO 100 (62) >98, 9S,10R 0

“H-NMR analysis of the crude extract showed traces of a further cis-dihydrodiol regioisomer that was neither isolated nor identified.
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(iii) diacetylation (13 — 14), (iv) allylic bromination (14 — 15),
(v) dehydrobromination (15 — 16) and (vi) hydrolysis (16 —
17) (Scheme 4). A similar method had recently been used to
synthesise trans-dihydrodiols from the corresponding arene cis-
dihydrodiols.**

Y0y )
= 7 7
i !Il 3
OH on "V
OH OH
1c 2¢c 2g

OAc  Br OAc

14
i S. yanoikuyae B8/36, O2; ii Pd-C, Hz, MeOH; iii DEAD, p-NBA, PPhs, CeHg;
iv K2CO3, MeOH, H,0;v Ac20, CsHsN; vi NBS, CCly; vii LioCOs, LiCl, HMPA

Scheme 4

Conclusion

A strong preference for cis-dihydroxylation at the 2,3 bond of the
carbocyclic ring of substrates 1b—1f and at a bay region bond
of the tricyclic substrates 4b—4e was observed when NDO and
BPDO enzymes were used. Thus, enantiopure cis-dihydrodiols
2b-2f and 5b-5e were isolated with an allylic (S) configura-
tion, based on stereochemical correlation, X-ray crystallography,
circular dichroism and NMR spectroscopy methods. The first
example of a NDO-catalysed cis-dihydroxylation, occurring at
the 3,4 bond of a monosubstituted azaarene (2b) to yield the
corresponding (15,2 R)-cis-dihydrodiol (3b), was found. Both
regioselectivity and enantioselectivity were found to be reversed
using the modified NDO dioxygenase (NDOg;sv). the non-bay
region cis-dihydrodiols 6b and 6d, having an excess of the allylic (R)
enantiomer, were found to be dominant. The general applicability
of a chemoenzymatic route, from monocyclic cis-dihydrodiols to
the corresponding trans-dihydrodiols has been demonstrated by
the conversion of azaarene cis-diol 2¢ to trans-diol 17.

Expermental

NMR (‘H and “C) spectra were recorded on Bruker Avance
DPX-300 and DPX-500 instruments and mass spectra were run
at 70 eV, on a VG Autospec Mass Spectrometer, using a heated
inlet system. Accurate molecular weights were determined by the
peak matching method, with perfluorokerosene as the standard.
Elemental microanalyses were carried out on a PerkinElmer 2400
CHN microanalyser. For optical rotation ([¢(]p) measurements (ca.
20°C, 107" deg cm? g™'), a PerkinElmer 341 polarimeter was used.
Electronic circular dichroism (ECD) spectra were recorded on a
Jasco J-720 instrument in acetonitrile solvent.

Flash column chromatography and PLC were performed on
Merck Kieselgel type 60 (250-400 mesh) and PFs,,s6 respec-
tively. Merck Kieselgel type 60F,s, analytical plates were used
for TLC. Liquid chromatography/mass spectrometry (LC/MS)
analyses were conducted using an Agilent 1100 series HPLC
coupled to an Agilent 6510 Q-TOF (Agilent Technologies, USA).
Separation was performed using a reverse phase column (Luna
C18 (2) 5 um, 150 x 2.0 mm, Phenomenex, UK) together with
the corresponding guard column (C18, 4 x 2.0 mm, Phenomenex,
UK). The mobile phase consisted of 95% methanol in channel A,
and 5% methanol in channel B. The system was programmed to
perform an analysis cycle consisting of 30% A for 1 min, followed
by gradient elution from 30% to 95% A over a 11 min period,
hold at 95% A for 5 min, return to initial conditions over 5 min
and then hold these conditions for a further 5 min. The flow
rate was 0.20 ml min™ and the injection volume was 5 pl. MS
experiments were carried out using ESI in positive ion mode with
the capillary voltage set at 4.0 kV. The desolvation gas was nitrogen
set at a flow rate of 11 L min™' and maintained at a temperature
of 350 °C. Collision energy values of 10, 20, 30 and 40 eV were
employed for MS/MS experiments and data were collected for
100 ms at each value.

The small scale (0.2-5.0 g) shake flask biotransformations
and bioproduct isolations were carried out using whole cells of
P. putida UV4 (TDO), P. putida 9816/11 (NDO), E. coli sy
(NDOgss,v) and S. yanoikuyae B8/36 (BPDO) as sources of the
dioxygenase enzymes, using methods described earlier,'>!3:1622.23:3¢
The bioproducts were isolated by repeated extraction with EtOAc.
The extracts were dried (Na,SO,), concentrated, and purified using
either PLC or flash column chromatography on silica gel. The ee
values of bioproducts were determined by analysis of the chemical
shift values of methoxyl signals from '"H-NMR spectra of (-)-(S)
and (+)-(R)-2-(1-methoxyethyl)benzeneboronate esters (MEBBA
esters).?%

(+)-(15,2R)-1,2-Dihydroxy-3-(2’-pyridyl)cyclohexa-3,5-diene 2b

Substrate 1b, S. yanoikuyae B8/36: colourless oil (0.72 g, 59%);
R; 0.34 (75% ethyl acetate-hexane); [a], +173 (¢ 1.2, MeOH)
(Found: M*, 189.0798. C,;H,;NO, requires 189.0789); v,.. (neat)
3353 cm™ (O-H); 6y (500 MHz, CDCl;) 4.43 (1 H, m, J,, 6.2, H-
1),4.83(1H,d, J,,6.2,H-2),6.07-6.11 2H, m, J,, 5.4, H-5, H-6),
6.58 (1 H,d, J,554,H-4),7.01 (1 H,dd, J,3 8.2, Jy5 3.7, H-4"),
7.54(1H,d, Jy4 8.2, H-3),7.61 (1 H,dd, Jy, 3.7, Jy¢ 3.1, H-5),
8.44 (1 H, d, J¢5 3.1, H-6"); ¢ (125 MHz, CDCl;) 67.42, 68.99,
119.96, 122.07, 123.64, 124.65, 131.57, 136.91, 136.18, 148.15,
157.16; m/z (EI) 189 (M*, 41%), 171 (18), 160 (100), 93 (11);
CD: Ae 5.0 (321 nm) Ae 2.0 (271 nm), Ae —8.6 (220 nm); ee >98%
(MEBBA).

Substrate 1b, P. putida 9816/11: colourless oil (0.030 g, 25%);
>95% relative yield by LC-MS analysis; [a]p +170 (¢ 1.5, MeOH);
ee >98% (MEBBA).

(-)-(15,2R)-1,2-Dihydroxy-4-(2’-pyridyl)cyclohexa-3,5-diene 3b

Substrate 1b, P. putida 9816/11: light yellow oil (0.003 g, 2%); R;
0.20 (5% MeOH-CHCL); [] —28.0 (¢ 0.32, MeOH) (Found: M*,
189.0790. C,;H,;,NO, requires 189.0789); 6y (500 MHz, CDCl,)
4.32 (1 H, m, H-1), 4.48 (1 H, m, H-2), 6.20 (1 H, dd, J,, 4.3, Jss,
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9.7, H-6), 6.56 (1 H, m, J;, 3.7, H-3), 6.74 (1 H, d, J54, 9.7, H-5),
7.21 (1 H, m, H-5"),7.51 (1 H, d, J¢5 8, H-6"), 7.70 (1 H, m, Js¢
8, Jyy 1.8, H-5), 8.58 (1 H, dd, Jy, 4.9, J+5 1.8, H-3"); CD: A¢
2.05 (290 nm), Ae —4.42 (222 nm), Ae —1.66 (206 nm) and Ae —1.85
(204 nm); ee >98% (MEBBA).

(+)-(15,2R)-1,2-Dihydroxy-3-(3’-pyridyl)cyclohexa-3,5-diene 2¢

Substrate 1c, S. yanoikuyae B8/36: light yellow oil (0.718 g, 49%);
R; 0.16 (50% ethyl acetate-hexane); [a], +249 (¢ 0.83, THF)
(Found: M*, 189.0793. C,,H,,NO, requires 189.0789); v,... (neat)
3367 cm™ (O-H); 84 (500 MHz, CDCl;) 4.50 (1 H, d, J,, 5.9,
H-2),4.62 (1 H,dd, J,, 5.9, J,c 3.1, H-1), 5.99 (1 H, dd, J, 3.1,
Jss 9.6, H-6), 6.13 (1 H, m, Js, 5.5, Jss 9.6, H-5), 6.40 (1 H, d,
Ju55.5,H-4),7.30 (1 H, dd, Js4 7.9, J5« 4.8, H-5), 7.87 (1 H, dd,
Jir 2.0, Jp¢ 7.9, H-4),848 (1 H, d, Jo 4.8, H-6"), 8.76 (1 H, d,
Jy4 2.0, H-2"); ¢ (125 MHz, CDCl;) 67.13, 69.20, 122.32, 122.50,
122.65, 131.61, 132.31, 134.03, 134.11, 145.53, 146.84; m/z: (EI)
189 (M*, 30%), 171 (91), 160 (100), 93 (9); CD: A¢ 6.0 (312 nm),
A& —10.3 (229 nm); ee >98% (MEBBA).

(+)-(18,2R)-1,2-Dihydroxy-3-(4"-pyridyl)cyclohexa-3,5-diene 2d

Substrate 1d, S. yanoikuyae B8/36: light yellow oil (0.381 g,
31%); R; 0.11 (50% EtOAc-hexane); [a], +181 (¢ 0.85, THF)
(Found: M*, 189.0793. C,;H,,NO, requires 189.0789); v,... (neat)
3370 cm™ (O-H); 6y (500 MHz, CDCl;) 4.40 (1 H, dd, J,, 5.9,
J,s 1.3, H-2),4.54 (1 H,dd, J,, 5.9, J,, 2.3, H-1), 594 (1 H, dd,
Je1 2.3, Jg5 9.5, H-6), 6.06 (1 H, dd, J,, 5.6, J5¢ 9.5, H-5), 6.47
(1H,d, J,s 5.6,H-4),7.34 (2H,d, Jy» 5.9, Jy4 5.9, H-3, H-5),
849 (2H,d, Jy5 5.9, J¢s 5.9, H-2', H-6"); - (125 MHz, CDCl;)
68.21,70.50,119.75 (2% C), 123.64, 124.82, 133.53, 135.74, 146.07,
150.13 (2x C); m/z (EI) 189 (M*, 25%)), 171 (61), 143 (100), 93 (9);
CD: A¢ 3.61 (317 nm), Ae —6.13 (220 nm); ee >98% (MEBBA).

(+)-(15,2R)-1,2-Dihydroxy-3-(1"-pyrrolyl)cyclohexa-3,5-diene 2¢

Substrate le, P. putida UV4: crystalline solid (0.08 g, 12%); mp
102-104 °C (EtOAc-hexane); [o]p, +144 (¢ 0.23, THF) (Found:
C, 67.4; H, 6.2, C,H;NO, requires C, 67.8; H, 6.3%); V;., (KBr)
3347 cm™ (O-H); 6y (500 MHz, CDCl;) 4.46 (1 H, dd, J,, 6.2,
Jis59,H-1),4.64 (1 H,dd, J,, 6.2, J,,2.4,H-2),5.74 (1 H,d, J,
2.6,H-5),5.93 (1 H,d, J¢, 5.9, H-6),6.00 (1 H,d, J,, 2.4, J,5 2.5,
H-4), 6.28 2 H, m, J»y 4.4, H-2", H-5"), 7.01 2 H, Jy» 4.4, m,
H-3", H-4); o (125 MHz, CDCl;) 68.73, 71.11, 110.04, 110.60 x
2, 118.95x2,123.20, 128.35, 138.52; m/z (EI) 177 (M*, 24%), 159
(4), 83 (100); CD: A¢ 4.65 (320 nm), A¢ —9.99 (229 nm); ee >98%
(MEBBA).

Crystal data for 2e. C,,H,,NO,, M = 177.2, monoclinic,
a = 13.076(4), b = 4.980(2), ¢ = 21.362(11) A, B = 103.18(3),
U = 1354.5(10) A3, T = 293(2) K, Cu-Kao radiation, A =
1.5418 A, space group P2, (no. 4), Z = 6, F(000) = 564, D, =
1.303 g cm™, u = 0.75 mm™, Siemens P3 diffractometer, @
scans, scan range 2°, 4.0° < 26 < 110.1°, measured/independent
reflections: 3971/3307, R,,, = 0.11, direct methods solution, full-
matrix least squares refinement on F,2, anisotropic displacement
parameters for non-hydrogen atoms; all hydrogen atoms located in
a difference Fourier synthesis but included at positions calculated
from the geometry of the molecules using the riding model, with

isotropic vibration parameters. R, = 0.074 for 3210 data with
F, > 40(F,), 358 parameters, @R, = 0.206 (all data), GoF =
1.03, Flack x parameter = —0.07(18), APinmax = —0.25/0.31 ¢ A3,
CCDC reference number 691141.

(+)-(15,2R)-1,2-Dihydroxy-3-(1’-pyrazolyl)cyclohexa-3,5-diene 2f

Substrate 1f, P. putida UV4: colourless oil (0.028 g, 12%); [o]p
+144 (¢ 0.23, THF) (Found: M*, 178.0742. CyH,,N,O, requires
178.0747); V. (neat) 3356 cm™ (O-H); 6, (500 MHz, CD;0D)
4.84 (1 H, ddd, J,, 6.27, J,5 2.8, J,s 2.4, H-1), 495 (1 H, d, J,,
6.3, H-2),6.07 (1 H, dd, J¢, 2.4, Js5 7.2, H-6), 6.27 (1 H, ddd, J5,
2.8,J54 5.9, Jss 7.2, H-5), 6.63 (1 H, d, J,;5 5.9, H-4), 6.68 (1 H,
dd, Jy, 1.9, J3, 2.5, H-3),7.89 (1 H,d, J,» 1.9, H-2"),8.29 (1 H,
d, Jy3 2.5, H-4); éc (125 MHz, CD;0D) 70.20, 73.49, 109.53,
114.38, 124.38, 131.16, 132.72, 142.36, 143.97; m/z (EI) 178 (M*,
22%), 160 (36), 93 (11); CD: A¢ 1.04 (316 nm), Ae —3.37 (226 nm);
ee >98% (MEBBA).

(+)-(95,10R)-9,10-Dihydrobenzol|/]quinoline-9,10-diol Sb

Substrate 4b, S. yanoikuyae B8/36: light yellow crystalline solid
(3.0 g, 50%); mp 128-129 °C (from CHCL); R; 0.25 (7%
MeOH/CHCL); [¢]p +167 (¢ 0.3, MeOH) (Found: M+, 213.0781.
C;;H,\NO, requires 213.0789); V.« (KBr) 3408 cm™ (O-H); oy
(500 MHz, CDCl;) 4.46 (1 H, dd, Jy,, 5.0 Jo5 5.4,9-H), 5.57 (1 H,
d, Ji 5.0, 10-H), 6.38 (1 H, dd, J;, 9.5, Jso 5.4, 8-H), 6.72 (1 H,
d, J.5 9.6, 7-H), 7.26-7.42 (2 H, m, 5-H, 3-H), 7.73 (1 H, d, J,;s
8.2, 6-H), 8.16 (1 H, dd, J,; 8.3, J,, 1.8, 4-H), 8.81 (1H, dd, J,;
8.2, J,, 1.8, 2-H); . (125 MHz, CDCl;) 65.25, 71.72, 120.63,
125.89, 126.78, 127.52, 128.26, 129.40, 129.89, 133.10, 137.23,
147.39, 148.31; m/z (EI) 213 (M*, 19%), 194 (61), 86 (100), 93
(9); CD: Ae 2.78 (344 nm), Ae 3.44 (330 nm), Ae —0.92 (280 nm);
Ae 5.29 (262 nm); A¢ 6.86 (253 nm); Ae 1.64 (225 nm); ee >98%
(MEBBA).

Substrate 4b, P. putida 9816/11: (0.01 g, 16%) [o]p +167 (¢ 0.3,
MeOH); ee >98% (MEBBA).

(+)-(7R.8S5)-7,8-Dihydrobenzo|/]quinoline-7,8-diol 6b

Substrate 4b, S. yanoikuyae B8/36: white crystalline solid (0.76 g,
13%); mp 125-126 °C (from CHCL,); R; 0.32 (5% MeOH/CHCl,);
[l +46 (¢ 0.97, MeOH) (Found: M*, 213.0799. C,;H;,NO,
requires 213.0789); V. (KBr) 3319 cm™ (O-H); 6 (500 MHz,
CDCl;) 4.48 (1 H, dd, Js; = Js, 4.8, 8-H), 4.89 (1 H, d, J;
4.9, 7-H), 6.35 (1 H, dd, Jy,, 9.9, Jos 4.6, 9-H), 7.42 (1 H, dd,
Jiq 8.2, Ji, 4.2, 3-H), 7.79 (1 H, d, Js¢ 8.3, 5-H), 7.83 (1 H,
d, Jes 8.3, 6-H), 7.93 (1 H, d, J,.» 9.9, 10-H), 8.14 (1 H, dd,
Jus 8.3, J,, 1.8, 4-H), 8.93 (1 H, dd, J,; 4.2, J,, 1.8, 2-H); 6.
(125 MHz, CDCl,) 67.71, 71.45, 121.59, 125.21, 125.98, 128.19,
128.40, 128.99, 129.06, 136.57, 137.10, 144.30, 150.55; m/z (EI)
213 (M*, 58%), 194 (60), 167 (100); CD: A¢ +0.17 (273 nm), A¢
—1.05 (247 nm), Ae +1.59 (224 nm); ee >98% (MEBBA).

Substrate 4b, P. putida 9816/11: (0.006 g, 10%); [o], +43 (¢ 0.3,
MeOH); ee >98% (MEBBA).

(-)-(7R,8S5)-7,8-Dihydrobenzo|/]quinoline-7,8-diol 6b

Substrate 4b, E. colipsy: (0.004 g, 11%); [o]p —46 (¢ 0.4, MeOH);
CD: A¢ —0.09 (273 nm), Ae +0.66 (247 nm), Ae —1.043 (224 nm);
ce >98%. (MEBBA).
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(+)-(95,10R)-9,10-Dihydrobenzo|f]quinoline-9,10-diol 5S¢

Substrate 4c¢, S. yanoikuyae B8/36: light yellow crystalline solid
(0.08 g, 67%); R; 0.25 (7% MeOH-CHCL;); mp 126-128 °C
(from CHCL); [o]p +153 (¢ 0.3, MeOH) (Found: M+, 213.0791.
C;H;,NO, requires 213.0789); V. (KBr) 3408 cm™ (O-H); oy
(500 MHz, CDCl;) 4.74 (1 H, ddd, Jy 5.5, Jogs 2.1, Jo; 2.5, 9-H),
5.26 (1 H, d, Jyy 5.5, 10-H), 6.07 (1 H, dd, Js; 9.7, Jsy 2.1, 8-H),
6.57 (1 H,dd, J,5 9.7, J,, 2.5, 7-H), 7.45 (2 H, m, 5-H, 2-H), 8.01
(1 H, d, Jgs 8.5, 6-H), 8.51 (1 H, dd, J,, 8.5, J,5 1.4, 1-H), 8.82
(1H, dd, J5, 5.6, J5, 1.4, 3-H); m/z (EI) 213 (M*, 65%), 194 (33),
86 (100); CD: Ae —1.74 (311 nm), Ae +1.13 (257 nm); Ac —4.82
(223 nm); ee >98% (MEBBA).

Substrate 4¢, P. putida 9816/11: (0.02 g, 17%); [a], +153 (¢ 0.3,
MeOH); ee >98% (MEBBA).

(+)-(95,10R)-9,10-Dihydrophenanthridine-9,10-diol 5d

Substrate 4d, S. yanoikuyae B8/36: crystalline solid (0.21 g, 72%);
mp 190-192 °C (from EtOAc); R; 0.15 (5% MeOH-CHC,); [a]o
+82 (¢ 0.5, MeOH) (Found: C, 72.7; H, 4.7; N, 6.3. C,;H, NO,
requires C, 73.2; H, 5.2; N, 6.6%); V. (KBr) 3390 cm™ (O-H); 0y
(500 MHz, CDCl;) 4.75 (1 H, ddd, Jo,, 5.3, Jos 2.0, Jo; 2.6, 9-H),
5.34 (1 H, d, Jypy 5.4, 10-H), 6.13 (1 H, dd, J; 9.8, J; 2.0, 8-H),
6.60 (1 H,dd, J,5 9.8, J., 2.6, 7-H), 7.57-7.70 (2 H, m, 2-H, 3-H),
8.05(1H,d, J,;7.5,4H),8.18 (1H,d, J,, 8.3, 1-H), 8.67 (1 H, s,
6-H); ¢ (125 MHz, CDCl;) 65.30, 69.73, 120.51, 125.12, 127.78,
127.95,128.96, 129.40, 129.81, 133.10, 139.07, 146.93, 152.96; m/z
(ET) 213 (M*, 55%), 194 (34), 141 (100); CD: Ae —0.48 (305 nm),
Ae +1.99 (255 nm), Ae —0.79 (227 nm); ee >98%. (MEBBA).

Substrate 4d, P. putida 9816/11: (0.004 g, 7%); [a]p +83 (¢ 0.2,
MeOH); ee >98% (MEBBA).

Substrate 4d, E. colipss,y: (2.98 g, 10%); [o]p +42 (¢ 0.4, MeOH);
ee 51% (MEBBA).

(-)-(3R,45)-3,4-Dihydrophenanthridine-3,4-diol 6d

Substrate 4d, E. colipssy: (3.6 g, 12%); mp 168-170 °C
(from EtOAc); R; 0.20 (5% MeOH-CHCL,); [a], —26 (¢ 0.49,
MeOH) (Found: M*, 213.0799. C;;H,,NO, requires 213.0790); dy
(500 MHz, CD,0D) 4.62 (1 H, ddd, J5, 5.2, J5, 3.2, J5, 2.0, 3-H),
476 (1 H, dd, J,; 5.2, J,, 0.7, 4-H), 6.28 (1 H, ddd, J,, 10.0, J,;
3.2,/J,,0.7,2-H),7.29 (1 H, dd, J,, 10.0, J, 5 2.0, 1-H), 7.67 (1 H,
ddd, Js; 8.0, Jgo 7.0, Jg 4 1.0, 8-H), 7.82 (1 H, ddd, J,,, 8.4, Jos
7.0, J; 1.4,9-H), 8.07 (1 H, d, J5 8.3, 7-H), 8.23 (1H, d, J o, 8.6,
10-H), 9.10 (1 H, s, 6-H); 6. (125 MHz, CD,;0D) 68.69, 71.37,
120.53, 121.77, 121.82, 127.10, 127.93, 128.45, 130.88, 132.09,
132.54, 147.66, 150.21; m/z (EI) 213 (M*, 27%), 196 (9), 195 (29),
184 (48), 166 (29), 156 (15), 149 (22), 112 (38), 105 (64), 97 (45),
83 (50), 77 (33), 71 (55), 57 (100); CD: Ae —0.29 (269 nm), A¢
—2.14 (236 nm), A¢ —0.24 (220 nm), Ae —0.48 (212 nm); ee 84%
(MEBBA).

(-)-(9S5,10R)-9,10-Dihydrobenzo|c|cinnoline-9,10-diol Se

Substrate 4e, S. yanoikuyae B8/36: (0.08 g, 62%); R; 0.35 (7%
MeOH-CHCl,;); mp 132-133 °C (from MeOH); [«]p, —280 (¢ 1.3,
pyridine) (Found: M*, 214.0760. C,,H;,N,O, requires 214.0784);
Viax (KBr) 3408 cm™ (O-H); 6y (500 MHz, CDClL,) 4.73 (1 H,
ddd, Jg, 5.3, Jos 2.4, Jy, 2.0, 9-H), 5.38 (1 H, d, J,, 5.3, 10-H),

6.40 (1 H, dd, Js; 9.9, Js, 2.4,8-H), 7.14 (1 H, dd, J,5 9.9, J,, 2.0,
7-H), 7.74 (2 H, m, 3-H, 2-H), 8.34 (2 H, m, 1-H, 4-H); m/z: 214
(M*, 46%), 195 (29), 87 (100); CD: Ae —0.26 (287 nm), Ae —0.75
(263 nm); A¢ +1.26 (257 nm); ee >98% (MEBBA).

Substrate 4e, P. putida 9816/11: (0.02 g, 16%); [a]p —280 (¢ 0.3,
MeOH); ee >98% (MEBBA).

Stereochemical correlation sequence of
(+)-(95,10R)-9,10-dihydrobenzo|/]quinoline-9,10-diol Sb and
(+)-(9S,10R)-9,10-dihydrophenanthridine-9,10-diol 5d with
(-)-(28,3S)-dimethyl (2,3-diacetoxy)adipate 10

(-)-(9S5,10R)-7,8,9,10-Tetrahydrobenzo|z]quinoline-9,10-diol 7.
To a solution of enantiopure cis-dihydrodiol metabolite 5b or
5d (0.2 g, 1.12 mmol) in MeOH (15 cm?®) was added 10% Pd/C
(0.010 g), and the mixture stirred (4 h) under an atmosphere of
hydrogen at 1 atm pressure. The catalyst was removed by filtration
and the filtrate concentrated under reduced pressure to give cis-
tetrahydrodiol 7 or 11.

Colourless oil (0.192 g, 80%); [a]p, —43 (¢ 0.5, MeOH) (Found:
C, 72.3; H, 6.0; N, 6.3. C;;H;;NO, requires C, 72.5; H, 6.1; N,
6.5%); Vi (neat) 3340 cm™ (O-H); 6y (500 MHz, CDCl;) 1.93-
2.01 (1 H, m, 8-H), 2.25-2.35 (1 H, m, 8-H), 2.77-2.86 (1 H, m,
7-H), 2.26-2.38 (1 H, m, 7-H), 4.39 (1 H, m, 9-H), 5.48 (1 H, d,
Jio 3.5, 10-H), 7.34 (1 H, d, J¢5 8.4, 6-H), 7.40 (1 H, dd, J;, 8.2,
Ji, 6.1, 3-H), 7.67 (1 H, d, Js¢ 8.4, 5-H), 8.16 (1 H, dd, J,; 8.3,
J., 1.8,4-H), 8.83 (1 H, dd, J,; 6.1, J,, 1.8, 2-H); 6. (125 MHz,
CDCl;) 25.40, 27.04, 65.18, 70.21, 123.67, 126.49, 127.77, 130.18,
131.66, 133.53, 138.35, 147.37, 148.29; m/z (EI) 215 (M*, 21%),
196 (14), 186 (69), 171 (43), 143 (100); CD: A¢ +4.84 (235 nm), A¢
—1.58 (218 nm), Ae —2.22 (201 nm).

(-)-(9S5,10R)-7,8,9,10-Tetrahydrophenanthridine-9,10-diol  11.
Colourless oil (0.180 g, 75%); [a], =72 (¢ 0.5, MeOH) (Found: C,
72.3; H, 5.9; N, 6.4 C;H;NO, requires C, 72.5; H, 6.1; N 6.5%);
Vmax (KBr) 3325 cm™ (O-H); 6y (500 MHz, CDCl;) 2.03-2.07
(1 H, m, 8-H), 2.09-2.15 (1 H, m, 8’-H), 2.95-2.97 (1 H, m, 7-H),
3.07-3.11 (1 H, m, 7-H), 4.07 (1 H, m, 9-H), 5.36 (1 H, d, J,o,
4.0, 10-H), 7.51-7.68 (2 H, m, 2-H,3-H), 8.08 (1 H, d, J,; 8.5,
4-H), 8.23 (1 H, d, J,, 8.3, 1-H), 8.68 (1 H, s, 6-H); d (125 MHz,
CDCl;) 25.42, 26.24, 65.13, 69.72, 123.36, 125.90, 127.33, 128.66,
129.81, 131.27, 139.17, 146.90, 151.74; m/z (EI) 215 (M*, 44%),
197 (29), 171 (74), 143 (100); CD: A¢ —0.63 (267 nm), A¢ —0.16
(241 nm), A¢ —5.60 (212 nm).

Degradation of cis-tetrahydrodiols 7 and 11.  cis-Tetrahydrodiol
7 (or 11, 0.1 g, 0.47 mmol) was converted into diacetate 8 (or 11)
by treatment with Ac,O-pyridine. After identification by infra-
red and 'H NMR spectroscopy, the crude diacetate 8 (or 11)
(0.12 g) was dissolved in a mixture of CCl, (2 cm?®), MeCN
(2 em?®) and water (3 cm?). Sodium periodate (3.26 g, 15 mmol)
and ruthenium(11) oxide hydrate (0.005 g) were then added to the
solution. The reaction mixture was stirred at room temperature
for 4 days, a solution of HCI (20 cm’, 1.5 M) added, and the
mixture saturated with NaCl. From the mixture, the product
was extracted with EtOAc (3 x 20 cm?), dried (Na,SO,) and the
solvent evaporated. The residue was dissolved in MeOH (1.5 cm?)
and treated with an excess of diazomethane solution in Et,O
(4 h, 0 °C). The solvents and excess diazomethane were removed
under a stream of nitrogen. Purification of the residue by flash
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chromatography on silica gel (hexane : Et,O, 90 : 10 — 50 : 50)
gave (—)-(2S5,35)-dimethyl (2,3-diacetoxy)adipate 10.

(-)-(95,10R)-9,10-Diacetoxy-7,8,9,10-tetrahydrobenzo|/]quino-
line8. Colourless oil; V., (neat) 1744 cm™ (C=0); 6 (500 MHz,
CDCl;)2.04 (3H,s, Ac), 2.11 (3H, s, Ac),2.23-2.46 (2 H, m, 8-H,
8’-H), 3.08-3.19 (2 H, m, 7-H, 7’-H), 5.23 (1 H, m, 9-H), 7.23-7.39
(3H,m, 3-H, 5-H, 10-H), 7.75 (1 H, d, J,5 8.2, 6-H), 8.08 (1 H, d,
J438.3,4-H), 889 (1 H, d, J,5 5.9, 2-H).

(-)-(95,10R)-9,10- Diacetoxy-7,8,9,10 - tetrahydrophenanthri -
dine-9,10-diol 12. Colourless oil; v, (neat) 1740 cm™ (C=0); &y
(500 MHz, CDCl,) 2.10 (3 H, s, Ac), 2.12 (3 H, s, Ac), 2.25-2.38
(2 H, m, 8-H, 8’-H), 3.08-3.29 (2 H, m, 7-H, 7"-H), 5.25 (1 H, m,
9-H), 6.88 (1 H, d, J,, 2.9, 10-H), 7.58-7.69 (2 H, m, 2-H, 3-H),
7.84 (1 H,d, J,;8.0,4-H),8.15(1 H,d, J,, 8.3, 1-H), 8.79 (1 H, s,
6-H).

(-)-(28,3S)-Dimethyl (2,3-diacetoxy)adipate 10. Colourless
oil (0.015 g, 13%), [e]p, —14.0 (¢ 1.0, CHCI,) (1it.* [a]p —14.1,
CHCl); Vi (neat) 1736 cm™ (C=0); dy (500 MHz, CDCl;) 1.97
(1 H, m, CHH), 2.07 (3 H, s, OAc), 2.06-2.15 (1 H, m, CHH),
2.18 3 H, s, OAc), 2.37 (2 H, m, CH,), 3.68 (3 H, s, CO,Me), 3.79
(3 H, s, CO,Me), 5.30 (2 H, m, 2-H, 3-H).

Synthesis of trans-(15,25)-1,2-Dihydroxy-3-(3’-pyridyl)-
cyclohexa-3,5-diene 17

(i) (1S,2R)-1,2-Dihydroxy-3-(3’-pyridyl)cyclohex-3-ene  2g.
cis-Dihydrodiol 2¢ (0.1 g, 0.53 mmol, [¢], +249, THEF, ee >98%)
in methanol solution (20 cm?) containing quinoline (50 ul)
was catalytically hydrogenated (3% Pd/C) at room temperature
and 1 atm pressure. Hydrogen absorption was complete after
4.5 h. The catalyst was removed by filtration and the filtrate
evaporated. The hydrogenated product was purified by PLC to
give yellow coloured crystalline solid (0.089 g, 88%); mp 86-88 °C
(CHCl;-hexane); R; 0.16 (50% EtOAc-hexane); [o]p —50 (¢ 0.56,
THF) (Found: C, 68.9; H, 7.0; N, 7.1. C;;H;NO, requires C,
69.1; H, 6.9; N, 7.3%); Vina (KBr) 3344 cm™ (O-H); 6y (500 MHz,
CDCly) 1.77 (1 H, m, 6-H), 1.86 (1 H, m, 6’-H), 2.24 (1 H, m,
5-H), 2.35 (1 H, m, 5-H"), 3.82 (1 H, m, J,, 3.7, 1-H), 4.48 (1 H,
d, J,, 3.7, 2-H), 6.18 (1 H, m, 4-H), 7.18 (1 H, dd, Js+ 3.8, Js¢
49, 5-H), 778 (1 H, dd, J,~» 2.0, J,5 3.8, 4-H), 8.33 (1 H, d,
Jys4.9,6-H), 8.61 (1 H, d, J»4 2.0, 2"-H); 6. (125 MHz, CDCl;)
24.96, 25.50, 67.64, 69.94, 123.74, 130.60, 134.10, 135.06, 136.49,
147.28, 147.77; m/z (EI) 191 (M*, 13%), 173 (56), 147 (100).

Crystal data for 2g. C,;H,;NO,, M = 191.2, monoclinic, a =
15.561(6), b = 6.152(2), ¢ = 11.984(6) A, B = 122.08(3), U
972.0(7) A3, T =293(2) K, Cu-Ko radiation, A = 1.5418 A, space
group C2 (no. 5), Z = 4, F(000) = 408, D, = 1.3l gem™, u =
0.73 mm™, Siemens P3 diffractometer, @ scans, scan range 2°,
4.0° <26 < 110.1°, measured/independent reflections: 2214/997,
R, = 0.037, direct methods solution, full-matrix least squares
refinement on F,2, anisotropic displacement parameters for non-
hydrogen atoms; all hydrogen atoms located in a difference
Fourier synthesis but included at positions calculated from the
geometry of the molecules using the riding model, with isotropic
vibration parameters. R, = 0.032 for 987 data with F, > 40(F,),
130 parameters, @R, = 0.085 (all data), GoF = 1.14, Flack x

parameter = —0.07(17), Appinmx = —0.12/0.11 e A=, cCcDhC
reference number 691142.

(i) (15,25)-1,2-Dihydroxy-3-(3’-pyridyl)cyclohex-3-ene 13. To a
stirring solution of (1.5,2R)-1,2-dihydroxy-3-(3’-pyridyl)cyclohex-
3-ene 7 (1.0 g, 5.24 mmol, [o]p, =50, THF) in anhydrous benzene
(20 cm?) were added dry 3 A molecular sieves (1 g), triphenyl
phosphine (1.51 g, 5.76 mmol) and diethyl azodicarboxylate
(1.0 g, 5.76 mmol). The mixture was stirred for 30 min, p-
nitrobenzoic acid (0.875 g, 5.24 mmol) was then added and the
stirring continued for another 30 min at room temperature. The
mixture was refluxed at 90 °C until diol 7 had reacted completely
(monitored by TLC). The reaction mixture was filtered and
the filtrate evaporated under reduced pressure. The residue was
dissolved in MeOH (15 cm?), a 10% aq solution of potassium
carbonate (10 cm®) added to it and the mixture stirred (4 h) at
room temperature. On completion of hydrolysis (3 h, monitored
by TLC), the solvents were removed in vacuo and the crude product
taken up in ethyl acetate (40 cm®). The extract was washed with
saturated brine solution (10 cm?), dried (Na,SO,), and the solvent
removed under reduced pressure. Purification of the residue by
PLC (R; 0.19, 50% EtOAc-hexane) yielded trans-diol 13 as a
yellow crystalline solid (0.62 g, 62%), mp 183 °C (CHCl;-hexane);
[al, +26 (¢ 1.25, D,0) (Found: M*, 191.0942. C,,H;;NO, requires
191.0946); V...« (KBr) 3355 cm™ (O-H);6y (500 MHz, CD;0D):
1.68 (1H, m, 6-H), 1.88 (1 H, m, 6’-H), 2.18 (1 H, m, J5, , 4.0, 5-H),
2.29 (1 H, m, 5-H), 3.83 (1 H, m, J,, 4.7, 1-H), 4.28 (1 H, d, J,
4.7,2-H), 6.14 (1 H, t, J, 51 4.0, 4-H), 7.28 (1 H, dd, Js, 4.1, Js¢
49,5-H),7.83 (1 H,dd, J,»2.1,J,54.1,4-H),8.28 (1 H, d, J¢~
4.9, 6’-H), 8.53 (1 H, d, J»4 2.1, 2"-H); 6 (125 MHz, CD;0D):
21.49, 24.33, 69.20, 70.99, 122.77, 129.27, 133.59, 133.90, 136.44,
145.99, 146.41; m/z (EI) 191 (M*, 19%), 173 (25), 147 (100).

(iii) trans-(15,25)-1,2-Diacetyloxy-3-(3’-pyridyl)cyclohex-3-ene
14. trans-(1S,2S)-1,2-Dihydroxy-3-(3-pyridyl)cyclohex-3-ene
(13) (0.62 g, 3.25 mmol, [a], +26) was acetylated using Ac,O-
pyridine. PLC yielded diacetate 14 as a light yellow oil (0.867 g,
97%); R: 0.01 (30% Et,O-hexane); [a], +83 (¢ 1.32, CH;OH)
(Found: M*, 275.3011. C;sH;;NO, requires 275.3020); V... (neat)
1759 em™ (C=0); 6y (500 MHz, CDCl;) 1.91 (3 H, s, Ac), 1.99
(2H, m, 6-H, H-6’-H), 2.01 (3 H, s, Ac), 2.39 (2 H, m, 5-H, 5-H),
515(1H,m, J,,4.8,J,,6.5,1-H), 591 (1 H, dd, J,, 4.8, J,, 0.5,
2-H), 6.31 (1 H, dd, J,, 0.5, J,5s 2.4, 4-H), 7.24 (1 H, dd, Js, 7.9,
Jse 5.1,5-H),7.59 (1 H,dd, J,, 1.6, J,5 4.8, 4-H), 8.51 (1 H, d,
Jes 5.1,6-H),8.59 (1 H, d, J»4 1.6, 2"-H); 6. (125 MHz, CDCl;)
20.74, 21.04, 22.55, 23.53, 68.67, 70.92, 123.02, 131.86, 133.12,
134.47,147.57, 148.56, 170.13; m/z (EI) 276 M + 1, 2%), 275 (6),
215 (25), 155 (100).

(iv) trans-(1S,25)-1,2-Diacetyloxy-3-(3’-pyridyl)-5-bromocyclo-
hex-3-ene 15.  Freshly crystallised N-bromosuccinimide (0.591 g,
3.32mmol) and o, 0-azoisobisbutyronitrile (0.01 g) were added toa
solution of trans-(1S,2S)-1,2-diacetyloxy-3-(3’-pyridyl)cyclohex-
3-ene 14 (0.83 g, 3.02 mmol, [¢]p, +83, MeOH) in CCl, (10 cm?®).
The mixture was gently refluxed (~90 °C) using a heat lamp. When
the reaction had gone to completion (1 h, 'H-NMR analysis), the
mixture was cooled to room temperature, succinimide filtered off,
and the solvent removed in vacuo. The crude product, obtained as
a yellow 0il (0.997 g, 93%), was identified as the title compound by
"H-NMR spectroscopy. oy (500 MHz, CDCl;) 1.90 (3 H, s, Ac),
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2.02(3H,s, Ac), 2.50 (1 H, m, 6-H), 2.62 (1 H, m, J 3, 4.9, 6’-H),
493 (1 H,m, 5-H),545(1 H,m, J, 4.9, J,, 3.6, 1-H), 6.06 (1 H,
d,J,,3.6,2-H),6.37(1 H,d, 4-H),7.27 (1 H,dd, J54+ 4.9, Jy¢ 5.2,
5-H),7.61 (1 H,dd, J,» 1.6, J,5 4.9,4-H),8.55(1 H,d, J¢5 5.2,
H-6"), 8.60 (1H, s, 2’-H). Due to its unstable nature, it was used
without further purification for the next step of the synthesis.

() trans-(1S,25)-1,2-Diacetyloxy-3-(3"-pyridyl)cyclohexa-3,5-
diene 16. A mixture of trans-(1S,25)-1,2-diacetyloxy-3-(3’-
pyridyl)-5-bromocyclohex-3-ene 15 (0.97 g, 2.73 mmol), anhy-
drous lithium chloride (0.325 g, 7.64 mmol) and anhydrous
lithium carbonate (0.505 g, 6.83 mmol) in freshly distilled hex-
amethylphosphoramide (3 cm?) was heated, with stirring at 95 °C,
under nitrogen for 2 h. The ice cooled reaction mixture was diluted
with diethyl ether (15 cm?®) and then treated dropwise with stirring
with HCI (13.7 cm?, 1 M solution). The ether layer was separated
and the aqueous layer extracted with diethyl ether (2 x 15 cm?). The
combined ether extract was washed with 2.5% NaHCO; solution
(15 cm?), dried (Na,SO,) and the solvent evaporated. Purification
of the residue by PLC (R; 0.27, Et,0) yielded trans-diacetate 16 as
a white crystalline solid (0.708 g, 95%); mp 84 °C (Et,O-hexane);
[a]p +570 (¢ 1.03, CHCl;) (Found: M*, 273.2867. C,sH,;sNO,
requires 273.2862); Vu. (KBr) 1727 cm™ (C=0); 6y (500 MHz,
CDCl,) 2.01 (3 H, s, Ac), 2.07 3 H, s, Ac), 5.43 (1 H, dd, 1-H),
6.06-6.10 (2 H, m, 2-H, 6-H), 6.36 (1 H, dd, Js, 5.9, 5-H), 6.60
(1 H,d, J,5s 59, 4H), 7.28 (1 H, dd, Js, 4.2, Js¢ 4.8, 5’-H),
7.68 (1 H, dd, J,5 4.2, J,» 2.3, 4-H), 8.53 (1 H, d, J¢5 4.8, 6'-
H), 8.70 (1 H, d, Jy4 2.3, 2"-H); 6. (125 MHz, CDCl;) 21.37,
21.46, 68.99, 69.56, 123.76, 124.25, 124.95, 127.45, 131.87, 133.13,
147.60, 149.49, 170.5; m/z (EI) 273 (10%), 213 (18%), 171 (100).

(vi)  trans-(1S,25)-1,2-Dihydroxy-3-(3"-pyridyl)cyclohexa-3,5-
diene 17. To a solution of trans-(15,2S5)-1,2-diacetyloxy-3-(3’-
pyridyl)cyclohexa-3,5-diene 16 (0.75 g, 3.97 mmol, [a], +570)
in MeOH (10 cm?®) were added water and K,CO, (1.24 g,
9 mmol). The mixture was stirred at room temperature. When
the deacetylation was complete (3 h, by TLC), the inorganic salts
were filtered off and the filtrate concentrated in vacuo. The crude
product was extracted into EtOAc (25 cm®) and subsequently
purified by PLC to yield the trams-dihydrodiol 17 as a light
yellow crystalline solid (0.720 g, 96%); mp 157 °C (decomp.)
(CHCl;-hexane); R; 0.2 (50% EtOAc-hexane); [o]p +189 (c 0.51,
CHCI;) (Found: M*, 189.0791. C,,H;;NO, requires 189.0790);
Vimax (KBr) 3816 cm™ (O-H); 6, (500 MHz, CDCl;) 4.46 (1 H, dd,
Ji, 6.2, J,653,1-H), 473 (1 H, d, J,, 6.2, 2-H), 6.12 (1 H, dd,
Je1 5.3, Jgs 4.4, 6-H), 6.22 (1 H, dd, J,, 5.4, J5c 4.4, 5-H), 6.36
(1H,d, J,s54,4-H),7.29 (1 H, dd, Jy4 4.3, J5¢ 5.5, 5-H), 7.85
(1H,d, Jys4.3,4-H),8.50 (1 H, d, Jg5 5.5, 6-H), 8.75 (1 H, s,
2’-H); 6. (125 MHz, CDCl;) 71.08, 71.77, 122.04, 123.62, 124.73,
128.02, 129.05, 133.07, 133.91, 146.98, 148.25; m/z (EI) 189 (M*,
11%), 171 (36), 43 (100); CD: A¢ 4.45 (300 nm), Ae 3.49 (247 nm),
A¢ 3.66 (227 nm), A¢ —1.641(203 nm).
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The kinetics of 6-complexation of 2,6-bis(trifluoromethanesulfonyl)-4-nitroanisole (4) have been
investigated over a large pH range of 2-15.68 in methanol. Two competitive processes have been
identified with the initial addition of MeO at the unsubstituted 3-position of 4 to give a 1,3-dimethoxy
adduct (4b-Me) and a subsequent and slow conversion of this species into the 1,1-dimethoxy isomer
(4a-Me). Both 4a-Me and 4b-Me are more stable than the related adducts of 2,6-dinitro-
4-trifluromethanesulfonylanisole, i.e. 5a-Me and 5b-Me, and 2,4,6-trinitroanisole, i.e. 6a-Me and
6b-Me, the latter compound being a conventional reference aromatic electrophile in Meisenheimer
complex chemistry. The high thermodynamic stability of 4a-Me (pK, = 10.48) and 4b-Me (pK, = 12.23)
relative to Sa-Me (pK, = 10.68) and 6a-Me (pK, = 12.56) or 5Sb-Me (pK, = 15.38) and 6b-Me (pK, =
16.46), is shown to derive from an especially high capacity of a para or an ortho SO,CF; group to
stabilize a negative charge through Fr-type polarization effects. From the kinetic data, it appears that
the contribution of a methanol pathway to the formation of 4a-Me is much weaker than that found to
operate in the formation of the 1,1-complex 5a-Me of 2,6-dinitro-4-trifluromethanesulfonylanisole, the
experimental evidence suggesting that the reactivity of 4 and 5 is located just beyond the region defining
the boundary between super- and normal-electrophilicity in methanol. Comparison of our results with
available literature data show that this boundary corresponds to a pKM°H, value of ~ 10, in agreement
with our previous finding of a very effective solvent contribution to the o-complexation of
1,3,5-tris(trifluoromethanesulfonyl)benzene (13; pK™°", = 9.12) in methanol. Taking advantage of our

observation that pK™®©" and pK™:°, values for 6-complexation at unsubstituted ring positions are
related by a nice linear correlation, an approximate ranking of the electrophilicity of our aromatic
triflones on the E scale developed by Mayr (Acc. Chem. Res. 2003, 36, 66) can be made.

Introduction

There is current interest in quantitatively assessing the elec-
trophilicities of electron-deficient aromatic and heteroaromatic
structures, termed herein as Meisenheimer electrophiles, exhibit-
ing a high reactivity in nucleophilic aromatic substitutions and
related o-complexation processes.'® Using hydration as a simple
reference process, it has been shown that heteroaromatics such
as nitrobenzofuroxans, nitrobenzofurazans, nitrobenzotriazoles,
nitrotetrazolopyridines efc. are considerably more electrophilic
than 1,3,5-trinitrobenzene (TNB, 1), the conventional aromatic
electrophile in o-complex chemistry."***'2 While TNB only
reacts with the strong oxygen base hydroxide ion [eqn (1),
Scheme 1], prototype highly electron-deficient structures like 4,6-
dinitrobenzofuroxan (DNBEF, 2) and 4,6-dinitrotetrazolopyridine
(DNTP, 3) undergo facile addition of water according to eqn (2)
and (3) to give the hydroxide adducts 2-H and 3-H which are,
respectively, 10" and 10" times thermodynamically more stable
than the analogous TNB adduct 1-H.'*!? Interestingly, exhaustive
kinetic studies of the formation of a large number of hydroxy

“Unité de Recherche de Chimie Théorique et Réactivité, Faculté des sciences
de Monastir, Avenue de I’Environnement, 5019 Monastir, Tunisie

’Institut Lavoisier de Versailles, UMR 8180, Univarsité de Versailles, 45,
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T Electronic supplementary information (ESI) available: Table S1 and Fig.
S1-S3. See DOI: 10.1039/b810273b

o-complexes, notably those shown in eqn (1)—(3) (Scheme 1), have
been carried out in aqueous solution.>****> These studies have
revealed that there is a close relationship between the thermody-
namic reactivity of Meisenheimer electrophiles, as measured by the
related pK™2©, values, and an effective contribution of the water
pathway (k"2°,) to the formation of the corresponding 6-adducts.'®
It thus appears that the water pathway contributes to some extent
to the formation of hydroxy o-complexes of all Meisenheimer
electrophiles with pK™©,< 7-8. This borderline pK™°, value
appears to be a useful index to demarcate a superelectrophilic
reactivity from a normal electrophilic reactivity for electron-
deficient aromatic and heteroaromatic structures.>'

Recently, it has been demonstrated that low pK™°, for for-
mation of hydroxy ¢ complexes goes along with a high suscep-
tibility of the parent electrophiles to undergo c-complexation
with extremely weak carbon nucleophiles such as benzenoid
aromatics (phenols, anilines.)**'*!* or m-excessive heteroaromat-
ics (pyrroles, indoles, thiophenes, furans efc.)'®'” whose carbon
basicities are associated with large negative pK™, values, e.g. 1,3-
dimethoxybenzene (pK,= -9),"* 3-methoxythiophene (pK™",=
—6.5) or indole (pK*“H,= —3.46).1%!7 The ease of these carbon—
carbon couplings has led to many synthetic, analytical and
biological applications.’*?® Tt follows that measurement of pK,
values for hydroxy ¢ complexes of Meisenheimer electrophiles is
of great value for predicting the potential reactivity of a given
substrate, a feature which is of real benefit for synthetic organic
applications.>"
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Scheme 1

The above investigations have renewed the interest in using the
strong electron-withdrawing influence exerted by a SO,CF; group
in many acid—base combinations to broaden the range of Meisen-
heimer electrophiles exhibiting superelectrophilic properties.?-*!
In this context, a comprehensive kinetic and thermodynamic
study of the 6-complexation of 2,6-bis(trifluoromethanesulfonyl)-
4-nitroanisole 4 in methanol is reported; use of water as a
solvent was precluded for solubility reasons. Combining the results
obtained with data previously reported for the interaction of MeO~
with various nitro and/or SO,CF, activated arenes or hetarenes
leads to the recognition of a superelectrophilic dimension for some
electrophilic triflones in methanol.>3*%* Available data also allow
an approximate but meaningful positioning of SO,CF;-activated
substrates on the general electrophilicity scale developed by Mayr
and co-workers for cationic electrophiles.?**

Results

All rate and equilibrium measurements pertaining to the inter-
action of methoxide ion with 2,6-bis(trifluoromethanesulfonyl)-
4-nitroanisole 4 were made at 20 °C and constant ionic strength
of 0.01 mol dm™ maintained with sodium bromide as needed
(see Experimental section). Dilute methanesulfonic acid solutions,
various buffer solutions and dilute methoxide solutions were used
to cover a pH range of 2-15.68 in methanol. To be noted is
that all pH values quoted below have been measured relative to
the standard state in pure MeOH. Accordingly, the relationship
[H*]= 10""/y* holds with y+ being the mean activity coefficient
calculated by using a simplified Debye-Hiickel type equation, i.e.
logy +=—Bz*J/I withI=0.01 mol dm™ and B=1.8at 20 °Cin
methanol.**3¢

The yellow colored 1,1-dimethoxy complex 4a-Me (A, =
380 nm), previously identified by NMR spectroscopy by Yagupol-
skii et al.,’” was found to form rapidly and completely in buffer
solutions and dilute methoxide solutions of pH > 12 in methanol.

Although 4a-Me was in all instances the thermodynamically
stable product of the interaction, oscilloscope pictures taken
in a stopped-flow apparatus showed that this adduct was no
longer directly formed in solutions of methoxide ion concentration
greater than 10° mol dm™ (pH > 11.7). As shown in Fig. 1,
the appearance of 4a-Me was then preceded by the much faster
formation of a less stable species. Based on previous studies of the
interaction of MeO~ with 2,4,6-trinitroanisole 6 and related 4-X-
2,6-dinitroanisoles,*® which have led to the NMR characterization
of'a 1,3-dimethoxy adduct, e.g. 6b-Me, prior to that of the expected
1,1-adduct, e.g. 6a-Me, there is little doubt that this short lived
species is the 1,3-dimethoxy analogue 4b-Me (A, = 430 nm).
As a matter of fact, carrying out NMR experiments at —30 °C
in acetonitrile has allowed the observation of the AX system
characteristic of this transient species (see Experimental section).
Fig. 2 shows a set of UV-Visible spectra illustrating the conversion
of 4b-Me into 4a-Me. Taking advantage of the good separation
of the two relaxation times corresponding to the formation of

0.45 - 4a-Me
0.4+
=] 35 1
b3 0 4b-Me
;J. ] —
5 03
8 oo
3 025
0.2
] Time (ms)
0.15 _f 20,00 60,00 100.00 140.00 180.00
L T T T T+ T
e o 100 200 300 400 _Time(s

Fig. 1 Oscilloscope traces showing the two relaxation processes pertain-
ing to the 1,3-adduct 4b-Me at 430 nm and its subsequent conversion into
the 1,1-adduct 4a-Me at 380 nm in a 2-bromophenol buffer (pH = 13.04)
at T'=20 °C in methanol.
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Fig.2 UV-Visible absorption spectra illustrating the conversion of 4b-Me
(Amax = 430 nm) into 4a-Me (A,,.,x = 380 nm) in a 0.1 mol dm™ sodium
methoxide solution in methanol.

4b-Me and 4a-Me, a complete kinetic and thermodynamic analysis
of the interaction of 4 with MeO~ could be achieved. All kinetic
experiments were carried out under pseudo-first-order conditions
with a large excess of the acid, base or buffer reagent over the
substrate concentration (= 3-5 10~° mol dm™).

Formation of 4a-Me

Addition of methanesulfonic acid to a methanolic solution of
the adduct 4a-Me, previously isolated as a sodium salt,*” resulted
in a full recovery of the parent anisole 4, pointing to the
reversibility of the 6-complexation process. Using a series of 2,4,6-
trichlorophenol buffers (see Experimental section), the pH,,, value
for half-formation of 4a-Me according to equilibrium (4) was
readily determined from the observed absorbance variations at
Amax = 380 nm of this adduct as a function of pH. These actually
describe a regular acid-base type of equilibration, as evidenced by
the observation of a good straight line with slope close to unity,
fitting eqn (6) (Fig. S1). In this equation, 4, and Ay, represent
the absorbances of the pure species 4 and 4a-Me at a given C,
concentration while 4 represents

4+ MeOH=-"—4a-Me + H' )
3N
kMeO kMeO
4b-Me j<:>4 +MeO 1<:4a-Me (5)
k_3 -1
[4a - Me] A-4,
H=pK, +log=—————=pK, +log————— 6
P P ! ¢ [4] P ! gA4n-Me_A ( )

the absorbance of a mixture of these two species (total concen-
tration C,) at a given pH. From the plot of Fig. S1, we readily

obtained : pH,,, = 10.48 £ 0.1. This value corresponds to the pK,
value for formation of 4a-Me at / = 0.01 mol dm=. As shown
previously,® this value is related to the thermodynamic pK°, at
zero ionic strength by eqn (7) with y+ = 0.66, i.e. pK°, = 10.66 +
0.1.

pK°, =pH,, —log yt (7)

The kinetics of formation and decomposition of the thermo-
dynamically stable 1,1-dimethoxy adduct 4a-Me were studied in
the pH range of 2-15.68. In agreement with a negligible role of
the fast preequilibrium leading to the isomeric 1,3-complex 4b-Me
up to pH = 10.7, only one relaxation time corresponding to the
direct formation (pH > 9.3) or decomposition (pH < 10.7) of 4a-
Me through the two methanol (kM°H, k""_,) and methoxide ion
(kM<©,, k_,) pathways of eqn (4) and (5) was observed in the pH
range 2-10.7. Instead, as discussed above, the interaction consisted
of two steps at high pH, namely a fast 6-complexation of 4 to give
partially (10.7 < pH < 13.3) or totally (pH > 13.3) the 1,3-adduct
4b-Me, followed by a subsequent slow conversion to 4a-Me. The
variations in the first-order rate constant, k., for the combined
processes at 20 °C are plotted in Fig. 3, where the data at pH >
10.7 refer to the isomerization step, as a function of pH. In none of
our experiments carried out in buffer solutions, catalysis by buffer
species was observed, (Fig. S2). Experimental values of k. are
given in Table 1.
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2 - - -
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- A
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2 4 6 8 10 12 14 16
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Fig.3 The pH dependence of the observed first-order rate constant, k.,
for formation and decomposition of the 1,1-dimethoxy adduct 4a-Me at
T =20 °C in methanol.

As elaborated in more detail in previous studies of the addition
of water or MeOH to a number of highly electrophilic Meisen-
heimer structures, e.g. DNBF,!*3% or various heterocyclic cations,
e.g. the isoquinolinium or naphthyridinium cations 7 and 8,% the
observed rate constant, k.4, can be expressed at each pH as
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Table 1 Observed first-order rate constants, k., for formation and/or
decomposition of the adduct 4a-Me in methanol®

pH® Kopsa/s™! pH® Kopsa/s™! pH® Kopsa /8™

2¢ 1440 7.26/ 1.00 x 107 11.66¢ 2.07x107
2.3¢ 875 756 4.75 x 107 11.72¢  3.49x 107
2.4¢ 650 7.74 3.26 x 107 12.02 471 x 107
2.7¢ 340 8.00¢  2.04 x107 12.18  6.92x 107
3.0¢ 142 8.18¢ 1.06 x 1073 1245 7.22x 107
3.87¢ 17.3 8.48¢ 592 x10* 12.75"  9.52x 107
3.994 13.1 8.78¢ 3.67 x 10 13.04/ 1.24 x 1072
4.174 8.48 8.96¢ 2.84 x 10 13.22! 1.20 x 107
4.474 3.92 9.34" 2.39 x 10+ 13.28™  1.21x 1072
4.774 1.82 9.52" 2.66 x 107 13.38™  1.22x 107
4.954 1.06 9.77 2.55 x 10 13.46™ 1.22x 107
5.074 0.75 9.95 2.61 x10™* 13.58™  1.22x 1072
5.36° 0.59 10.25° 3.02 x 10 13.68" 1.21x 107
5.48¢ 0.45 10.55° 394 x 10 14.68™  1.23x 107
5.66° 0.295 10.73¢ 5.25 x 10 14.98"" 1.33x 107
5.96° 0.143 10.70/ 4.50 x 10 15.28m " 1.23x 107
6.26° 6.43 x 1072 10.88 6.54 x 10 15.46m" 1.31x 1072
6.78 3.70 x 1072 11.18 7.70 x 107* 15.68™" 1.18x 107
6.96" 2.24 x 107 11.48 1.42 x 107

“T =20 °C, I = 0.01 mol dm™ except for the last four measure-
ments at MeO~ concentrations > 102 mol dm= (pH 14.98-15.68)
where the levelling off of k.. is not found to depend on the ionic
strength. ® pH = —log[H*] — log v+ = —log[H*] + 0.18. ¢ Methanesulfonic
acid solutions. ¢ Trichloroacetate buffers. ¢ Dichloroacetate buffers. /3,5-
Dinitrobenzoate buffers. ¢ 3-Chlorobenzoate buffers. * Benzoate buffers.
2,4,6-Trichlorophenoxide buffers. /2,6-Dichlorophenoxide buffers. ¥ 4-
Cyanophenoxide buffers. ' 2-Bromophenoxide buffers. " Sodium methox-
ide solutions; pH = pK, + log[MeO] + log vy = 16.68 + log[MeO] with
pK, = 16.86 at 20° C;3*3% " pH Values calculated by assuming no notable
variation in y£ at [MeO-]concentration in the range 0.01-0.10 mol dm™.

the sum of the individual rate constants for formation (k;) and
decomposition (k,) of 4a-Me [eqn (8)]. Thus, values of k; and k,
can be readily derived from ks through eqn (9) and (10).

o
\T(I/CH3 /+N ‘ X
= N pZ
g
NO, CH,
A 8
Kopsa = ki + kg (8)
— kobsd
ST ©)
1+ —
10*PH1/2
k.= kobsd
d 107PHI2 (10)
1+
10

Fig. 4 shows the corresponding k; and k, pH-rate profiles for
the pH range of 2-10.7 where the formation of 4b-Me does not
interfere with that of 4a-Me. These are consistent with eqn (11)
and (12), respectively, in which the rate constants kMCH,, kH°
kMO, k_, refer to the various individual pathways depicted in eqn
(4) and (5). From the line of slope —1 and the plateau observed,
respectively, in the low and high pH regions of the k, profile, the
rate constants k", and k_, pertaining to the H*-catalyzed and
spontaneous decomposition of 4a-Me were derived: k™" _, = 1.41 x
10° dm’® mol™ s7', k_, =2.04 x 10~ s7".

o
T

log (k. k)

)
o
T

-10 | | 1 | L
0 2 4 6 8 10 12

Fig. 4 The pH dependence of the first-order rate constants k; and k, for
formation and decomposition of the 1,1-dimethoxy adduct 4a-Me at T =
20 °C in methanol, as derived from eqn (9) and (10) in the pH range 2-10.7
where the formation of the 1,3-complex 4b-Me does not interfere with that
of 4a-Me.

k :kMeOH JrkMeO[l\Aeo—]:kMeOH + klMeoKs (11)
f 2 1 2 10"’“7/1
. H™ {-pH
k=R k=T (12)
YT

Similarly, the rate constant &M%, for the methanol addition
pathway could be accurately determined from the plateau ob-
served in the low pH region of the k; profile: AM©H, =447 x 10 s,
Interestingly, it appears that the contribution of the methanol
pathway to k; is not negligible relative to that of the AM°,[MeO]
term in the pH range of 9-10.7. This accounts for the drawing of a
line of slope less than unity in the high pH region of the k; profile
in Fig. 4, making it possible to get only an estimate of the rate
constant kM ~ 480 dm® mol™ s!. However, Fig. 4 shows that the
kq plateau, i.e. k_;, intersects with the AM©©,[MeO] line of k; at a
pH value which corresponds to the previously determined pH,,, =
pK, value for formation of 4a-Me. This implies that the methanol
pathway does not in fact contribute to an appreciable extent to
the observed rate constant k., i.e. the minimum values of kg
correspond to the rate constant k_, for spontaneous decomposition
of 4a-Me in the pH range 9-10.

As illustrated by the right part of the k.. profile of Fig. 3,
the formation of 4a-Me has also been studied in the pH range
10.7-15.68 where the adduct 4b-Me is initially formed. Eqn (5)
describes the interaction where the approach to equilibrium for the
1,3-complex is sufficiently fast to be considered as instantaneous
relative to that for the 1,1-complex. As previously shown,*-334
the observed first-order rate constant, k..., associated with the
formation of 4a-Me should then depend curvilinearly on the base
concentration according to eqn (13), approaching a plateau at base
concentrations where the initial formation of 4b-Me is essentially
complete, i.e. K;[MeO] >> 1, pH > 13.3.

kM0 [MeO™]

k 1l = - -
1+ K,[MeO]

(13)

obsd TR

(. 1 e a9
kobsd _k—] k]MCO [Meoi] klMco
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In as much as the rate constant k_, is known (vide supra), eqn (13)
can be rewritten in the form of eqn (14), allowing the determination
of kM°, and K, by combining the slope and the intercept of a plot
of 1/(kowsa — k_1) vs. 1/[MeO"] which was linear (Fig. 5). We thus
obtain: AM©, = 468 dm?® mol™ s'; K5 = 4.12 x 10* dm® mol™, the
former value being in good agreement with our previous estimate
of kM, From these two parameters, the maximum value taken
by kaea at high pH can be calculated as the ratio &AM, /K, i.e.
k™ e = 1.14 X 1072 57!, in good agreement with the value directly
deduced from the experimental plateau in Fig. 3;i.e. 1.21 x 102 s7".

350 ,
300 - P
250 - - .

2" 200+ e e

k
\

150 - _ee .

50 L 1 |
0 210* 410* 610* 810

[CH,07] " mol” dm®

Fig. 5 Inversion plot according to eqn (14) for the appearance of the
adduct 4a-Me at high MeO~ concentrations (pH > 10.7) at 7' =20 °C in
methanol.

Formation of 4b-Me

The kinetics of the fast equilibrium between the 1,3-adduct 4b-Me
and the parent anisole 4 according to the left equilibrium of eqn (5)
was investigated at MeO~ concentrations > 10~ mol dm™ (pH >
11.7) by using 4-cyanophenol, 2-bromophenol and 4-chlorophenol
buffer solutions as well as dilute sodium methoxide solutions. As
observed for the formation of the 1,1-complex 4a-Me, variation of
buffer concentration at constant pH did not appreciably change
the value of the observed first-order rate constant, k', for
the approach to equilibrium. From the straight line shown in
Figure S;, which describes the variations of k’,.,, with the MeO~
concentration [eqn (15)], the following values of the second order
rate constant AM°, for formation and the first-order rate constant
k_; for decomposition of 4b-Me were readily obtained: kM, =
2.63 x 10° dm’mol™ s, k_; = 6.30 s'. Combining these two values

leads to an equilibrium constant K; of 4.17 x 10* dm?® mol™, and
therefore to a pK™©", value of 12.24 for formation of 4b-Me at
20 °C. Measured k', values are given in Table S1.

K goa = kM5 [MeO ] + ks (15)

Discussion

Our study of the o-complexation of 2,6-bis(trifluorometh-
anesulfonyl)-4-nitroanisole 4 has revealed a number of inter-
esting features, especially when compared to related anisoles
and some recognized powerful Meisenheimer electrophiles. For
a pertinent discussion, the rate and equilibrium constants for
formation and decomposition of the 1,1-dimethoxy complex
4a-Me are compared in Table 2 with the corresponding data
for the adducts 5a-Me and 6a-Me of 2,6-dinitro-4-trifluoro-
methanesulfonylanisole (5) and TNA (6), respectively, as well as
those for the gem-dimethoxy analogues of 2,4-dinitro-5-methoxy-
thiophene and selenophene (9-Me, 10-Me), and of 4,6-dinitro-
7-methoxy- and 4-nitro-7-methoxy-benzofurazans (11-Me, 12-
Me). Similarly, Table 3 compares the rate and equilibrium data
for the 1,3-dimethoxy complex 4b-Me with those for related
adducts arising from MeO~ addition to an activated unsub-
stituted position, namely the adducts Sb-Me and 6b-Me, the
TNB and 1,3,5-tris(trifluoromethanesulfonyl)benzene adducts 1-
Me and 13-Me, the 2,4-dinitrofuran, 2,4-dinitrothiophene and 2,4-
dinitroselenophene adducts (14-Me, 15-Me and 16-Me), the 4,6-
dinitro- and 4-nitro-benzofurazan and -benzofuroxan adducts (17-
Me, 18-Me, 2-Me and 19-Me) and the 4,6-dinitrotetrazolopyridine
adduct 3-Me. The structures and numbering of all afore-quoted
adducts are given, together with those of the parent electrophiles,
in Chart 1.

Also to be noted is that the following discussion is based on
measured rate and equilibrium constants for the various systems.
Statistical corrections pertaining to the presence of two (4-6) or
even three (1, 13) equivalent unsubstituted positions have not been
made since they do not affect our conclusions.

Adduct stability. The role of the SO,CF; group

As can be seen in Tables 1 and 2, substituting the two ortho-nitro
groups of TNA (6) for two SO,CF; groups increases markedly,
though to a different extent, the stability of the 1,1- and 1,3-
dimethoxy adducts : the ratios K*™Me/K%Me and K4-Me/gob-Me
are equal to 138 and 1.53 x 10*, respectively. At the same time,
the replacement of the 4-NO, group of TNA by a SO,CF;

Table 2 Rate and equilibrium constants for formation and decomposition of the adduct 4a-Me in methanol. Comparison with related gem-dimethoxy

adducts”

Adduct pK." JMeOH /g1 kM, /dm? mol™ s7! kMO, /dm® mol™! s~ k. /s K,/dm?* mol™
4a-Me* 10.48 4.47 % 10°¢ 1.41 x10° 480 2.04x 10+ 2.35x 10°
5a-Me? 10.68 5% 107° 1.66 x 10° 141 1.17x 10 1.20 x 10°
6a-Me° 12.56 1.80 x 10 2.9 x10° 11.8 6.05%x 10 1.95 x 10*
9-Me/ 11.16 1077 1.05x 10* 28.2 7.8x107° 3.6x10°
10-Me/ 9.86 5.75%x 107 2.65%x10° 69 1.04 x 10°° 6.63 x 10°
11-Me# 5.93 4.46 x 1073 1.78 x 10° 2.52x10° 49x%x10° 5.14 x 10"
12-Me" 13.54 7.56 3.55%x 1073 2135

*T=20°C.°pK,=pH,,, at I=0.01 mol dm™. ¢ This work. ¢ Ref. 33a. ¢ Calculated at 20 °C from data in ref. 38d./ Ref. 33b. ¢ Ref. 36a. " Ref. 40a.
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Table 3 Rate and equilibrium constants for formation and decomposition of the adduct 4b-Me in methanol. Comparison with related monomethoxy

adducts”

Adduct pK. JMeOH /5710 k" _,/dm’ mol™! s71® kM, /dm?® mol™ s7! k_y/s™ K,/dm’ mol™
4b-Me* 12.23™ 2.63 x 10° 6.30 4.17 x 10*
5b-Me? 15.38™ 750 25 30

6b-Me* 16.46™ 690 290 2.56
1-Me/ 15.51™ 5150 231 22.3
13-Me? 9.12" 3.02x 1072 2.88 x 107 39x10° 0.011 3.54 x 107
14-Me" <11.16™ 4500 <9x1073 >5x%x10°
15-Me' 13.94m 10.3 1.25x 1072 825
16-Me' 12.05™ 18.2 2.85%x 10+ 6.4 x 10*
17-M¢/ 6.05" 0.028 2.09 x 10* 9.30 x 10° 2x10° 4.65x 10"
18-Me* 13.40™ 3.8 1.3x 107 2920
2-M¢/ 6.46" 0.03 4.68 x 10* 1.87 x 10° 8.9x10° 2.1 x 10"
19-Me* 12.96™ 17.6 2.2x 1073 8000
3-Me' 2.64" 3.50 1520 6.3x 107 5.5x 107 1.14x 10"

T =20°C.%kMO", and k", are rate constants for formation and decomposition of the methoxy adducts through methanol addition and H* catalysis,
respectively, as defined in Scheme 1. ¢ This work. ¢ Ref. 33a. ¢ Calculated at 20 °C from data in ref. 38¢. Calculated at 20 °C from data in ref. 12. ¢ Ref. 32.
"Ref. 33¢. " Ref. 49.7 Ref. 36a. ¥ Ref. 40a. ' Ref. 11. ™ Calculated from pK, = pK, —log K;. " pK, = pH,,, at I =0.01 mol dm=.
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Chart 1 Structures and numbering of Meisenheimer electrophiles and related c-adducts

group to give 5 causes a large increase in the stability of the
1,1-dimethoxy adduct—the ratio K*M¢/K%™¢ s equal to 70—
but only a moderate increase in stability of the 1,3-isomer—
the ratio K™M¢/K®M is equal to 11. These results emphasize
two important conclusions: (1) a SO,CF; group has a stronger
electron-withdrawing character than a NO, group, both in the

ortho- and para-positions of a reactive center in an aromatic ring;
(2) the SO,CF; group exerts, as does the NO, group, a much
greater effect on the stability of a 6-adduct when it is located in
the para rather than the ortho position to the sp® carbon. This
implies an especially high capacity of resonance stabilization of
the negative charge of a ¢-adduct by a para-SO,CF; group, in
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accord with previous conclusions that this group exerts a large
conjugative effect in addition to a large inductive effect.”’** This
behaviour is consistent with the Hammett substituent constants
derived for SO,CF; from studies of the ionization of various AH-
type acids, namely benzoic acids, anilinium ions and phenols, by
Sheppard and Yagupolskii.*>*: ¢, =0.76, 6, = 0.96, 5, = 1.65.
These values compare with the following for NO,: o, = 0.71,
o, = 0.78, 0, = 1.27.® Obviously, these substituent constants
fit well the finding that the SO,CF; group is markedly more
activating than a NO, group in 6-complex formation and therefore
in related nucleophilic aromatic displacement processes. So far,
maximum enhancement in complex stability promoted by the
SO,CF; group has been observed on going from the TNB methoxy
adduct 1-Me to the tris(trifluoromethanesulfonyl) analogue 13-
Me: K'3Me/K'™Me = 1.36 x 10°.%2

How the SO,CF; group exerts its stabilizing conjugative effect in
anionic 6-complexes is worthy of comment. Pertinent information
on the mode of charge transmission of SO,CF; has come from
recent studies of the ionization of a number of «-SO,CF; activated
carbon acids, including aliphatic and benzylic triflones.?*! Mainly
through a combination of results of thermodynamic and kinetic
investigations with the structural information provided by NMR
studies, it has been convincingly demonstrated that the exceptional
electron-withdrawing capability of the SO,CF; group to stabilize
carbanion negative charge is essentially the result of polarizability
effects (resonance structure R,) with no significant contribution
of other factors such as negative hyperconjugation (R,)**, a
reasonable issue according to some theoretical studies, or d—p
n-bonding (R;), a long-rejected mode of stabilization.**¢ The
situation is obviously in contrast with the NO, group which acts
largely through resonance stabilization (Rs) but it fits nicely the
finding of a totally different solvent dependence of the acidity of
o-NO, and a-SO,CF; carbon acids in H,O-Me,SO mixtures.?*°
Other things being equal, the activation by a NO, group is
favored in aqueous solution when hydrogen bonding solvation
contributes to the stabilization of nitronate structures (R;). In
contrast Me,SO is more prone to stabilize a polarizable negative
charge, thereby favoring the activation by a SO,CF; group (R,).%
On these grounds, the main resonance structures contributing to
the stability of SO,CF;-substituted c-adducts may be viewed as
drawn in eqn (16)—(18) for three representative systems where the
conjugative influence of the SO,CF; group is operating through
a Fr type effect while that of a NO, group derives from a —M
effect.”

0 o o
o ) ° I
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3 N3 3
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Ry Ry Ry)
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Regarding the electron-withdrawing influence of the SO,CF;
group, it is noteworthy that the higher stability of the 1,1-adducts
4a-Me and 5a-Me relative to that of the trinitro analogue 6a-
Me derives both from an increase in the rate of formation and a
decrease in the rate of decomposition. For methoxide ion attack
on the methoxy-bearing carbon of the parent ethers 4-6, the rate
constant AM©, is 141 dm?® mol's™" and 480 dm*® mol's™! for 5a-Me
and 4a-Me, respectively, as compared with 11.8 dm® mol”'s™ for
6a-Me (7 =20 °C). For adduct decomposition, the rate constant
k. is 2.04 x 10™* s7' and 1.17 x 10 s7' for 4a-Me and 5a-Me,
respectively, as compared with 6.05 x 10 s for 6a-Me. This
is consistent with previous observations in c-complex chemistry
that changes in the equilibrium constant for adduct formation,
brought about by variations in the substitution pattern of an
aromatic or heteroaromatic ring, are the result of concomitant
and opposite changes in the rate constants for formation and
decomposition.'* Interestingly, Table 3 shows that similar trends
govern the formation of the 1,3-adducts. A remarkable feature,
however, is that the rate constants k; and k_; suffer especially
strong variations on going from the adducts 5b-Me and 6b-Me,
which have a NO, group in the para position to the sp® carbon, to
the adduct 4b-Me which has a SO,CF; group in this position.
The ratios k*Me,/k®Me. and k%M /k®Me_; are equal to 380
and 46, respectively, contributing to the large change observed
in the related equilibrium constant (K*Me;/K®Me, = 1.6 x 10%)
and adding to the evidence that a para-SO,CF; group exerts an
especially strong stabilizing effect on c-adducts.

Reactivity of triflones

It has been shown in aqueous solution that, besides the pK,
value, an important parameter measuring the electrophilicity of
an electron-deficient aromatic or heteroaromatic substrate is its
susceptibility to undergo o-complexation through an effective
water pathway.>**'* As elaborated on in detail in previous kinetic
and thermodynamic investigations of covalent hydration,*® a
primary requirement for having H,O compete effectively as a
nucleophile with OH™ in the formation of an hydroxy c-adduct
is in fact that the first-order rate constant k™2°, be appreciably
greater than the first-order rate constant k_, for spontaneous
decomposition of this species, i.e. k"2°, > k_,. From the numerous
systems studied,*® it appears that the water pathway contributes
to some extent to the formation of hydroxy ¢ complexes of
all Meisenheimer electrophiles with pK™°, < 8.2** This pK,
value has been proposed as a key index to demarcate the
superelectrophilic reactivity from a normal electrophilic reactivity
of electron-deficient aromatic or heteroaromatic substrates.?=*
The very poor solubility of aromatic triflones in aqueous
solution precluded the use of the k™29, approach to assess their
electrophilic character. With a similar reasoning, it was reasonable
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to envision that reaction of the weak nucleophile, MeOH, with
an electron-deficient substrate to give a methoxy ¢-adduct might
also be a sensitive measure of the electrophilicity of the substrate.
Focusing first on 1,1-dimethoxy complex formation (Table 2),
the AM©°H,/k_, ratio is equal to 0.46, 0.022 and 1.73 x 107,
respectively, for the triflones 5 and 4 and TNA 6. Thus, the
methanol pathway is negligible in the case of TNA, rather weak
for 4 and moderate for 5. Calculation of each term of eqn (11)
and (12) shows in fact that methanol attack contributes only
for 10-15% to the rate of appearance of the adduct 5a-Me in
the most favorable pH range of 10-11 in methanol. Table 2
shows that the solvent pathway plays equally a negligible role
in the formation of the gem-dimethoxy adducts 9-Me and 10-
Me of 2,4-dinitro-5-methoxythiophene (pK, = 11.16, kM©", /k_, =
1.28 x 107) and 2.4-dinitro-5-methoxyselenophene (pK, = 9.86,
kMeOM, /K = 0.055) whose thermodynamic stability is of the same
order of magnitude as that of 4 and 5.* Similarly, methanol
addition was not detected in the formation of the adduct 12-Me
of 4-nitro-7-methoxybenzofurazan (pK, = 13.54). On going to
the very stable gem-dimethoxy adduct 11-Me of 7-methoxy-4,6-
dinitrobenzofurazan (pK, = 5.93), methanol addition becomes a
predominant pathway over a large pH range (6-9), in agreement
with a very high &M%, /k_, ratio of 910.%«

The fact that there is a small but definite contribution of
the methanol pathway to the formation of the similarly stable
adducts 5a-Me and 4a-Me suggests that the region defining the
boundary between super- and normal- electrophilicity must be
centered around pK, ~ 10 in methanol. This view is supported
by the data pertaining to the formation of the monomethoxy
adducts listed in Table 3. In this instance, methanol attack is
negligible in the formation of all adducts with pK, > 11. In
contrast, the solvent pathway is very effective in the formation of
the tris(trifluoromethanesulfonyl)benzene adduct 13-Me (pK, =
9.12; kMOH, /k_=2.75) and it becomes largely predominant in the
case of the 4,6-dinitrobenzofuroxan and 4,6-dinitrobenzofurazan
adducts 2-Me (pK, = 6.46; £™M°", /k_=340) and 17-Me (pK, =6.05;
KMeOH,) /K =1400).323% The efficiency of the methanol attack is even
more spectacular in the case of the 4,6-dinitrotetrazolopyridine
adduct 3-Me (pK, = 2.64; kMO, /k_= 6.3 x 10°)."" Combining
all the information provided by Tables 2 and 3, it follows that
pKM©H ~9.5-10.5 can be used as a key index to define the frontier
between superelectrophilicity and normal-electrophilicity in o-
complexation processes in MeOH. Focusing on triflones, the re-
activity of 1,3,5-tris(trifluoromethanesulfonyl)benzene 13 appears
to be clearly situated in the superelectrophilic region (vide infra).

There have been many reports allowing one to compare the
thermodynamics of 6-complexation of electron-deficient aromatic
and heteroaromatic substrates by OH™ and MeO™ ions in water
and methanol, respectively.® All available couples of pK™2°, and
pKM©H, values, together with the identification of the structures
at hand, including a few structures already given in Chart 1,
are collected in Table 4. Plotting pK™2°, vs. pKM°H_ actually
affords a nice straight line with slope close to unity and intercept
equal to 2.52 fitting eqn (19) (Fig. 6). Applying this relationship
to the above demarcation pK™©°", value allows an estimate of
what should be the pK*2°, index, namely pK":°,~ 7-8, defining
the superelectrophilic dimension for c-complexation processes
in aqueous solution. Interestingly, this estimate is identical to
the borderline pK"2°, value experimentally derived from direct

Table4 pK™©°, and pK™®©M, values for formation of hydroxy- and
methoxy- c-adducts of various nitro-aromatic and -heteroaromatic sub-
strates at 7 = 25 °C in water and methanol, respectively

Parent substrate Numbering X Y pK™°, pKMoOH = Ref.
Y~ NN 3 NO, NO, 0.40 2.64 11
\\N 20 H NO, 7.55 10.65 2¢
XN 21 NO, CH; 833 1040 54
X
(I)' 2 NO, 3.75 6.46"  36a
X + 19 H 10.37  12.77 40a
/N\
O
=~ 7/
NO,
X _N 17 NO, O 3.92 6.05"  36a
Y 22 NO, Se 634 1009 2c
=N 23 NO, S 7.86  10.90°  2¢
18 H O 10.07  12.77 40a
NO,
Y. NO, 24a NO, NO, 996 12.82 55
24b NO, H 12.37 1594 55
24¢ H H 14.58  17.70 55
X NO,
NO, 25a NO, 11.20  14.00 55
X ' ‘ 25b H 13.16  16.53 55
NO, NO,
NO, NO, 26 11.53 1440 55
NO, NO,
ON N0, 27 1292  14.86 56
| =
N
O,N. ; _NO, 1 13.43 1551 12
NO.

* pKMOH, values determined in this work. * T'= 20 °C.

studies of o-complexation in aqueous solution.**® Among other
substrates, TNB 1, 2,4-dinitrothiophene 15 as well as the four
nitrobenzoxadiazoles 2,17, 18 and 19 and the dinitrotetrazolopy-
ridine (DNTP, 3) were part of the studies conducted in aqueous
solution.>!348

pKMOH = pKH0, 4 2 52 (19)

Ranking the electrophilicity of triflones on Mayr’s scale

Mayr and coworkers have shown that it is possible to describe the
rates of a large variety of electrophile-nucleophile combinations
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Fig. 6 The pK™°, vs. pK™M°H, relationship.

by the three parameter eqn (20).3*% In this equation, the E
parameter measures the strength of the electrophile while the N
and s parameters characterize the sensitivity to the nucleophile.
Based on eqn (20), general electrophilicity (£) and nucleophilicity
(NV) scales have been defined. These scales have proved to be very
useful for predicting reactivity.?**

log koo =s(N + E) (20)

For the most part, the relationship of eqn (20) has been
developed by modulating the strength of the electrophilic partner
through structural variations of carbocationic structures but
recent kinetic studies have focused on the description of uncharged
electrophiles. Thus, a number of quinone methides as well as
of Michael acceptors, such as benzylidenemalonitriles, benzyli-
deneindandiones and benzylidenebarbituric and -thiobarbituric
acids, have been successfully ranked on the electrophilicity scale,
with all £ values falling in the domain of weak electrophilicities
(E from -9.42 to —17.29).5%% Interestingly, it has been shown
that the electrophilicity of an extended series of neutral electron-
deficient nitroaromatics and heteroaromatics of widely differing
reactivity and structure is also appropriately described by eqn
(20). Within the E scale developed by Mayr, covering a range of
+6 to —18, this series embraced a domain of reactivity of more
than 8 orders of magnitude, going from the least electrophilic
TNB (£ = -13.19) to the most electrophilic compound DNTP
(E =-4.67). A most relevant feature, however, was the finding that
the measured E values are linearly related to the pK*2°, values for
covalent hydration of these Meisenheimer structures, defining a
correlation, eqn (21), which in fact coincides with the comparable
correlation, E vs pKg,, reported by the Mayr group for addition
of H,O to carbocations.?3b53

E =-0.662 pK™2°, (or pKy.) — 3.20 1)

E=-0.662 pKM©H, —1.53 (22)

Hence, if the correlation holds more generally for Meisenheimer
electrophiles, the quantification of the electrophilicity of these
important reaction partners can be usefully approximated on the
basis of their tendency to form 6-adducts with water, or combining
eqn (19) and (21) to obtain eqn (22), with methanol.

Referring to methoxylation at an unsubstituted carbon to
minimize steric effects, the following estimates of the E values
(~ 0.5 unit) for our triflones are obtained from eqn (22), E =
-7.56 for 13; E = -9.62 for 4, E = —11.70 for 5. While the

latter value falls, as do the E values for the two reference
trinitro compounds (£ = —12.41 for TNA and E = -13.19 for
TNB), in the domain of weak electrophilicities (Fig. 7), the
reactivity of the bis(SO,CF;) compound 4 is comparable to
that of the most reactive neutral substrate studied by Mayr,
namely benzylidenemalonitrile (£ = —9.42). Most importantly,
the electrophilicity of the tris-SO,CF; benzene 13 is found
to approach that of 4-nitro-6-cyanobenzofuroxan (E = -7.01),
a compound the general behaviour of which is representative
of a superelectrophilic ranking.* Anchoring to carbocationic
reactivity, the electrophilicity of 13 is of the same order as that
of a benzhydrylium cation such as Michler’s hydrol blue (E =
—7.02),*% that is the bis(4-dimethylaminophenyl)carbenium ion,
but higher than that of other positively charged species such
as triallyl cations or arylallylpalladium complexes, (see Fig. 7).
This suggests that more of the rich chemistry established for
the above cations could find analogy with this triflone whose
electrophilicity remains, however, considerably lower than that of
DNTP (E =-4.67), and DNBF (E =-5.06), the two most reactive
Meisenheimer electrophiles known to date.

Experimental section
Materials

2,6-Bis(trifluoromethanesulfonyl)-4-nitroanisole (4) was prepared
as previously described by Yagupolskii et al.: mp. 124 °C (lit.,””
125-126 °C). Methanol and methanolic sodium methoxide solu-
tions were prepared as previously described.?*#34 The various
buffers used for the rate and equilibrium measurements were puri-
fied according to classical methods. Buffers used were trichloroac-
etate (pH = 3.87-5.07), dichloroacetate (pH = 5.36-6.26), 3,5-
dinitrobenzoate (pH = 6.78-7.74), 3-chlorobenzoate (pH = 8.00—
8.96), benzoate (pH =9.34-9.52), 2,4,6-trichlorophenoxide (9.77-
10.73), 2,6-dichlorophenoxide (10.70-11.66), 4-cyanophenoxide
(11.72-12.18), 2-bromophenoxide (12.45-13.22),33a:6:36:40

The sodium salt of the 1,1-dimethoxy complex 4a-Me was
prepared as described by Yagupolskii et al” The formation of
the transient 1,3-complex 4b-Me was studied at —30 °C by 'H
NMR. Adding an equivalent amount of MeONa to a solution of 4
in CD;CN resulted in the immediate and quantitative formation of
4b-Me, as evidenced by the disappearance of the signals ascribable
to the parent molecule and the exclusive appearance of the AX
system typical of the two non-equivalent protons H; and Hs of
4b-Me. Also consistent with this structure was the presence in
the “F spectra of two fluorine resonances corresponding to the
two non-equivalent SO,CF; groups. The results are summarized
in Table 5. Altogether, the changes in chemical shifts observed
upon complexation of 4 to form the isomeric adducts 4a-Me and
4b-Me are fully consistent with previous reports dealing with
the interaction of MeO~ with many 4-X-2,6-dinitrosubstituted
anisoles. They do not call therefore for particular comments since
they agree well with the proposed structures, 3«35

Rate measurements

Kinetic determinations were performed on an Applied-
Photophysics SX-18MV stopped-flow apparatus or a conventional

This journal is © The Royal Society of Chemistry 2008
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Table 5 'H, “C and YF NMR chemical shifts of the anisole 4 and the
related 1,1- and 1,3-dimethoxy compounds in CD;CN“.?

Compound  H-3 H-5 OCH, CF,

4 9.11(9.16) 9.11(9.16) 4.30(4.33) -75.60
4a-Me“ 8.41(8.33) 8.41(8.33) 3.15 -78.03

4b-Me 5.97 8.09 - —-78.79,-78.81

8 in ppm relative to internal TMS (‘H, *C) and internal CFCl; (“F); J
in Hz. ® § values in brackets refer to Me,SO-d,; from ref. 37. < '3C data
for 4 :166.7 (C)); 139 (C,); 136.6 (C;5); 131.8 (Cp4, *Jr = 2); 124.9 (CF;;
'Jer = 325); 69.9 (OCH;). 4 *C data for 4a-Me : 139.3 (C;5); 121.7 (C,);
119.9 (CF;; 'Jcr = 327); 105.9 (C,; 101.36 (C)); 52.1 (OCH3). © Too much
overlap with the solvent.

HP8453 UV-Visible spectrophotometer, the cell compartments of
which were maintained at 20 £ 0.1 °C. All kinetic runs were carried
out in triplicate under pseudo-first-order conditions with a triflone
(4) concentration of approximately 5 x 10~° mol dm™ and an acid,
base or buffer concentration in the range of 107-0.1 mol dm=.
In a given experiment, the rates were found to be reproducible to
+2-3%.
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An efficient and original stereocontrolled transannular rearrangement starting from activated
2,5-diketopiperazines has been developed, an opportunity for the medicinal chemistry field, which
requests access to novel biological scaffolds. This powerful ring contraction, which can be related to a
stereoselective aza-version of the Chan rearrangement, allows for example the one-step synthesis of
various tetramic acids, access to 2-disubstituted statins, or the synthesis of relevant lactam-constrained

dipeptide mimetics using a TRAL-RCM sequence.

Introduction

Access to new therapeutic entities depends greatly on the discovery
of original and pertinent scaffolds, connected with the develop-
ment of innovative synthetic reactions. In the perpetual quest for
pioneering compounds, we recently described an unprecedented
ring contraction reaction. The transannular rearrangement of
activated lactams (TRAL) leads to 4-hydroxy-3-pyrrolin-2-ones
2 starting from suitable Boc-activated 2,5-diketopiperazines 1
(Scheme 1).! This powerful rearrangement could be seen as a new
intramolecular N— C acyl migration reaction of cyclic imides. It
can be related to a highly stereocontrolled aza-version of the Chan
rearrangement,” or to the interesting reaction of acyclic imides
described by Hamada et al.?

Boc o
N/Y
TRAL N
[¢] ¥ Boc
R' 1. Base
Bﬁs/ 1 \i RZX
H H

TRAL-alkylation

- - 11
Boc N Boc N RHN R2
NaBH4 O
’ R 3 BocHN)-\T)S( -
HO +N>Boc o o N>Boc R'OH OH O
R’ R' Statins

2 (ee>99%) 3 (de>95%) 4 (de>95%)

Scheme 1 TRAL and TRAL-alkylation. Access to statins.

By adding an alkylating agent during the course of the
TRAL, bis-Boc cyclo-[Gly-X] 1 can be easily converted into its
dialkylated pyrrolidine-2,4-dione 3 in an exceptionally diastereos-
elective manner (TRAL-alkylation, Scheme 1). This regioselective
ring contraction allows then the one-step synthesis of various

“Institut des Biomolécules Max Mousseron, UMR CNRS 5247, Université
Montpellier 1, Université Montpellier 2, Place Eugéne Bataillon, 34095
Montpellier Cedex 5, France. E-mail: dewynter@univ-montp2.fr

*Groupe Matiére Condensée et Matériaux, UM R 6626, Université de Rennes
1, Campus de Beaulieu, 35042 Rennes Cedex, France

T CCDC reference number 643845. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b810352f

substituted pyrrolidine-2,4-diones or tetramic acids, key patterns
founded in several biological compounds.* Moreover, the first
successful application of the TRAL leads to a highly selective
synthesis of various novel 2-disubstituted statins 4.%¢

After a full account of our results on the TRAL/TRAL-
alkylation, including a debate on various activating groups of the
2,5-diketopiperazines (DKPs), we will extend the discussion to the
postulated mechanism and then report on original applications
of TRAL, such as the asymmetric synthesis of original lactam-
constrained dipeptide mimetics as a key route to promising
heterocyclic scaffolds.

Results and discussion

The transannular rearrangement of activated lactams (TRAL):
a serendipitous finding

Stereoselective ring contraction of DKPs into 3-aminotetramates

While our efforts were initially devoted to the stereoselective 3-
or 6-alkylation of bis-(N-tert-butoxycarbonyl)-DKPs (bis-Boc-
DKPs), by taking advantage of the electrophilicity of such
substituted lactams, we made an unexpected observation. Instead
of displaying a predictable protecting group character, under
certain basic conditions, the two Boc moieties acted as electron
withdrawing activators, allowing the unusual transformation of
symmetrical and unsymmetrical bis-Boc-DKPs 1 into the corre-
sponding 3-aminopyrrolidine-2,4-diones 2 (Scheme 1).

A preliminary study has concentrated on the reaction with
diprotected bis-Boc-DKPs Sa—f, in the presence of #-BuOK
(Table 1).

Contradictorily to the few examples described in the literature
concerning the reactions on Boc-protected DKPs under basic
conditions,™® we highlighted a new kind of reactivity. According
to chiral HPLC analyses, '"H NMR and *C NMR studies, we ob-
served that the keto—enolic equilibrium of pyrrolidine-2,4-diones
was always shifted towards the enol formation. We noticed a totally
regioselective ring contraction which allows the exclusion from the
ring system of the Boc-N1 of the DKPs, leading to the formation
of the corresponding aminotetramates 6a—f in good yields with
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Table 1 Stereocontrolled ring contraction of activated DKPs

Table2 TRAL on symmetrical DKPs

RZ

1. tBuOK, THF, r.t.
2. H3O+ /

R ) |
R2. 0, o
s \ N/K.’; LIAH(OBU); 4y

1. tBuO+K, THF, rt. 05\( Nogo THFrt o N. g2
2. H30 e e
7 8 (83%)
Entry 5 R' R? 6/7 Yield“ (%) ee? (%)
1 Sa H Boc 6a 72 —
2 5b Me (S) Boc 6b 60 >99
3 Sc Me (R) Boc 6¢c 64 >99
4 5d iPr (S) Boc 6d 82 >99
5 Se iPr (R) Boc 6e 84 >99
6 5f sBu (S) Boc 6f 71 >95
7 5g iPr (S) V4 6g 0 —
8 5h H Bz 6h 69 —
9 5i iPr (S) Bz 6i 98 87
10 5§ iPr (R) Bz 6j 98 87
11 5k H Ac 7 37 —

“Yield of product isolated by flash chromatography. * The ee values were
determined by HPLC on a chiral phase.

excellent enantioselectivities and with absolute retention of the
initial configuration.

The examination of the feasibility of this serendipitous rear-
rangement was then extended to other conventional N-protecting
groups that could be perceived as lactamic activators of the
TRAL. While no reaction was detected with a bis-Z-DKP (entry
7, Table 1), the reaction of bis-Bz-DKPs occurred with higher
yields but lower stereoselectivity, contrasting with the exceptional
enantioselectivity described for the bis-Boc-DKPs (entries §8-10,
Table 1). This tiny fall in stereoselectivity could be explained by the
increased facility of racemisation of the bis-Bz-DKPs in alkaline
media.

Interestingly, when we investigated the switch to bis-Ac-DKP
5k, the tris-acetylated DKP 7 was produced in moderate yield
with no trace of the corresponding tetramate (entry 11, Ta-
ble 1). Ascribing this to an intermolecular acetyl migration,
since unprotected DKP was simultaneously generated, we then
exploited this peculiarity for the synthesis of an interesting
scaffold. The reduction of the DKP 7 using LiAIH(O¢Bu); allowed
us access to the dehydro product 8, in good yield, in a Perkin-like
elimination with concomitant cleavage of the neighboring acetyl
group. The Z-stereochemistry of this compound was established
using "H NMR spectra by comparison with previously described
analyses.’

Further applications of the TRAL to other symmetrical DKPs,
such as di-protected cyclo-[X-X] (X = Ala, Val, Glu(OMe)),
provide original substituted pyrrolidine-2,4-diones, in which the
two alkyl chains belong to the same half-space of the heterocyclic
moiety (Table 2).

1. tBuOK, THF, r.t. R
—_—

o%ﬁ/ N Boc 2. H;0* fo) N~ Boc
R R
9 10
Entry 9 R 10 Yield” (%) de® (%)
1 9a Me (S) 10a 66 67
2 9b iPr (S) 10b 68 >95
3 9c MeO,C(CH,) (S) 10c 29 >95

“Yield of product isolated by flash chromatography. * The de values were
determined by HPLC of the crude product.

Claisen-like rearrangement applied to the TRAL products
(obtained from unsymmetrical DKPs)

With the scope of the TRAL on unsymmetrical DKPs established,
the synthetic value of the tetramate adducts was then investigated.
The asymmetric Claisen-like rearrangement described for 3-O-
allyl(isopropylidene)ascorbate’® was successfully transposed to the
bis-Bz-pyrrolidine-2,4-dione 6j and to the bis-Boc-pyrrolidine-2,4-
dione 6e. After an appropriate O-allylation, derivatives 11j and
11e followed a sigmatropic rearrangement to yield 12j and 12e in
a stereocontrolled manner (Scheme 2).

/R2 /Rz
H—N (] H—N, (o]
) —2 - ) _b .
HO o N~R, N0 N NR,
R, =Bz 6j (ee = 87%) 11j (71%, ee = 87%) 12j (74%, de>95%)
Ry =Boc 6e (ee > 99%) 11e (60%, ee > 99%) 12e (69%, de>98%)

Scheme 2 Claisen-like rearrangement. Reagents and conditions: (a) KOH,
DMSO, CH,=CHCH,Br; (b) microwave irradiation, toluene-DMSO,
170 °C, 30 min.

The stereochemistry of this Claisen-like rearrangement was
unambiguously determined by X-ray diffraction crystal analysis
of the major compound 12j enantioenriched by recrystallization
(Scheme 3).1

The high diastereoselectivity of this sigmatropic rearrangement
could be easily explained by the structural parameters of the
Zimmermann-Traxler chair transition state, as illustrated by
Scheme 4.

In agreement with our preliminary studies on TRAL, benzoyl
groups also appear to be a suitable alternative to Boc activating
groups here.

1 CxH,,O4N,, Mr = 404.45, orthorhombic, P2,2,2,, a = 10.4911(5),
b = 12.2289(6), ¢ = 16.1319(7) A, V = 2069.6(2) A, Z =4, Dy =
1.298 Mg.m™, A(Mo Ko) = 0.71073 A, u = 0.89 cm™, F(000) =
856, T = 110(1) K. CCDC 643845. These data can also be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.uk/data_request/cif.
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Scheme 4 Zimmermann-Traxler chair transition state.

Stereoselective ring contraction of DKPs in the presence of an
alkylating agent: the TRAL-alkylation

To improve the access to more functionalized tetramates, we have
already described a viable route for the relevant regioselective
and stereoselective ring contraction of DKPs into pyrrolidine-2,4-
diones in the presence of an alkylating agent. By using symmetrical
or unsymmetrical DKPs, we could obtain a range of derivatives
bearing the two side chains R, and R, on the same face of the
heterocyclic ring (Table 3).

Table 3 TRAL-alkylation of unsymmetrical and symmetrical DKPs

Towards a plausible mechanism to explain the stereoselectivity of
the TRAL

The transannular rearrangement of activated lactams (TRAL), an
intramolecular acylation of an imide enolate, could be related
to the Dieckmann and Gabriel-Colman reactions or to the
early step of the Dakin—West reaction. However, a better match
could be made with the Chan reaction,” a rearrangement of an
acyloxyacetate to a 2-hydroxy-3-keto-ester in the presence of a
strong base (Scheme 5). Its aza-version has been developed on
acyclic imides by Hamada et al.® and extended to biological hits
by Wipf and Methot,'"" and White et al.,'>" as illustrated by the
Holton Taxol total synthesis.™

o o) o@w
)J\ o. . ( ) o — WO\
Ri o/\n/ R, R N0 R Ri R
y /\[O‘r : (‘O

o o

o o o' o
Ry R o Rz
Ry o~ 1
OH %
Scheme 5 The Chan rearrangement.

As suggested by Wipf and co-workers, only the s-cis conforma-
tion of the ester and the tertiary amide of the incriminated imide
moiety is able to undergo the Chan rearrangement. A transposi-
tion of this interpretation could allow us to connect the success of
the TRAL to the unique presence of the s-cis conformation, since
bis-Boc-DKPs could be likened to constrained cyclic systems of
two imides.

Concerning the mechanism of the TRAL, we anticipated that
the TRAL of activated DKPs could sensibly follow the Chan—
Hamada reaction (Scheme 6). We proposed that after a suitable
deprotonation of the activated DKP under basic conditions, the
kinetic enolate would be formed. The transannular attack of
the enolate, and nucleophilic acyl substitution with the adjacent
carbonyl of the imide group could afford an aziridine intermediate,

H
Boc -\’
Boc. /\fo 1. LIHMDS, THF, -78°C N o
N or NaH, THF, 0°C R2 =
O%\( "Boc 2 R2X o » N~poc
R1
R
5 13
Entry 5 R R’X R 13 Yield® (%) de? (%)
1 Sa H CH,=CHCH,Br =R? 13a 62 >95
2 5a H BnBr =R? 13b 57 >95
3 Se iPr (R) CH;I =R! 13¢ 60 >95
4 Se iPr (R) BnBr =R! 13d 72 >95
5 Se iPr (R) EtO,CCH,I =R! 13e 69 >95
6 Se iPr (R) CH,=CHCH,Br =R 13f 76 =99
7 5e iPr (R) (CH,),C=CHCH,Br —R! 13¢ 84 ~95
8 5f iBu (S) CH,=CHCH,Br =R! 13h 68 >95

“Yield of product isolated by flash chromatography. ® The *C NMR spectra gave only one set of peaks.
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Scheme 6 Postulated mechanism for the TRAL, by analogy with the
Chan reaction.

in accordance with the oxirane formation described for the Chan
reaction.

To explain the exceptional stercoselectivity of the TRAL, we
could postulate that the aziridine ring would be positioned on
the less bulky half-space rather than on the face containing the
side chain R'. Prototropy on the oxanion could lead to the
anionic intermediate shown. In the presence of an alkylating
reagent such as R>-X, we have anticipated that the constrained
ring system could hinder the attack of the sp® carbanion on the
face where the Boc-aziridine moiety is located. The electrophile
could then only add to the open half-space of the heterocycle,
where the R' group is pointed away from the Boc-aziridine
moiety. In the last step, the opening of the aziridine affords the
resulting bis-Boc 3-aminopyrrolidine-2,4-dione or its enolic form.
The possibility of immediate ring opening of the in situ formed
aziridine intermediate could be also considered. This opening
could be induced by the alkoxide anion, followed by prototropy
to the nitrogen anion, affording an anionic intermediate which
could attack the electrophile R>-X. Taking into account the high
reactivity of 2-oxyaziridines, the ring opening of the proposed 2-
hydroxyaziridine intermediate in a final stage of the process is less
likely."

TRAL: a key route to promising scaffolds

Besides the first described application of the TRAL leading to
the synthesis of statin analogues, we describe here an original
access to promising heterocyclic scaffolds, using a tandem TRAL—
metathesis approach.

Asymmetric synthesis of original lactam-constrained dipeptide
mimetics

The concept of conformational constraint has emerged as the
favourite method in medicinal chemistry of “freezing” the bioac-
tive conformation of the initial peptide in order to optimize its ac-
tivity, its receptor selectivity or the duration of its action.'*2¢ Since
the lactam-bridged dipeptides described by Freidinger et al. have
been well recognized to be a significant type of conformational
constraint in peptides”?® and since the ring-closing metathesis
reaction has been shown to be a powerful method of accessing
rigidified dipeptides of biological interest,?? we chose to design
a new and efficient method leading to original lactam-constrained
dipeptide mimetics.

Using a highly stereoselective chemical sequence, TRAL fol-
lowed by a ring-closing metathesis reaction (RCM), we have
been able to access unprecedented heterocyclic scaffolds 14—
16 (Scheme 7), that could be received as dipeptide mimetics.

7 /
HN fo) N (o}
N— / x N~
R
14 15 16
linker 3,5 linker 3,3 linker 3,4

Scheme 7 Lactam-constrained dipeptide mimetics.

Furthermore, the presence of a quaternary stereogenic carbon
center enhances the significance of these bicyclic derivatives,
regarding the fact that aza-cyclic o-aminoacids with quaternary
stereocenters are part of biologically active natural products
with therapeutic potential,®*** and are useful building blocks for
natural product synthesis and enantioselective syntheses.**

In order to add more constraints on the pyrrolidine-2,4-dione
moieties, we first imagined linking the side chains of the dipeptide
mimetic, taking the opportunity given by the TRAL to choose
their spatial arrangement. First of all, as we already demonstrated,
the bis-Boc cyclo-[Gly-Gly] 5a can be easily converted into
its dialkylated pyrrolidine-2,4-dione 13a in a diastereoselective
manner (Scheme 8). With both allyl chains being in the same
half-space and properly positioned for cyclization, the use of a
Grubbs’ catalyst I1 in the second step leads to the over-constrained
derivative 14a in good yield.

only one stereoisomer

Scheme 8 Synthesis of bicyclo-compound 14a starting from bis-Boc
cyclo-[Gly-Gly]. Reagents and conditions: (a) (i) LIHMDS, =78 °C, THF
(i) CH,=CHCH,Br, 62%; (b) 2% mol Grubbs’ catalyst 11, CH,Cl,, r.t.,
84%. About 14a: the "C NMR spectrum of the crude material gave only
one set of peaks.

In the quest for novel heterocyclic scaffolds and encouraged
by the efficiency of this pioneering ring-closing metathesis on
pyrrolidine-2,4-dione derivatives, we decided to expand our strat-
egy to the synthesis of spiro-derivatives.

By taking advantage of the potential for high stereoselectivity of
one of our previously reported synthetic sequences, the TRAL and
O-allylation followed by a Claisen-like rearrangement, we already
knew how to access 3-allyl-3-aminopyrrolidine-2,4-dione 12e from
bis-Boc cyclo-[Gly-p-Val] Se (Scheme 2).

Taking a bet on this totally diastereoselective sequence, we were
then able to transpose it to the O,N-diallyl derivative 17, which
could be accessed from the same aminotetramate intermediate
6e by using two equivalents of base and allyl bromide. The
sigmatropic rearrangement provided the new C,N-diallyl 18 in
good yield in a stereocontrolled manner. This reaction was carried
out under microwave conditions, which appeared to be more
efficient than thermal conditions.

A suitable intramolecular cyclization by ring-closing metathesis
of the pyrrolidine-2,4-dione 18, allowed the new stereoselective
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Scheme 9 TRAL and O-allylation followed by a Claisen-like rearrangement. Reagents and conditions: (a) tBuOK, THF, r.t., 84%; (b) KOH (2.0 equiv.),
DMSO, CH,=CHCH,Br (2.0 equiv.), 76%; (c) microwave irradiation, toluene-DMSO, 170 °C, 30 min, 73%; (d) 2% mol Grubbs’ catalyst II, DCM, r.t.,
88%. About 15a: the *C NMR spectrum of the crude material gave only one set of peaks.

construction of the innovative [S + 6] spiro-derivative 15a in
excellent yield (Scheme 9).

This unprecedented spiro-scaffold could be classified as a
significant lactam-constrained dipeptide mimetic. In addition it
could be also considered a more complex derivative of Baiki-
ain, a cyclic o-amino acid isolated from the heartwood of
Rhodesian teak (Baikiaea plurijuga).** This interesting natural
compound is an unsaturated derivative of pipecolic acid, which
is a non-proteinogenic amino acid present in pharmacologi-
cally active molecules such as immunosupressors or antitumor
antibiotics.”

Finally, regarding the fact that using RCM to synthesize an
eight-membered cycle is still challenging,** we performed the
cyclization starting from the intermediate compound 16a, to
build the [5 + 4] spiro-derivative 15b, another lactam-constrained
dipeptide mimetic (Scheme 10). We were delighted to observe
that the aminotetramate 17 was easily converted into the novel
bicyclo-derivative 16a, in good yield, probably helped by the steric
constraints induced by the N-Boc group. This optically active
compound 16a can be considered as an interesting bicyclo- and
dehydro- quaternary dipeptide mimetic.

Boc

Boc Boc /
;\/N/ o N o N o
a / /U b N\
— %
\/\O / N<Boc o . N~poc o y N~Boc
A PN PN
17 16a 15b

Scheme 10  Synthesis of a [5 + 4] spiro-derivative. Reagents and conditions:
(a) 2% mol Grubbs’ catalyst I1I, CH,Cl,, r.t., 78%; (b) microwave
irradiation, toluene-DMSO, 170 °C, 30 min.

Interestingly, under microwaves or thermal conditions, the
sigmatropic rearrangement of 16a was unsuccesful, leading to
a partial cleavage of the Boc protecting group. In order to
give an explanation, we first postulated two ring-conformations
for 16a, the chair-like and boat-like conformations. A careful
examination of the '"H NMR spectrum of the eight-membered
ring part of the cyclic system, showed unambiguously that the

allylic methylene protons on the nitrogen side possess anisochrony,
exhibited as a significant splitting of signals (A6 = 1.42 ppm).
This allowed us to conclude on a chair-like favorite conformation.
This observation was also confirmed by molecular modelling
studies on 16a (Scheme 11a).* We then had to admit that the
boat-like conformer was critical for the transannular reaction
(Scheme 11Db).

(b)

Scheme 11 (a) The predicted lower energy conformation of 16a: the
chair-like favorite conformation observed by molecular modelling studies
and '"H NMR; (b) the boat-like conformer probably crucial for the
transannular Claisen rearrangement reaction.

Conclusions

In conclusion, we have devised a powerful method for accessing
new lactam-constrained dipeptide mimetics, new chemical entities
that could be of broad interest in the quest for original scaf-
folds for drug discovery. The success of this strategy is closely
linked to the access to suitable building blocks for the ring-
closing metathesis, which can only be obtained by the highly
stereocontrolled TRAL. The association of the TRAL and an
unprecedented ring-closing metathesis on pyrrolidine-2,4-dione
derivatives provided lactam-constrained dipeptide mimetics in
good yields with remarkable stereoselectivity. We believe that this
study will offer a strong incentive for the construction of larger
or structurally modified dipeptide mimetics and potentially novel
biological hits.
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Experimental
General procedures

All solvents were dried and freshly distilled prior to use. TLC was
performed with Merck-Kieselgel 60 F.s, plates, and spots were
visualized with UV light and/or by staining with ninhydrin solu-
tion followed by heating. Flash chromatography was performed on
Merck-Kieselgel 60 (230-400 mesh). Melting points were recorded
on Buchi 510 melting apparatus. Optical rotations were measured
with a 1 cm cell (concentration ¢ given in g 100mL'solvent) on
a Perkin Elmer Polarimeter at 20 °C with a sodium lamp (589
nm). HPLC analyses were performed on a Waters-Millennium
(column 250 x 4.6 mm Nucleosil C18 5 p, detection UV). High
resolution mass spectra (HRMS) were obtained on a JEOL JMS-
SX-102 high resolution magnetic sector mass spectrometer. 'H
NMR and “C NMR spectra were recorded with Bruker 200 MHz,
Bruker AC250 MHz, Bruker Advance 300 MHz or Bruker A DRX
400 MHz spectrometers. Chemicals shifts are reported in J relative
to an internal standard of residual chloroform (6 = 7.26 for 'H
NMR and 77.16 for ¥*C NMR) or DMSO-d, (6 = 2.50 for 'H
NMR and 39.52 for ®*C NMR). The reported "H NMR signals
were assigned using standard 2D NMR techniques or by direct
comparison to the 'H NMR spectra of the corresponding starting
materials. The reported “C NMR signals were assigned using
DEPT-135 and HMQC techniques or by direct comparison of the
BC NMR spectra of the corresponding starting materials.

1,4-Di(benzoyl)-piperazine-2,5-dione Sh

Typical procedure for the benzoylation of DKP. A solution of
piperazine-2,5-dione (0.198 g, 1.74 mmol) and benzoic anhydride
(1.572 g, 6.95 mmol) in toluene (2 mL) was irradiated for
20 min at 180 °C (Biotage Initiator apparatus). The medium
was then concentrated in vacuo and 10 mL of CH,Cl, were
added. The organic layer was washed with a saturated solution
of NaHCO;, dried over MgSO, and concentrated in vacuo. The
crude residue was purified by column chromatography (CH,Cl,—
AcOEt (100 : 0 — 90 : 10)), providing 1,4-di(benzoyl)-piperazine-
2,5-dione Sh in 56% yield (0.318 g) as a white powder. Mp
(decomposed) = 207 °C; '"H NMR (CDCl;, 400 MHz): 6 4.54
(s, 4H), 7.39-7.65 (m, 10H); *C NMR (CDCl;, 100 MHz): § 43.8,
128.5,128.9, 133.1, 133.8, 166.6, 170.9; HRMS (FAB+) m/z calcd
for CsH,N,O, [M + H*] 323.1032, found 323.1042.

(3R)-1,4-Di(benzoyl)-3-isopropylpiperazine-2,5-dione 5j

Mp =77 °C; [o] = -17.6 (c = 1.08, CH,CL,); 'H NMR (CDCl,,
300 MHz): 6 1.18 (t, 6H), 2.22-2.41 (m, 1H), 4.48 (d, IH, J ;3 =
18.8 Hz), 4.88 (d, 1H, J,; = 18.8 Hz), 4.94 (d, 1H, J = 8.4 Hz),
7.40-7.71 (m, 10H); *CNMR (CDCl;, 75MHz): §19.5,19.7, 32.6,
48.5,64.2,128.3t0 132.9, 134.1, 134.3, 167.0, 167.9, 171.1, 171.6;
HRMS (FAB+) m/z caled for C, HyN,O, [M + H*] 365.1501,
found 365.1514.

1-(Benzoyl)-3-[(benzoyl)amino]-4-hydroxy-3-pyrrolin-2-one 6h

Typical procedure for the rearrangement. To a solution of 1,4-
di(benzoyl)-piperazine-2,5-dione Sh (0.077 g, 0.24 mmol) in dry
THF (5 mL) was added rBuOK (0.030 g, 0.26 mmol) at r.t. The

solution was stirred for 12 hours under an argon atmosphere. The
medium was then diluted with AcOEt (10 mL), washed with a
solution of 0.1 N HCI1 (20 mL), and dried over anhydrous MgSO,
The solvent was removed in vacuo and the desired compound was
obtained (0.054 g, 69% yield) as a yellow oil. '"H NMR (CDCl;,
300 MHz): 6 4.44 (s, 2H), 7.21-8.05 (m, 11H), 12.50 (m, 1H);
BC NMR (CDCl;, 75 MHz): 6 46.8, 104.2, 127.4 to 133.4, 131.0,
134.3, 156.5, 165.3, 167.2, 168.3; HRMS (FAB+) m/z calcd for
CsH,N,O, [M + H*] 323.1032, found 323.1026.

(S5R)-1-(Benzoyl)-3-[(benzoyl)amino]-4-hydroxy-5-isopropyl-3-
pyrrolin-2-one 6j

Mp =94°C; [o]? =-137.3 (¢ = 1.02, CH,Cl,); '"H NMR (CDCl,,
300 MHz): 6 0.96 (d, 3H, J = 7.0 Hz), 1.16 (d, 3H, J = 7.1 Hz),
2.39-2.55 (m, 1H), 4.89 (d, 1H, J = 2.8 Hz), 7.29-8.02 (m, 11H),
12.57 (m, 1H); *C NMR (CDCl,;, 75 MHz): § 16.6, 18.0, 29.3,
61.4,103.9,127.4t0133.2,131.0,134.9,160.1, 165.8, 167.2, 168.7;
HRMS (FAB+) m/z calcd for C, H,N,O, [M + H*] 365.1501,
found 365.1495.

1,4-Di(acetyl)-piperazine-2,5-dione Sk

A solution of piperazine-2,5-dione (0.424 g, 3.72 mmol) in acetic
anhydride (2 mL) was irradiated for 26 min at 180 °C (Biotage
Initiator apparatus). The medium was then concentrated in
vacuo and purified by column chromatography (CH,Cl,—AcOEt
(100 : 0 — 90 : 10)), providing 1,4-diacetyl-piperazine-2,5-dione
in 76% yield (0.560 g) as white crystals. Mp = 97 °C; 'H NMR
(CDCl,, 400 MHz): § 2.52 (s, 6H), 4.55 (s, 4H); *C NMR (CDCl;,
100 MHz): 6 26.7, 47.1, 166.0, 170.8; HRMS (FAB+) m/z calcd
for CyH,(N,O, [M + H*] 199.0719, found 199.0730.

1,2,4-Tri(acetyl)-piperazine-2,5-dione 7

To a solution of 1,4-di(acetyl)-piperazine-2,5-dione 5k (0.070 g,
0.35 mmol) in dry THF (5 mL) was added tBuOK (0.044 g,
0.39 mmol) at r.t. The solution was stirred for 12 hours under
an argon atmosphere. The medium was then diluted with AcOEt
(10 mL), washed with a solution of 0.1 N HCI (20 mL), dried
over anhydrous MgSO, and concentrated in vacuo. The crude
residue was purified by column chromatography (CH,Cl,~AcOEt,
100 : 0 — 96 : 4). The desired compound was obtained (0.031 g,
37% yield) as a colorless oil. 'HNMR (CDCl;,400 MHz): § 2.41 (s,
3H), 2.52 (s, 3H), 2.55 (s, 3H), 3.82 (d, 1H, J ., = 18.1 Hz), 4.95 (d,
1H, J,5 = 18.1 Hz), 6.08 (s, 1H); *C NMR (CDCl;, 100 MHz):
6 26.6, 26.9, 27.4, 46.5, 68.5, 162.3, 165.0, 170.6, 171.2, 197.5;
HRMS (FAB+) m/z caled for C,(H;;N,O5 [M + H*] 241.0824,
found 241.0825.

(Z)-1-Acetyl-3-ethylene-piperazine-2,5-dione 8

To a solution of 1,2,4-tri(acetyl)-piperazine-2,5-dione 7 (0.162 g,
0.68 mmol) in 10 mL of dry THF was added LiAIH(O7Bu),
(1.01 mmol) at r.t. under stirring and an argon atmosphere.
After 2 hours, AcOEt (30 mL) was added. The organic layer was
washed with 0.1 N HCI, dried over MgSO, and concentrated in
vacuo. The crude residue was then purified by silica gel column
chromatography (CH,CL,-MeOH (100 : 0 — 96 : 4)). The desired
compound was obtained (0.103 g, 83% yield) as a white powder.
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Mp = 145°C;'HNMR (CDCl;, 300 MHz): 6 1.80(d, 3H,J =7.6
Hz), 2.54 (s,3H), 4.37 (s, 2H), 6.34 (q, J = 7.6 Hz), 8.66 (br s, 1H);
BCNMR (CDCl;, 75MHz): 6 11.7,27.1,45.9,119.4,127.3, 159.7,
163.9, 172.6; HRMS (FAB+) m/z calcd for C4H,,N,O; [M + H*]
183.0770, found 183.0775.

(5R)-4-Allyloxy-1-benzoyl-3-[(benzoyl)amino]-5-isopropyl-3-
pyrrolin-2-one 11j

To a solution of (5R)-1-(benzoyl)-3-[(benzoyl)amino]-4-hydroxy-
S-isopropyl-3-pyrrolin-2-one 6j (0.152 g, 0.42 mmol) in dry DMSO
(5 mL) was added KOH in powder form (0.021 g, 0.37 mmol)
with stirring. Gentle warming was necessary for dissolution. The
mixture changed color from pink to deep violet. Allyl bromide
(0.03 mL, 0.38 mmol) was then added and the medium was
allowed to stir under an argon atmosphere for 6 h. AcOEt (10 mL)
was then added. The organic layer was washed with 0.1 N HCl
(10 mL), dried over MgSO, and concentrated in vacuo. The crude
residue was purified by column chromatography (CH,Cl,—AcOEt,
100 : 0 — 80 : 20), providing the derivative 11j (0.120 g) as a
colorless oil in 71% yield. [a]¥ = -160.4 (c = 1.11, CH,CL); 'H
NMR (CDCl;, 300 MHz): 6 1.10 (d, 3H, J = 7.0 Hz), 1.23 (d,
3H, J = 7.1 Hz), 2.45-2.59 (m, 1H), 4.77-4.92 (m, 2H), 5.00 (d,
IH, J = 2.5 Hz), 5.24-5.39 (m, 2H), 5.85-6.02 (m, 1H), 7.33-
7.82 (m, 11H); *C NMR (CDCl;, 75 MHz): § 17.3, 18.0, 29.7,
61.8,71.5,103.1, 119.1, 127.4 to 132.3, 132.7, 134.9, 168.1, 168.2,
168.3, 169.0; HRMS (FAB+) m/z caled for C,,H,,N,O, [M + H*]
405.1814, found 405.1819.

(3S,5R)-3-Allyl-1-(benzoyl)-3-[(benzoyl)amino]-5-
isopropylpyrrolidine-2,4-dione 12j

A solution of (5R)-4-allyloxy-1-benzoyl-3-[(benzoyl)amino]-5-
isopropyl-3-pyrrolin-2-one 11j (0.020 g, 0.05 mmol) in toluene
(3 mL) with some drops of DMSO was irradiated for 30 min
at 170 °C (Biotage Initiator apparatus). The medium was then
concentrated in vacuo and the crude residue was purified by
column chromatography (CH,Cl,—AcOEt, 100 : 0 — 95 : 5),
providing 12j in 74% yield (0.015 g) as a colorless oil. '"H NMR
(CDCl;, 300 MHz): 6 1.17 (d, 3H, J = 6.9 Hz), 1.19 (d, 3H, J =
6.6 Hz), 2.50-2.62 (m, 3H), 4.73 (d, 1H, J = 4.4 Hz), 5.20-5.36
(m, 2H), 5.64-5.81 (m, 1H), 6.51 (br s, 1H), 7.32-7.95 (m, 10H);
"C NMR (CDCl;, 75 MHz): 6 18.9, 19.4, 29.8, 38.2, 62.6, 67.3,
123.0, 127.4 to 133.9, 166.7, 170.2, 171.0, 205.1.

1-tert-Butoxycarbonylamino-8,9-dioxo-7-aza-bicyclo[4.2.1]non-3-
ene-7-carboxylic acid zert-butyl ester 14a

To a stirred solution of 3,5-trans-diallyl-1-(zerz-butoxycarbonyl)-
3-[(tert-butoxycarbonyl)amino]pyrrolidine-2,4-dione 13a (0.226 g,
0.57 mmol) in dichloromethane (8 mL) was added Grubbs’
catalyst (2% mol of benzylidene-[1,3-bis-(2,4,6-trimethylphenyl)-
2-imidazolidinylidene]-dichloro (tricyclohexyl phosphane) ruthe-
nium, 0.010 g in 2 mL of dichloromethane, 0.0115 mmol). The
reaction mixture was stirred for 2 h. DMSO (0.04 mL, 0.48 mmol,
50 equiv. related to catalyst) was then added and the solution was
stirred for an additional 12 hours. After concentration in vacuo,
the residue was purified by flash chromatography on silica gel
(CH,Cl,~AcOEt, 100 : 0 — 85 : 15) to give the compound 14a
(0.176 g, 84% yield) as a solid. Mp = 104 °C; ¢, = 10.937 min; 'H

NMR (CDCls, 200 MHz): & 1.35 (s, 9H), 1.54 (s, 9H), 2.22-2.33
(m, 1H), 2.55-2.68 (m, 1H), 2.36-2.48 (m, 1H), 2.80-2.92 (m, 1H),
4.70 (m, 1H), 5.40 (s, 1H), 5.46-5.61 (m, 2H); *C NMR (CDCl,,
100 MHz): § 28.0, 28.2, 30.3, 33.7, 62.0, 64.4, 81.6, 84.2, 121.9,
124.5, 148.4, 154.6, 170.3, 204.7. HRMS (FAB+) m/z caled for
CisHyN, O [M + H*] 367.4092, found 367.4101.

(5R)-4-Allyloxy-3-|allyl-(tert-butoxycarbonyl)amino]-1-(zerz-
butoxycarbonyl)-5-isopropyl-3-pyrrolin-2-one 17

To a stirred solution of (5R)-1-(tert-butoxycarbonyl)-3-[(zert-
butoxycarbonyl)amino]-4-hydroxy-5-isopropyl-3-pyrrolin-2-one
6e (0.713 g, 2.00 mmol) in dry DMSO (8 mL) was added KOH
powder (0.280 g, 5.01 mmol). Gentle warming was necessary for
total dissolution. The mixture turned from pink to deep violet.
Allyl bromide (0.44 mL, 5.01 mmol) was then added and the
medium was stirred under an argon atmosphere for 12 hours.
The reaction mixture was diluted with AcOEt (16 mL) and then
washed with 0.1 N HCI (16 mL). The organic layer was dried over
anhydrous MgSO, and concentrated in vacuo. The crude residue
was purified by flash chromatography on silica gel (CH,Cl,—
AcOEt, 100 : 0 — 80 : 20), providing the derivative 17 (0.665 g) as
a colorless oil in 76% yield. [a]¥= —46.0 (¢ = 2.20, CH,CL,); t, =
14.549 min; '"H NMR (CDCl,, 400 MHz): 6 0.79 (d, 3H, J = 6.9
Hz), 1.10 (d, 3H, J = 7.2 Hz), 1.41 (s, 9H), 1.53 (s, 9H), 2.38-2.50
(m, 1H), 3.79-4.34 (m, 2H), 4.28 (s, |H), 4.68-4.87 (m, 2H), 5.10—
5.40 (m, 4H), 5.81-6.00 (m, 2H); *C NMR (CDCl;, 100 MHz): 6
16.4,18.9,28.2,28.4,29.5,52.1,62.2,71.5,81.1, 82.8,109.3, 119.0,
131.7,133.2, 149.3, 154.9, 166.9, 167.9; HRMS (FAB+) m/z caled
for C,;H3N,O4 [M + H*]437.2652, found 437.2627.

(35,5R)-3-Allyl-3-|allyl-(tert-butoxycarbonyl)amino]-1-(zerz-
butoxycarbonyl)-5-isopropylpyrrolidine-2,4-dione 18

A solution of (5R)-4-allyloxy-3-[allyl-(tert-butoxycarbonyl)-
amino]-1-(fert-butoxycarbonyl)-5-isopropyl-3-pyrrolin-2-one 17
(0.180 g, 0.45 mmol) in toluene (3 mL) containing some drops
of DMSO, was irradiated for 30 min at 170 °C (Biotage Initiator
apparatus). The medium was then concentrated in vacuo and the
crude residue was purified by column chromatography on silica
gel (CH,CL,-AcOEt, 100 : 0 — 95 : 5), providing compound 18
as a colorless oil (0.143 g, 73% yield). [a]? = -98.0 (¢ = 1.48,
CH,Cl,); t, = 15.413 min; '"H NMR (CDCl;, 300 MHz): 6 1.06 (d,
3H,J=7.1Hz),1.18 (d, 3H, J = 6.9 Hz), 1.40 (s, 9H), 1.55 (s, 9H),
2.39-2.52 (m, 1H), 2.39-2.67 (m, 2H), 3.93 (d, IH, J = 5.9 Hz),
4.01 (br s, 2H), 5.10-5.23 (m, 2H), 5.10-5.40 (m, 2H), 5.48-5.62
(m, 1H), 5.81-5.98 (m, 1H); *C NMR (CDCl;, 75 MHz): ¢ 18.6,
21.4,28.0,28.1,31.4,37.4,46.3,68.4,69.4,81.8,83.4,115.8, 122.1,
128.4, 135.6, 150.0, 155.3, 171.8, 206.8; HRMS (FAB+) m/z caled
for C;;H3;N,Oq [M + H*]437.2652, found 437.2649.

Baikiain spiro-derivative 15a

To a stirred solution of (3S,5R)-3-allyl-3-[allyl-(zert-butoxy-
carbonyl)amino]-1-(tert-butoxycarbonyl)-5-isopropylpyrrolidine-
2,4-dione 18 (0.105 g, 0.24 mmol) in dichloromethane (5 mL) was
added Grubbs’ catalyst (2% mol of benzylidene-[1,3-bis-(2,4,6-
trimethylphenyl)-2-imidazolidinylidene]-dichloro  (tricyclohexyl
phosphane) ruthenium, 0.004 g, in 2 mL of dichloromethane,
0.0048 mmol). The reaction mixture was stirred for 2 hours.
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DMSO (0.02 mL, 0.24 mmol, 50 equiv. related to catalyst)
was then added and the solution was stirred for an additional
12 hours. After concentration in vacuo, the residue was purified
by flash chromatography on silica gel (CH,Cl,-AcOEt, 100 :
0 — 98 : 2) to produce the compound 15a (0.086 g, 88% yield) as
a solid. Mp = 124 °C; ¢, = 14.275 min; [a]¥ = —89.0 (¢ = 1.90,
CH,Cl,); 'H NMR (CDCl;, 300 MHz): 6 1.04 (d, 3H, J = 7.0
Hz), 1.08 (d, 3H, J = 7.2 Hz), 1.35 (s, 9H), 1.50 (s, 9H), 2.24-2.36
(m, 1H), 2.40-2.52 (m, 2H), 3.98-4.02 (m, 2H), 4.23 (d, 1H,
J = 4.5 Hz), 5.60-5.70 (m, 1H), 5.86-5.94 (m, 1H); "C NMR
(CDCl;, 75 MHz): 6 19.1, 19.2, 28.0, 28.2, 30.6, 30.9, 43.6, 62.8,
67.0, 81.7, 83.8, 118.5, 126.0, 150.0, 155.1, 171.1, 206.2; HRMS
(FAB+) m/z caled for C, H;,N,O¢ [M + H*] 409.2339, found
409.2347.

(3R)-3-isoPropyl-1-0x0-1,3,5,8-tetrahydro-4-oxa-2,9-diaza-
cyclopentacyclooctene-2,9-dicarboxylic acid di-zerz-butyl ester 16a

To a stirred solution of (5R)-4-allyloxy-3-[allyl-(zert-butoxy-
carbonyl)amino]-1-(fert-butoxycarbonyl)-5-isopropyl-3-pyrrolin-
2-one 17 (0.403 g, 0.92 mmol) in dichloromethane (20 mL)
was added Grubbs’ catalyst (2% mol of benzylidene-[1,3-bis-
(2,4,6-trimethylphenyl)-2-imidazolidinylidene]-dichloro (tricyclo-
hexyl phosphane) ruthenium, 0.016 g, in 2 mL of dichloromethane,
0.0185 mmol). The reaction mixture was stirred for 2 h. DMSO
(0.08 mL, 0.92 mmol, 50 equiv. related to catalyst) was then
added and the solution was stirred for an additional 12 hours.
After concentration in vacuo, the residue was purified by flash
chromatography on silica gel (CH,Cl,~AcOEt, 100 : 0 — 80 : 20)
to produce the compound 16a (0.295 g, 78% yield) as a colorless oil.
The "H NMR spectrum of compound 16a gave two sets of peaks
for the methyl protons of one Boc and also two sets of peaks for the
isopropyl group. A high-temperature '"H NMR study in DMSO-d,
allowed us to correlate this observation with E/Z isomerisation
of the N1-Boc. Coalescence of the proton resonances occurred
at 120 °C. Once back at room temperature, the splitting of the
signals returned and the NMR spectrum was identical to the
initial spectrum, allowing us to prove that the compound was
not damaged. [o]¥ = —66.9 (¢ = 1.45, CH,Cl,); t, = 13.428 min;
'"H NMR (DMSO-d, 400 MHz) at 25 °C: 6 0.60 (m, 1H), 0.72
(d, 2H, J = 7.0 Hz), 0.90 (m, 1H), 0.97 (d, 2H, J = 7.2 Hz), 1.28
(s, 3H), 1.34 (s, 6H), 1.53 (s, 9H), 2.18-2.37 (m, 1H), 3.39-3.61
(m, 1H), 4.17 (d, 1H, J = 2.5 Hz), 4.42-5.15 (m, 3H), 5.72-5.92
(m, 2H);“"C NMR (CDCl;, 100 MHz) at 25 °C: § 16.0, 18.5,
18.8,28.1,28.3,29.8, 30.2,49.7, 62.2, 63.6, 81.2, 81.5, 82.6, 109.0,
121.2,136.5, 149.3, 154.6, 166.3, 167.3; HRMS (FAB+) m/z caled
for C, H;,N,O4 [M + H*] 409.2339, found 409.2324.
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A variety of alcohols react with 2,3,4,6-tetra-O-acetyl-1,5-anhydro-D-arabino-hex-1-enopyranose 1 in
the presence of a catalytic amount of HCIO, supported on silica gel to give the corresponding alkyl
3-deoxy-hex-2-enopyranosides 2 in high yield, with short reaction times (10-45 mins) and good
a-selectivity. Work-up merely involves filtration of the reagent, followed by chromatographic
purification of the crude product. This methodology has also been employed in the synthesis of a
bicyclic ether, a useful precursor for cyclic polyethers, and a 4-amino-C-glucoside.

Introduction

2-Hydroxy glucal ester! 1 (Fig. 1) and its analogues are impor-
tant intermediates in organic synthesis because of the presence
of a masked carbonyl group at C-2. These molecules react
with alcohols in the presence of a Lewis acid to undergo
allylic rearrangement,? forming the corresponding 3-deoxy-hex-
2-enopyranosides 2 or 3,4-dideoxy-hex-3-enopyranoside-2-uloses
3. These enosides, in turn, are useful building blocks in organic
synthesis since they make provision for substitutions at C-2, C-3,
and C-4. This has led to the synthesis of a number of biologically
active natural products.>® The Lewis acids that have been used
in the allylic rearrangement of 2-hydroxy glycal esters include
BF;-Et,0,> NIS" and SnCl,," and depending upon the reaction
conditions, enosides 2 or enones 3 are the preferred products.

OAc OAc OAc
A0S j AcO > 0 =\ O
OR OR
OAc OAc
1 2

Fig. 1 Allylic rearrangement of 1 to products 2 and 3.

Despite their importance, there are very few methods for the
synthesis of enosides 2 or enones 3 from 1, and many of these have
some drawbacks. Thus, for example, in the synthesis of enone 3
from 1 using N-iodosuccinimide (NIS) longer reaction times (2.5-
60 h) were generally needed, and most of the time the product 3
was accompanied by a small amount of 2. With SnCl,, though
it gave only the o-anomer, in most of the cases a 2-furaldehyde
derivative was formed as a side product.

Furthermore, it was necessary to use a large excess of BF;-Et,O
in the conversion of 1 to 2, and the amount varied depending on
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T Electronic supplementary information (ESI) available: Spectroscopic
data for new compounds and copies of spectra for compounds 21-30.
See DOI: 10.1039/b810654a

the glycosyl acceptors. Further, in the literature this reaction has
not been reported using allylic alcohols as the glycosyl acceptors
where the products could be useful in organic synthesis. Also, only
one report is known for this reaction using p-methoxy phenol as
a glycosyl acceptor in the presence of BF;-Et,O. Moreover, the
product is formed in only 49% yield.?

Also, allylic rearrangements employing thiols are not reported
in the literature except for one recent report' wherein LiBF,
and BF;-Et,O have been used as Lewis acids to obtain S-linked
disaccharides and the yields range from 15-60% depending on the
Lewis acid used. Keeping these developments in mind it appeared
that there is a need to develop methods that can be applicable to
a wide range of alcohols and thiols, and give only one of the two
products, viz. 2 or 3.

Recently, ‘perchloric acid supported on silica gel’ (HC1O,-SiO,)
has been used for the acetylation of simple alcohols and sugars,*
one pot acetylation—acylation of sugars,'® O- and C-Ferrier rear-
rangement of glycals,"” glycosylation of disarmed thioglycoside™
and in the deprotection® of terminal isopropylidenes and trityl
ethers. In continuation of our efforts'’** to explore the potential of
this reagent system, herein we wish to report the reaction of 2,3,4,6-
tetra-O-acetyl-1,5-anhydro-D-arabino-hex-1-eno-pyranose 1 with
various primary, secondary, tertiary, and allylic alcohols, phenols
and thiols in the presence of HCIO,-SiO,.

The above methodology has also been used in the synthesis of
a cis-fused 6/7 membered bicyclic ether 24. Such types of fused
ethers are present in natural products of marine origin® such
as brevetoxins, ciguatoxins, maitotoxins, halichondrins etc. These
molecules have a ladder like framework with contiguous trans-
and/or cis- fused five to nine membered polyether rings. Structural
complexity, coupled with the impressive biological properties of
these natural products, has been the main attraction for the
development of new synthetic methods for their construction.?

Furthermore, the present methodology has also been extended
towards the synthesis of a 4-amino-2,3-diacetoxy-C-glucoside 30.
Additionally, the double bond in its precursor viz. 29, can also
be easily functionalised into different 4-aminosugars.?? Very few
methods are known in the literature for the synthesis of such
compounds, which mostly involve the allyl cyanate-to-isocyanate

3948 | Org. Biomol. Chem., 2008, 6, 3948-3956

This journal is © The Royal Society of Chemistry 2008





rearrangement of hex-3-enopyranosides and the palladium catal-
ysed allylic substitution by amines or azides of suitable hex-
2-enopyranosides.?® Recently, glycal derived activated allylic
aziridines have also been used as precursors for the synthesis
of 4-amino-derived-2,3-unsaturated glycosides.* In this paper, we
have utilised the Overman rearrangement® for the stereoselective
introduction of nitrogen functionality at the C-4 position of the
sugar derivative and later transformed it into an amino sugar.

Results and discussion

The reaction of 2,3,4,6-tetra-O-acetyl-1,5-anhydro-D-arabino-
hex-1-enopyranose 1 with various primary, secondary, tertiary,
and allylic alcohols, phenols and thiols in the presence of
HCIO,-SiO, went smoothly, leading to the corresponding alkyl-
3-deoxy-hex-2-enopyranosides 2 in good to excellent yields with
high o-selectivity, and required short reaction times (1045 min).
The work-up involved merely filtration of the reagent followed
by chromatographic purification. Our results are summarised in
Table 1. For aliphatic alcohols (entries 1 to 10, Table 1) 10 mg
of HCIO,-SiO, was needed per 100 mg of 1, and for phenols and
thiols (entries 11 to 15, Table 1) 5 mg of the reagent was needed
per 100 mg of 1 for optimum yields. As mentioned above, primary
and secondary aliphatic thiols do react’ with 1 using LiBF, or
BF;-Et,0 as Lewis acids. With BF;-Et,0, although o-selectivity
was observed, the yields were moderate.’* On the other hand,
in the present study, although we have not used aliphatic thiols,
the reactions with aromatic thiols required low catalyst loading
and good yields of the products were obtained with reasonably
good selectivity. All the products were characterised by 'H and
“C NMR, IR and mass spectral data and further by comparison
with literature data wherever available.

In order to extend the scope of this methodology, 100 mg of
1 was treated with 3 equivalents of allyl trimethylsilane in the
presence of 10 mg of the HCIO,-SiO, reagent system, which led
to the formation of the C-glycosidic enone 20 instead of the
enoside 19 (Scheme 1) in 75% yield. The product was obtained
as a 3 : 1 mixture of a and B anomers, which was characterised
by spectroscopic means and compared with the literature data.?
C-Glycosyl enones of the type 20 serve as valuable precursors
in organic synthesis.”’?*'The reactions of vinyl trimethylsilane
and trimethylsilyl cyanide with 1 were extremely sluggish, and
the increased amount of HCIO,-SiO, used led to extensive
decomposition from which no product could be identified.

OAc OAc
a (0} O
1 — | AcO ~_ = \\
AN AN
OAc o}
19 20

Scheme 1 Reagents and conditions: (a)
HCIO,-Si0,, CH;CN, reflux, 5 h, 75%.

CH,=CH-CH,SiMe;,

We have also utilised the enone 20 in the synthesis of a bicyclic
ether 24 (Scheme 2). Thus, enone 20, which was present as an
inseparable 3 : 1 mixture of o and B anomers, was treated with
NaBH, in the presence of CeCl;-7H,O to get a separable mixture
of 3 diastereomers in the ratio of 7: 2 : 1 and 80% combined yield.

(0] “ VZ O w
Y Y
20 —

\ Y, Y
“OH X0
21 22

H
o W\ O
c 0 o \/ d TrO \
— —
X = A
07 N no
23 24

Scheme 2 Reagents and conditions: (a) NaBH,, CeCl;-7H,0, MeOH,
0°C, 2 h, 56% (major isomer); (b) (i) NaOMe-MeOH, 0 °C, 1 h; (ii) TrCl,
Et;N, CH,Cl,, 0 °C — rt, 8 h, 92% over 2 steps; (c) NaH, allyl bromide,
THE, reflux, 3 h, 86%; (d) I** generation Grubbs’ catalyst, toluene, rt,
overnight, 88%.

We proceeded further with the major alcohol 21, but the relative
stereochemistry at C-1 and C-2 could not be determined at this
stage. Deacetylation of 21 using sodium methoxide in methanol
(Zemplén procedure),** followed by regioselective protection of
the primary alcohol as the trityl ether gave 22 in 92% yield over
two steps. Allylation of the secondary alcohol in the presence of
allyl bromide and sodium hydride provided triene 23 in 86% yield.
The stereochemistry at C-1 and C-2 was confirmed through NOE
experiments. Thus, when the signal for H-5 was irradiated the
signal for H-1 was not enhanced (Fig. 2) indicating that H-1 and
H-5 are trans oriented. Furthermore, irradiation of the signal for
H-2 led to the enhancement of the signals for H-1 and the olefinic
hydrogen H-3 present in the ring, suggesting that H-1 and H-2
are cis oriented. Finally the ring closing metathesis of 23, using
Grubbs’ 1% generation ruthenium catalyst® (6 mol%), proceeded
smoothly in toluene at room temperature to furnish the cis-fused
bicyclic ether 24 which was characterised by 'H, *C NMR, COSY
experiments. The stereochemistry at the A-B ring junction was
further confirmed from the NOE experiments, wherein irradiation
of the signal for H-2 led to the enhancement of the signal for H-1,
suggesting cis stereochemistry at the ring junction and thus
supporting its stereochemical assignment. (Fig. 2)

TrO

Fig. 2 NOE correlations.

For the synthesis of the 4-amino-C-glucoside (Scheme 3) the
allyl alcohol 22 was reacted with trichloroacetonitrile in the pres-
ence of DBU to afford trichloroacetimidate 25 in 95% yield. This
imidate 25 was then subjected to the Overman rearrangement®
by refluxing in xylene in the presence of K,CO;,** to provide
the corresponding trichloroacetyl amide 26 in 8§80% yield and
with total stereocontrol. The product was well characterised by
analysing its "H NMR spectral data, in addition to other data,
which showed the disappearance of the imine proton singlet at &
8.27 and the appearance of the amine proton as a doublet at § 6.73.
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Table 1 Reaction of 2,3.4,6-tetra-O-acetyl-1,5-anhydro-D-arabino-hex-1-enopyranose 1 with alcohols in the presence of HCIO,-SiO,

Entry

Product structure

Product no.

Time/min

Yield (%)

1

10

11

12

OAc

AcO N

2

OMe
OAc

OAc

AcO
OEt

£

OAc

OAc
AcO

e

OCH(CH3),
OAc

OAc

AcO =~

£

OC(CHg3)3
OAc

OAc

AcO
OBn

{5

OAc
OAc

AcO
O(CH,);CH3
OAc

OAc
AcO 2
c
N
OAc
OAc
AcO ¢ p
X (0]
OAc
OAc
0}
AcO =~ o P
OAc
OAC OBn
AcO ° /\§
C
NS o Y
OAc

AcO =~

OAc

OAc
AcO
c
N\ O\@\
OAc Me

4

10

11

12

13

14

15

20¢

2011

20¢

45

10¢

20”

10¢

15¢

10¢

l 041

15"

30

90

95

90

86

82

85

93

75

82

80

84

85

10:

122

C 1M
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Table 1 (Contd.)
Entry Product structure Product no. Time/min Yield (%) o:p
13 OAc 16 30° 87 10: 14
AcO Q
c
R o
OAc OMe
14 OAc 17 30° 80 4:1
AcO °
X SPh
OAc
15 OAc 18 30° 82 5:1

AcO °
C
X S O
OAc Me

%10 mg, ® 5 mg of HCIO,-SiO, used per 100 mg of 2,3,4,6-tetra-O-acetyl-1,5-anhydro-D-arabino-hex-1-enopyranose 1.
g g p g y N Py

O "N\ FH
2 a TrO N b
X
‘0.__CCl
s |
NH
NG .
0 0 1o CHo
> -
C'sC\n/NH ClC _NH NF
o) 26 o) 27

W =
cl,c_ HN
29
\_-OTBDMS
OAc
W OAc
° 30

Scheme 3  Reagents and conditions: (a) C1;CCN, DBU, CH,Cl,,0°C — rt,
30 min, 95%; (b) K,COs, xylene, reflux, 12 h, 80%; (c) (i) OsO, cat., NMO,
acetone : water (1 : 2), rt, 3 h; (ii) NalO,, MeOH, 0 °C — rt, 30 min, 71%
over 2 steps (based on starting material recovered); (d) NaBH,, MeOH,
0°C — rt, 30 min, 95%; (¢) TBDMSCI, Et;N, DMAP cat., CH,Cl,, reflux,
5h, 94%; (f) (i) OsO, cat., NMO, -BuOH : acetone : water (1:2:2),rt, 12 h;
(ii) Ac,0, Et;N, DMAP cat., CH,Cl,, 0 °C — rt, 3 h, 89% over 2 steps.

Regioselective dihydroxylation of the terminal olefin in 26, fol-
lowed by oxidation with sodium periodate, produced the aldehyde
27 in 71% combined yield. Reduction using sodium borohydride
gave alcohol 28 whose protection as a tert-butyldimethylsilyl ether
furnished 29 in 94% yield after chromatographic purification. The
exposure of 29 to a catalytic amount of OsO, in the presence
of NMO, followed by acetylation, afforded 30 as the major
diastereomer in 89% yield. As expected, the dihydroxylation of
29 took place from the less hindered side of the double bond. The

configuration of 30 was assigned based on the coupling constant
values, where J;, = 10.76 Hz, and J,; = 2.92 Hz were observed.
Since H-2 and H-3 have to be cis to each other because of the cis
dihydroxylation, and the larger coupling of J = 10.76 Hz must be
due to the coupling of protons H-3 and H-4, a diaxial disposition
of H-3 and H-4 is suggested and thus the trans relationship between
them confirmed.

Conclusion

In conclusion, we have developed an efficient method for the allylic
rearrangement of 2-hydroxy glucal ester 1 leading to 3-deoxy-
hex-2-enopyranosides 2. Furthermore, only enopyranosides 2 are
formed in the present work and no trace of 3 was seen to form.
Also, a specific C-glucoside 20 could be readily formed under
these conditions. The advantages of this method are the ease of
handling, short reaction times, high yields and good anomeric
selectivity. This methodology also provides easy access to a bicyclic
ether 24 and a highly functionalised 4-amino-C-glucoside, which
can serve as chiral building blocks allowing a variety of synthetic
transformations.

Experimental

Infrared spectra were recorded on a Bruker FT/IR Vector 22
spectrophotometer. '"H and “C NMR spectra were recorded on
a JEOL LA-400 (400 and 100 MHz respectively) spectrometer in
solutions of CDCl; as a solvent. Chemical shifts are reported in
6 units (ppm) with reference to tetramethylsilane as an internal
standard and J values are given in Hz. The mass spectra were
recorded on a Micromass Quattro II triple quadrupole mass
spectrometer. Rotation values were recorded on an Autopol II
automatic polarimeter at the wavelength of the sodium D-line
(589 nm) at 25 °C. Elemental analyses were carried out on
a Thermoquest CE-instruments EA-1110C, H, N, S analyser.
Column chromatography was performed on silica gel (100—
200 mesh) and thin layer chromatography (TLC) was performed
on silica gel plates made by using grade G silica gel obtained from
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S. D. Fine-Chem Ltd., Mumbai or precoated plates (E. Merck,
Germany). The visualisation of spots on TLC plates was effected
by exposure to iodine and spraying with 10% aqueous H,SO,,
followed by charring. Melting points were determined using
a Fischer-John melting point apparatus and are uncorrected.
The reactions were carried out in oven-dried glassware under a
N, atmosphere. In extractive work-up, aqueous solutions were
always extracted thrice with the appropriate organic solvent. The
combined organic extracts were washed with water and brine,
dried over anhydrous sodium sulfate, then evaporated under
reduced pressure. All solvents and common reagents were purified
by established procedures. The HCIO,-SiO, reagent system was
prepared by following the literature procedure.'*

General experimental procedure for the synthesis of
3-deoxy-hex-2-enopyranosides

To a stirred mixture of 2,3,4,6-tetra-O-acetyl-1,5-anhydro-D-
arabino-hex-1-enopyranose 1 (100 mg, 0.33 mmol) and an alcohol
[1 equiv. (2 equiv. in the case of the methyl, ethyl and allyl alcohols)]
in anhydrous acetonitrile (1.5 mL), was added “HCIO,-SiO,”
(10 mg in the case of entries 1-10; 5 mg in the case of entries
11-15). The reaction mixture was refluxed for the appropriate
time (Table 1) and completion of the reaction was monitored
by TLC analysis. The reaction mixture was then filtered, washed
with acetonitrile, and then the combined organic extracts were
concentrated under vacuum. The products were purified by silica
gel column chromatography.

Benzyl 2,4,6-tri- O-acetyl-3-deoxy-a/ p-D-erythro-hex-2-
eno-pyranoside (8)

Yield: 82% (5 : 1 mixture of o : B anomers). Found: C, 60.39;
H, 5.82. Calc. for C,H,,O4 C, 60.31; H, 5.86%; R; 0.5 (hexane :
ethyl acetate, 7 : 3); IR (neat) v,,,/cm™ 2925, 1740; &, (400 MHz,
CDCl;) (o-anomer) 1.99 (3H, s, COCH,), 2.02 (3H, s, COCH),
2.04 (3H, s, COCH,), 4.04-4.18 (3H, m, H-5, H-6, H-6"), 4.54
(2H, s, OCH,CH;), 5.05 (1H, br s, H-1), 5.39 (1H, dd, J = 2.2,
9.5 Hz, H-4), 5.64 (1H, d, J = 2.0 Hz, H-3), 7.21-7.29 (5H, m,
OCH,C¢H;); (B-anomer) 5.23 (1H, s, H-1), 5.26 (1H, dd, J =
44, 8.6 Hz, H-4), 5.73 (1H, d, J = 4.6 Hz, H-3); 6. (100 MHz,
CDCl,) (o-anomer) 20.7, 20.8, 20.9, 29.6, 62.4, 65.2, 67.3, 70.5,
72.6,93.0, 1154, 112.1, 127.8, 128.6, 137.2, 146.3, 168.1, 170.0,
170.7; MSES*: 401 [M + Na]*

Tetrahydrofurfuryl 2,4,6-tri- O-acetyl-3-deoxy-o/ f-D-erythro-hex-
2-enopyranoside (11)

Yield: 75% (3 : 1 mixture of o : B anomers). Found: C, 54.79;
H, 6.55. Calc. for C;H,,0, C, 54.83; H, 6.50%; R; 0.6 (hexane :
ethyl acetate, 7 : 3); IR (neat) v,,,/cm™ 2925, 1746; &,; (400 MHz,
CDCl,) (o-anomer) 1.56-2.05 (4H, m, H-3’, H-3”, H-4/, H-4"),
2.08 (3H, s, COCH3),2.10 (3H, s, COCH,), 2.17 (3H, s, COCH,),
3.46-3.59 (1H, m, H-2"), 3.74-3.81 (2H, m, H-5",H-5"), 3.83-3.89
(1H, m, H-1"), 4.06-4.11 (1H, m, H-1"), 4.19-4.32 (3H, m, H-5,
H-6, H-6"),5.31 (1H, s, H-1), 5.46 (1H, brd, J = 9.3 Hz, H-4), 5.73
(1H, d, J = 2.2 Hz, H-3); (B-anomer) 5.78 (1H, d, J = 4.1 Hz, H-
3); 8¢ (100 MHz, CDCl;) (o-anomer) 20.7, 20.9, 25.5, 25.7, 27.9,
28.2, 62.5, 65.2, 67.1, 68.3, 71.6, 94.1, 115.2, 146.3, 168.2, 170.1,
170.7; MSES*: 390 [M + NH,]*, 271 [M — 101]".

Allyl 2,4,6-tri-O-acetyl-3-deoxy-a/ p-p-erythro-hex-2-
eno-pyranoside (12)

Yield: 82% (2 : 1 mixture of o : B anomers). Found: C, 54.92; H,
6.11. Calc. for C;sH,,0O5 C, 54.87; H, 6.14%; R; 0.5 (hexane : ethyl
acetate, 7 : 3); IR (neat) v,,./cm™ 1749; 6, (400 MHz, CDCl,)
(o-anomer) 2.07 (3H, s, COCH,;), 2.10 (3H, s, COCH), 2.17
(3H, s, COCH,), 4.07-4.34 (5H, m, H-1’, H-1”, H-5, H-6, H-
6’), 5.10 (1H, s, H-1), 5.19-5.34 (2H, m, CH=CH,), 5.47 (1H, br
d, J = 8.6 Hz, H-4), 5.75 (1H, d, J = 2.2 Hz, H-3), 5.87-5.97
(1H, m, CH=CH,); (B-anomer) 5.78 (1H, d, J = 4.9 Hz, H-3); J
(100 MHz, CDCl,) (o-anomer) 20.9, 29.6, 31.8, 62.4, 65.2, 67.1,
69.3,92.9,115.3,117.7, 133.6, 146.3, 168.1, 170.1, 170.6; MSES*:
351 [M + NaJ*.

p-Methylphenyl 2,4,6-tri- O-acetyl-3-deoxy-a/ f-D-erythro-hex-2-
enopyranoside (15)

Yield: 85% (14 : 1 mixture of o : f anomers). Found: C, 60.37;
H, 5.82. Calc. for C,,H,,05 C, 60.31; H, 5.86%; R; 0.5 (hexane :
ethyl acetate, 7 : 3); IR (neat) V. /cm™ 2923, 1741; 6, (400 MHz,
CDCl;) (o-anomer) 2.01 (3H, s, COCH>), 2.10 (3H, s, COCH),
2.18 (3H, s, COCH;), 2.29 (3H, s, pCH;-C,H,), 4.16-4.34 (3H, m,
H-5, H-6, H-6"), 5.52 (1H, dd, J = 2.0, 9.5 Hz, H-4), 5.62 (1H, s,
H-1), 5.87 (1H, d, J = 2.2 Hz, H-3), 6.96-7.11 (4H, m, C.H.,);
(B-anomer) 5.79 (1H, s, H-1), 5.34 (1H, m, H-4), 5.95 (1H, d, J =
5.4 Hz, H-3); 6. (100 MHz, CDCl;) (oi-anomer) 20.5, 20.6, 20.9,
22.6,29.6, 62.2, 65.1, 67.8, 93.1, 116.0, 117.2, 129.9, 132.4, 145.6,
154.8, 164.3, 168.1, 170.0, 170.6; MSES*: 401 [M + Na]*.

Thiophenyl 2,4,6-tri- O-acetyl-3-deoxy-a/ p-D-erythro-hex-2-
enopyranoside (17)

Yield: 80% (4 : 1 mixture of o : B anomers). Found: C, 56.79; H,
5.31; 8, 8.42. Calc. for C,sH,,0,S C, 56.83; H, 5.30; S, 8.43%; R; 0.6
(hexane : ethyl acetate, 7 : 3); IR (neat) V,./cm™ 2928, 1746; oy
(400 MHz, CDCI;) (a-anomer) 2.07 (3H, s, COCH), 2.11 (3H, s,
COCH,;), 2.20 (3H, s, COCH,;), 4.23-4.33 (2H, m, H-6, H-6"),
4.48-4.52 (1H, m, H-5), 5.48 (1H, br d, J = 9.5 Hz, H-4), 5.72
(1H, d, J = 2.2 Hz, H-3), 5.75 (1H, s, H-1), 7.27-7.34 (3H, m,
C.H,), 7.53-7.55 2H, m, C4H,); (B-anomer) 5.81 (1H, s, H-1); ¢
(100 MHz, CDCl;) (o-anomer) 20.7, 20.9, 62.6, 64.7, 67.5, 67.6,
83.4, 115.3, 127.8, 128.9, 129.0, 131.9, 132.0, 133.8, 146.4, 167.9,
170.1, 170.6; MSES*: 403 [M + Na]*, 271 [M — 109]".

Allyl 6-0-acetyl-3,4-dideoxy-a./ p-D-glycero-hex-3-
eno-pyranoside-2-ulose (20)

To a stirred mixture of 2,3,4,6-tetra-O-acetyl-1,5-anhydro-D-
arabino-hex-1-enopyranose 1 (0.100 g, 0.33 mmol) and allyl
trimethylsilane (0.113 g, 0.16 mL, 0.99 mmol) in anhydrous
acetonitrile (2 mL), was added HCIO,-SiO, (10 mg). The reaction
mixture was refluxed for 5 h. After completion of the reaction, the
reaction mixture was filtered, washed with acetonitrile, and then
the combined organic extracts were concentrated under vacuum.
Purification by silica gel chromatography (hexane : ethyl acetate =
4 : 1) afforded compound 20 (0.048 g, 75%, 3 : 1 mixture of o :
B anomers) as a colourless viscous liquid. Found: C, 62.89; H,
6.69. Calc. for C;,H,,0, C, 62.85; H, 6.71%; R; 0.5 (hexane : ethyl
acetate, 7 : 3); 6y (400 MHz, CDCl;) 2.10 (3H, s, COCH,), 2.52
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(2H, m, H-1", H-17), 4.11 (1H, dd, J = 4.2, 11.7 Hz, H-6), 4.34—
4.44 (2H, m, H-6', H-1), 4.67 (1H, m, H-5), 5.12-5.19 (2H, m, H-3",
H-3"), 5.79-5.89 (1H, m, H-2), 6.15 (1H, dd, J = 2.2, 10.5 Hz,
H-3), 6.91 (1H, dd, J = 2.7, 10.5 Hz, H-4); (B-anomer) 6.19 (1H,
dd, J=2.6,10.3 Hz, H-3),6.95(1H, dd, J = 1.6, 10.3 Hz, H-4);
(100 MHz, CDCl,) (ci-anomer) 20.8, 34.0, 63.7, 68.7, 77.5, 117.9,
127.4,133.3, 146.2, 170.7, 195.3; MSES*: 228 [M + NH,]*.

((25,5R,6R)-6-Allyl-5-hydroxy-5,6-dihydro-2 H-pyran-2-yl)methyl
acetate (21)

To a solution of enone 20 (1.20 g, 5.71 mmol, 3 : 1 diastereomeric
mixture) in methanol (10 mL) was added CeCl;-7H,0 (2.552 g,
6.85 mmol) at 0 °C. The mixture was stirred for 5 min at 0 °C
followed by the addition of NaBH, (0.260 g, 6.85 mmol). The
resulting mixture was stirred for 2 h at the same temperature
and then quenched with saturated NH,Cl solution (10 mL). The
reaction mixture was concentrated under high vacuum to remove
methanol. The aqueous phase was extracted with ethyl acetate
(3% 30 mL), then the combined organic extracts were washed with
brine and dried over anhydrous Na,SO,. After concentration, the
residue was purified by silica gel chromatography (hexane : ethyl
acetate = 3 : 1) to afford alcohol 21 (0.678 g, 56%) as a colourless
viscous liquid along with other diastereomers in 16% (0.194 g) and
8% (0.097 g) yield respectively. Found: C, 62.23; H, 7.64. Calc. for
C, HO, C, 62.25; H, 7.60%; R; 0.5 (hexane : ethyl acetate, 3 : 2);
[o]Z —186.1 (¢ 2.4, CH,CL); IR (neat) V,,,,/cm™ 3442, 3076, 2919,
1742, 1642, 1040; 6, (400 MHz, CDCl;) 2.10 (3H, s, COCH;), 2.34
(1H,brs,OH),2.41 (2H,t,J =7.0Hz,H-1",H-1"), 3.76-3.82 (2H,
m, H-1, H-2), 3.98 (1H, dd, J = 3.6, 11.7 Hz, H-6), 4.35 (1H, dd,
J=28.2,11.7Hz, H-¢"), 4.43-4.46 (1H, m, H-5), 5.09 (1H, bd, J =
10.4 Hz, H-3'), 5.18 (1H, dd, J = 1.7, 17.3 Hz, H-3"), 5.82-5.89
(2H, m, H-4, H-2"), 6.17 (1H, ddd, J = 1.9, 5.3, 10.0 Hz, H-3); J.
(100 MHz, CDCl,) 20.7, 34.8, 62.5, 62.6, 71.3, 72.0, 117.1, 127.9,
129.4, 134.3, 170.8; MSES*: 213.2 [M + HJ*.

(2R 3R,6S)-2-Allyl-6-(trityloxymethyl)-3,6-dihydro-2 H-pyran-3-
ol (22)

To a solution of compound 21 (0.200 g, 0.94 mmol) in dry
methanol (5 mL) at 0 °C was added a catalytic amount of sodium
methoxide. The mixture was stirred for 1 h at the same temperature.
Evaporation of the solvent under vacuum gave a residue which
was passed through a short pad of silica gel (eluent ethyl acetate)
to afford diol as a yellowish oil, which was subjected to trityl
protection without any further purification. To a solution of crude
diol in CH,Cl, (2 mL) at 0 °C were added Et;N (0.286 g, 0.4 mL,
2.82 mmol) and TrCl (0.288 g, 1.03 mmol). The reaction mixture
was stirred for 8 h at room temperature and then extraction with
CH,Cl, followed by the usual work up gave a crude product
which after purification by column chromatography (hexane :
ethyl acetate = 4 : 1) afforded compound 22 (0.358 g, 92%) as
a colourless liquid. Found: C, 81.48; H, 6.87. Calc. for C,3H,0;
C, 81.52; H, 6.84%; R; 0.5 (hexane : ethyl acetate, 4 : 1); [o]5 —112.2
(¢ 1.2, CH,Cl,); IR (neat) v,,,/cm™ 3431, 3059, 2919, 1641, 1075;
Oy (400 MHz, CDCl;) 1.66 (1H, brs, OH), 2.48 2H, t,J = 7.0 Hz,
H-1’, H-17), 3.05 (1H, dd, J = 3.9, 9.7 Hz, H-6), 3.33 (1H, dd,
J=17.0,9.7Hz, H-6"), 3.72 (1H, br s, H-2), 3.78 (1H, dt, J = 1.9,
7.0 Hz, H-1), 4.44-4.47 (1H, m, H-5), 5.09 (1H, bd, J = 10.0 Hz,

H-3), 5.19 (1H, dd, J = 1.6, 17.0 Hz, H-3"), 5.81-5.91 (2H, m,
H-4, H-2), 6.11 (1H, ddd, J = 2.2, 5.6, 10.0 Hz, H-3), 7.21-7.32
(9H, m, C(C4H),), 7.41-7.47 (6H, m, C(CoHs)s); 8¢ (100 MHz,
CDCl,) 35.3,62.7,63.4,72.4,73.1,86.5,117.3,126.9, 127.7, 128.1,
128.6, 130.1, 134.4, 143.7; MSES*: 435.4 [M + NH,]".

(2R,3R,6S5)-2-Allyl-3-(allyloxy)-6-(trityloxymethyl)-3,6-dihydro-
2 H-pyran (23)

To a stirred suspension of NaH (0.015 g, 0.36 mmol, 60%
suspension in mineral oil) in dry THF (2 mL) was added
compound 22 (0.100 g, 0.24 mmol). The reaction mixture was
stirred at room temperature for 30 min followed by reflux for
1 h. It was cooled to room temperature, allyl bromide added
(0.035 g, 0.025 mL, 0.29 mmol) and again it was refluxed for 2 h.
The reaction was cooled to room temperature and quenched with
saturated NH,Cl solution, extracted with ethyl acetate (3 x 10 mL)
and the combined organic extracts were washed with water,
brine and dried over anhydrous Na,SO,. After concentration, the
residue was purified by silica gel chromatography (hexane : ethyl
acetate = 9: 1) to furnish 23 (0.095 g, 86.6%) as a colourless liquid.
Found: C, 82.30; H, 7.11. Calc. for C;,H,,0; C, 82.27; H, 7.13%;
R; 0.6 (hexane : ethyl acetate, 9 : 1); [e]5 —133.0 (¢ 1.0, CH,Cl,);
IR (neat) v,,./cm™ 3060, 2923, 1642, 1072; 6y (400 MHz, CDCl;)
2.48 (2H,t,J =7.0 Hz, H-1’, H-1”),3.05 (1H, dd, J = 4.6, 9.5 Hz,
H-6), 3.28 (1H, dd, J = 6.6, 9.5 Hz, H-6"), 3.70 (1H, br s, H-2),
3.89 (1H,dt,J =2.9,7.0 Hz, H-1),4.02 (1H, dd, J/ = 5.6, 12.6 Hz,
H-7), 4.15 (1H, dd, J = 5.6, 12.6 Hz, H-7"), 4.45 (1H, br s, H-5),
5.08 (1H, dd, J = 1.2, 10.0 Hz, H-3"), 5.15 (1H, d, J = 1.2 Hz,
H-3”), 5.18 (1H, dd, J = 1.4, 6.6 Hz, H-9), 5.29 (1H, dd, J =
1.4, 17.0 Hz, H-Y"), 5.83-5.97 (3H, m, H-4, H-2’, H-8), 6.04 (1H,
ddd, J = 1.9, 4.4, 10.2 Hz, H-3), 7.21-7.31 (9H, m, C(C,H5)5),
7.44-7.46 (6H, m, C(C4Hs);); oc (100 MHz, CDCl;) 34.4, 64.2,
68.8,69.6,72.0,72.5,86.4,116.7,117.0, 125.3,126.9, 127.7, 128.6,
131.0, 135.0, 135.1, 143.8; MSES*: 475.2 [M + Na]*.

(28,4aR 9aR, 7)-2-(Trityloxymethyl)-4a,6,9,9a-tetrahydro-2 H-
pyrano|3,2-bloxepine (24)

Bis-(tricyclohexylphosphine)benzylidine ruthenium(rv) dichlo-
ride (0.011 g, 6 mol%) was added to a stirred solution 0of 23 (0.100 g,
0.22 mmol) in toluene (5 mL) under a nitrogen atmosphere. The
reaction mixture was stirred at room temperature for 8 h and
then filtered through a pad of celite and concentrated in vacuo.
Purification by silica gel chromatography (hexane : ethyl acetate =
9:1) gave 24 (0.083 g, 88%) as a colourless solid, mp 136 °C. Found:
C, 82.09; H, 6.69. Calc. for C,yH,O; C, 82.05; H, 6.65%; R; 0.5
(hexane : ethyl acetate, 9: 1); []Z —104.8 (¢ 0.7, CH,CL,); IR (neat)
Vma/cm™ 3057, 2923, 1597, 1091, 1072; 6, (400 MHz, CDCl;)
2.43-2.46 (1H, m, H-10), 2.74-2.77 (1H, m, H-10"), 3.01 (1H, dd,
J =4.3,9.7 Hz, H-6), 3.28 (1H, dd, J = 6.8, 9.7 Hz, H-¢"), 3.97
(IH, t, J = 4.1 Hz, H-2), 4.13 (1H, br d, J = 16.6 Hz, H-7),
4.17-4.21 (1H, m, H-1), 4.42-4.46 (2H, m, H-5, H-7"), 5.57-5.60
(1H, m, H-8), 5.68-5.71 (1H, m, H-9), 5.87 (1H, ddd, J =2.2, 4.1,
10.4 Hz, H-3),6.00 (1H,ddd, J =1.5,3.5,10.4 Hz, H-4),7.21-7.32
(9H, m, C(C4H5);), 7.45-7.47 (6H, m, C(C4H,);); 6 (100 MHz,
CDCl,) 30.0, 64.1, 68.2, 71.0, 71.1, 72.9, 86.5, 125.0, 125.1, 126.9,
127.7,128.6, 129.9, 130.8, 143.9; MSES*: 447.5 [M + Na]*.
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(2R,3R,6S5)-2-Allyl-6-(trityloxymethyl)-3,6-dihydro-2 H-pyran-3-
yl 2,2,2-trichloroacetimidate (25)

Alcohol 22 (0.100 g, 0.24 mmol) was dissolved in CH,Cl, (2 mL)
and cooled to 0 °C. DBU (0.04 mL, 0.24 mmol) was added to
it, followed by trichloroacetonitrile (0.03 mL, 0.29 mmol). The
reaction mixture was stirred at the same temperature for 1 h and
then the CH,Cl, evaporated. The crude product was purified by
column chromatography (hexane : ethyl acetate = 4 : 1) to afford
trichloroacetimidate 25 (0.1283 g, 95%) as a viscous liquid. Found:
C, 64.74; H, 5.09; N, 2.49. Calc. for C;HxCLIL,NO; C, 64.70; H,
5.07; N, 2.52%; R; 0.7 (hexane : ethyl acetate, 4 : 1); [o]> —35.1
(¢ 0.6, CH,CL,); IR (neat) v, /cm™ 3340, 2924, 1660, 1002; oy
(400 MHz, CDCl;) 2.51-2.59 (2H, m, H-1", H-1”), 3.10 (1H, dd,
J = 3.9, 10.0 Hz, H-6), 3.34 (1H, dd, J = 6.8, 10.0 Hz, H-6"),
4.06 (1H, dt, J =2.4,7.0 Hz), 4.56 (1H, t, J = 2.9 Hz), 5.08-5.10
(2H, m), 5.17 (1H, dd, J = 1.7, 17.1 Hz), 5.78-5.88 (1H, m), 6.02
(1H, dd, J = 3.1, 10.2 Hz), 6.22 (1H, ddd, J = 2.4, 5.3, 10.2 Hz),
7.22-7.32 OH, m, C(C4H);), 7.45-7.47 (6H, m, C(C4H5)s), 8.27
(1H, s, NH); 6 (100 MHz, CDCl;) 34.9, 63.9, 69.2, 71.2, 72.6,
86.6, 91.5, 117.7, 122.5, 127.0, 127.7, 128.6, 133.2, 133.9, 143.8,
162.1; MSES*: 578.4 [M + Na]*.

N-((28,3S,6R)-6-Allyl-2-(trityloxymethyl)-3,6-dihydro-2 H-pyran-
3-yl)-2,2,2-trichloroacetamide (26)

A mixture of imidate 25 (0.100 g, 0.18 mmol) and K,CO; (10 mg) in
xylene (5 mL) was refluxed (150 °C) for 12 h. The reaction mixture
was cooled to room temperature and the solvent evaporated,
followed by silica gel chromatography (hexane : ethyl acetate =4 :
1) giving 26 (0.080 g, 80%) as a white solid along with recovered
starting material (0.008 g, 8%). Found: C, 64.66; H, 5.10; N,
2.54. Calc. for C; HxCLNO; C, 64.70; H, 5.07; N, 2.52%; R;
0.6 (hexane : ethyl acetate, 4 : 1); [o]5 —56.17 (¢ 1.2, CH,Cl,); IR
(neat) v,,,/cm™ 3409, 3325, 2925, 1711, 1597, 1082; 8, (400 MHz,
CDCl;) 2.30-2.40 (2H, m, H-1", H-1”), 3.22 (IH, dd, J = 4.8,
9.7 Hz, H-6), 3.35 (1H, dd, J = 6.8, 9.7 Hz, H-6"), 3.97-4.01 (1H,
m, H-5), 4.08-4.11 (1H, m, H-1), 4.28-4.30 (1H, m, H-4), 5.12—
5.18 (2H, m, H-3’, H-3"), 5.74-5.88 (3H, m, H-2, H-2’, H-3), 6.72
(1H,d,J =8.5Hz, NH), 7.21-7.31 (OH, m, C(C¢Hs);), 7.45-7.47
(6H, m, C(C4H);); 6c (100 MHz, CDCl;) 38.2, 45.7, 62.3, 69.8,
73.7, 86.7, 92.3, 118.1, 122.9, 127.0, 127.8, 128.6, 133.1, 133.6,
143.6, 161.1; MSES*: 578.4 [M + Na]".

2,2,2-Trichloro-N-((2S,35,6 R)-6-(2-oxoethyl)-2-
(trityloxymethyl)-3,6-dihydro-2 H-pyran-3-yl)acetamide (27)

To a stirred solution of compound 26 (0.100 g, 0.18 mmol) in
acetone : water (1 : 2, 1.5 mL) at room temperature, were added
NMO-H,0 (0.027 g, 0.198 mmol) and OsO, (a 25 mg ml™ solution
in ‘BuOH, 9 puL, 0.005 eq.). After stirring for 3 h, a solution of
Na,S,05 (0.041 g, 0.216 mmol dissolved in water) was added and
the resulting mixture was stirred for 10 min. After removal of the
acetone, the residue was extracted with ethyl acetate (3 x 15 mL)
and washed with brine solution. The combined organic layers
were dried and concentrated in vacuo, and the residual oil was
purified by silica gel chromatography to give diol (0.066 g, 62%)
as a colourless liquid along with recovered starting material 26
(0.020 g, 20%)).

To a solution of diol (0.060 g, 0.10 mmol) in methanol (2 mL)
was added NalO, (0.032 g, 0.15 mmol) dissolved in water, at
0 °C. The reaction mixture was stirred for 30 min and quenched
with water. Evaporation in vacuo gave a residue which was
extracted with ethyl acetate (3 x 10 mL) and the combined
organic layers were washed with water, brine and concentrated.
The residual oil was purified by silica gel chromatography (hexane :
ethyl acetate = 7 : 3) to give the aldehyde 27 (0.052 g, 91.5%)
as a colourless oil. Found: C, 62.36; H, 4.66; N, 2.49. Calc. for
CxH,CILNO, C, 62.32; H, 4.69; N, 2.51%; R; 0.6 (hexane : ethyl
acetate, 3 : 2); [a]® + 48.4 (¢ 0.5, CH,Cl,); IR (neat) Vy,,/cm™
3332, 2924, 1714, 1596, 1079; 6y (400 MHz, CDCI;) 2.65-2.75
(2H, m, H-1", H-1"), 3.26 (1H, dd, J = 4.8, 10.0 Hz, H-6), 3.35
(1H, dd, J = 7.0, 10.0 Hz, H-6"), 3.93-3.97 (1H, m), 4.35 (1H,
dd, J = 3.2, 8.3 Hz), 4.44-4.45 (1H, m), 5.82 (2H, s), 7.06 (1H,
d,J =8.5Hz,NH), 7.21-7.32 (9H, m, C(C4H);), 7.44-7.46 (6H,
m, C(C¢H,)3), 9.78 (1H, s, CHO); 6 (100 MHz, CDCl;) 45.6,
47.0,62.2,66.1,73.7, 86.9,92.4, 123.7, 127.1, 127.8, 128.6, 131.8,
143.6, 161.3, 199.4; HRMS (ESI): 556.0843 [M — HJ". Calc. for
C,H,CI;NO, [M — HJ: 556.0849.

2,2,2-Trichloro-N-((25,35,6 R)-6-(2-hydroxyethyl)-2-
(trityloxymethyl)-3,6-dihydro-2 H-pyran-3-yl)acetamide (28)

To a stirred solution of compound 27 (0.100 g, 0.18 mmol) in
methanol (2 mL), cooled to 0 °C, was added NaBH, (0.008 g,
0.198 mmol). The reaction mixture was stirred at the same
temperature for 30 min and then quenched with saturated NH,Cl
solution. The reaction mixture was concentrated under high
vacuum to remove methanol. The aqueous phase was extracted
with ethyl acetate (3 x 15 mL), the combined organic extracts
were washed with water and brine, then dried over anhydrous
Na,SO,. After concentration, the residue was purified by silica gel
chromatography (hexane : ethyl acetate = 1 : 1) to afford alcohol
28 (0.095 g, 95%) as a colourless viscous liquid. Found: C, 62.14;
H, 5.05; N, 2.51. Calc. for C,,H,xCI;NO, C, 62.10; H, 5.03; N,
2.50%; R; 0.5 (hexane : ethyl acetate, 1 : 1); [@]3 +54.4 (¢ 0.7,
CH,CL,); IR (neat) v,,,/cm™ 3410, 3322, 3033, 1701, 1597, 1033;
oy (400 MHz, CDCl;) 1.78-1.85 (2H, m, H-1", H-1"), 2.40 (1H,
br s, OH), 3.27 (1H, dd, J = 4.4, 10.4 Hz, H-6), 3.35 (1H, dd,
J =1.6, 10.4 Hz, H-6"), 3.83-3.86 (2H, m), 3.91-3.95 (1H, m),
4.25-4.28 (2H, m), 5.71-5.74 (1H, m), 5.82 (1H, bd, J = 10.4 Hz),
6.82 (1H,d,J =8.4Hz,NH), 7.21-7.32 (9H, m, C(C4H5);), 7.44—
7.46 (6H, m, C(C¢H5),); ¢ (100 MHz, CDCl;) 35.7, 45.8, 60.5,
62.6,70.1,73.3,87.1,92.8,123.1, 127.1, 127.8, 128.6, 133.3, 143.6,
161.3.

N-((25,3S,6 R)-6-(2-(tert-Butyldimethylsilyloxy)ethyl)-2-
(trityloxymethyl)-3,6-dihydro-2 H-pyran-3-yl)-2,2,2-
trichloroacetamide (29)

tert-Butyldimethylsilyl chloride (0.025 g, 0.165 mmol) was added
to a solution of alcohol 28 (0.060 g, 0.11 mmol), triethylamine
(0.02 mL, 0.165 mmol) and 4-dimethylaminopyridine (catalytic
amount) in CH,Cl, (4 mL). The reaction mixture was refluxed for
5 h and then cooled to room temperature. The resultant solution
was diluted with CH,Cl, and washed with water and brine then
dried over anhydrous Na,SO,. Concentration in vacuo, followed
by silica gel chromatography (hexane : ethyl acetate =9 : 1) gave 29
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(0.068 g, 94.3%) as a colourless liquid. Found: C, 62.28; H, 6.30;
N, 2.04. Calc. for C;;H,,CI;NO,Si C, 62.26; H, 6.27; N 2.07%;
R; 0.6 (hexane : ethyl acetate, 9 : 1); [0]5+ 40.2 (¢ 1.7, CH,CL,);
IR (neat) V,../cm™ 3326, 2952, 1697, 1958, 1019; 6 (400 MHz,
CDCl,) 0.01 (s, 6H, Si(CH>),), 0.84 (s, 9H, C(CH>)), 1.67-1.70
(m, 1H, H-1"), 1.74-1.78 (m, 1H, H-1”), 3.17 (dd, 1H, J = 4.4,
10.0 Hz, H-6), 3.31 (dd, 1H, J = 6.8, 10.0 Hz, H-6"), 3.72-3.82 (m,
3H), 4.23-4.28 (m, 2H), 5.64 (ddd, 1H, J =2.2,3.2,10.2 Hz), 5.83
(bd, 1H, J = 10.2 Hz), 6.53 (d, 1H, J = 8.5 Hz, NH), 7.15-7.26
(m, 9H, C(C4H5)s), 7.40-7.42 (m, 6H, C(C,Hs);); 6c (100 MHz,
CDCl;) -5.3, 18.2, 25.9, 36.6, 46.2, 59.3, 62.9, 68.0, 72.5, 86.8,
92.3, 1229, 127.0, 127.8, 128.6, 134.0, 143.6, 161.2; HRMS
(ESI): 672.1875 [M — HJ". Calc. for C;;H,,Cl;NO,Si [M — HJ:
672.1870.

(2R,5R,6S5)-2-(2-(tert-Butyldimethylsilyloxy)ethyl)-5-(2,2,2-
trichloroacetamido)-6- (trityloxymethyl)tetrahydro-2H-pyran-
3,4-diyl diacetate (30)

To a stirred solution of compound 29 (0.100 g, 0.148 mmol)
in acetone : water : -BuOH (4 mL, 1 : 1 : 0.5) at ambient
temperature, were added NMO-H,0 (0.024 g, 0.178 mmol) and
0Os0, (a 25 mg ml™ solution in ‘BuOH, 6 puL, 0.004 equiv.). The
reaction mixture was stirred for 12 h and then it was treated
with Na,S,05 (0.036 g, 0.192 mmol). The reaction mixture was
stirred for a further 0.5 h and extracted with ethyl acetate (3 x
15 mL). The organic layer was washed with water and finally
with brine. Evaporation of the organic layer gave a crude product
which was dissolved in CH,Cl, and treated with Ac,O (0.04 mL,
0.444 mmol), Et;N (0.06 mL, 0.444 mmol) and a catalytic amount
of DMAP. The reaction mixture was stirred for 3 h and then
extracted with CH,Cl,. The usual work up gave a crude product
which after purification by column chromatography (hexane : ethyl
acetate=9: 1) afforded 30 (0.104 g, 89%) as the major isomer along
with 7% minor isomer. Found: C, 59.09; H, 6.11; N, 1.74. Calc. for
CyHCLNOSI C, 59.05; H, 6.10; N 1.77%; R; 0.5 (hexane : ethyl
acetate, 9: 1);[o]% +19.3 (¢ 1.5, CH,CL); IR (neat) v,,,,/cm™ 3422,
2924, 1754,1722,1093; 6, (400 MHz, CDCl;) 0.00 (3H, s, SiCH;),
0.01 (3H, s, SiCH;), 0.83 (9H, s, C(CH;);), 1.72-1.75 (1H, m, H-
1), 1.95 (3H, s, COCH,;), 1.97-2.01 (1H, m, H-1"), 2.08 (3H, s,
COCH;), 3.17 (1H, dd, J = 2.2, 10.4 Hz, H-6), 3.25 (1H, dd, J =
6.0, 10.4 Hz, H-6"), 3.71-3.79 (3H, m, H-5, H-2’, H-2"), 4.09-4.18
(2H, m, H-4, H-1), 5.16 (1H, br s, H-2), 5.30 (1H, dd, J = 2.9,
10.7 Hz, H-3), 6.31 (1H, d, J = 8.7 Hz, NH), 7.12-7.23 (9H, m,
C(C4Hs)s), 71.38-7.40 (6H, m, C(C¢Hs);); d¢c (100 MHz, CDCl;)
-5.3, 18.2, 20.6, 20.9, 25.8, 31.5, 50.1, 58.7, 63.6, 68.2, 71.0, 71.9,
73.1, 86.7, 92.0, 127.0, 127.8, 128.6, 143.7, 161.7, 170.1, 170.7,
HRMS (ESI): 790.2138 [M — HJ". Calc. for C;yH,CLI;NO,Si [M —
HJ: 790.2137.
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The details of the first syntheses of the unusual bis-oxazole natural products siphonazole and its
O-methyl derivative are reported. The cinnamyl substituted oxazole was constructed using
diazocarbonyl chemistry, whereby the cinnamamide was reacted with the rhodium carbene derived
from methyl 2-diazo-3-oxobutanoate to give a B-ketoamide that was cyclodehydrated to the
corresponding oxazole-4-ester. Reduction to the corresponding aldehyde was followed by coupling with
a zinc reagent derived from methyl 2-iodomethyl-5-methyloxazole-4-carboxylate, also prepared using
rhodium carbene chemistry, to give, after oxidation of the resulting secondary alcohol, the desired
bis-oxazole ketone. The syntheses were completed by hydrolysis of the ester and coupling of the

2,4-pentadienylamine side chain.

Introduction

Although once considered unusual, naturally occurring oxazoles
have attracted increasing attention over the last two decades.
The interest has been heightened by the isolation of a range
of structurally diverse and synthetically challenging oxazoles,
particularly from the marine environment."” In addition to a
number of complex molecules containing a single oxazole, many
of these natural products contain two or more oxazole rings that
are either directly linked (2,4’-bis-oxazoles) or separated by at least
three atoms.® Thus, for example, directly linked bis-oxazoles occur
in muscoride A,*'? diazonamide A,"*'7 and the hennoxazoles,®??
tris-oxazoles in ulapualide A*2* whilst the telomerase inhibitor
telomestatin contains a remarkable array of seven 2,4’-linked
oxazoles.??” Bis-oxazoles in which the 2,4’-link is part of a peptide
chain occur in, for example, leucamide A,** whilst polyene units
link the two oxazole rings in the disorazoles***! and the antitumor
phorboxazoles (Fig. 1).3*

Bis-oxazoles that are linked by just one or two carbon atoms are
very unusual as natural products, and the antifungal bengazoles
are unique with their two oxazole rings being linked (2,5") by
a single carbon (Fig. 1).** Recently Konig and co-workers
reported a further example of this rare class of natural products,
a bis-oxazole in which the two heterocyclic rings are linked by
two carbon atoms.* Siphonazole 1 was isolated, along with its
O-methyl derivative 2 (Fig. 2), from a gliding bacterium of the
Herpetosiphon genus, and its structure assigned on the basis of
detailed spectroscopic studies.”® As well as the aforementioned,
unusual C, link between the two oxazoles, siphonazole contains
an unprecedented N-penta-2,4-dienyl amide side chain, as well asa

School of Chemistry, University of Nottingham, University Park,
Nottingham, UK NG7 2RD

T Electronic supplementary information (ESI) available: Experimental
details for compounds 4, 5, 9-14, 20, 21 and 2,4-pentadienylamine;
X-ray crystal structure of compound 8b; copies of 'H and *C NMR
spectra; and HPLC data for natural and synthetic siphonazole. CCDC
reference number 693019. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/b810855b

cinnamate residue, also rare in bacterial natural products. Feeding
studies using “C-labeled precursors confirmed mixed biosynthetic
pathways with the incorporation of five acetate units, both oxazole
rings originating from threonine, and, unusually, benzoate (as
opposed to phenylalanine) being postulated as the precursor to
the cinnamate moiety.** We now report the details of the first
synthesis of this new structural class of natural products.’

Results and discussion

Our synthetic strategy, shown by the disconnections indicated in
Fig. 2, involved the installation of the pentadienylamino side-chain
as the last step, that would be preceded by the union of the two
oxazole fragments using acylation of a 2-methyloxazole derivative.
The two oxazole rings themselves would be constructed using the
methodology previously developed in our laboratory, whereby re-
active rhodium carbenes, formed upon treatment of diazocarbonyl
compounds with catalytic amounts of dirhodium(1r) carboxylates,
led to oxazoles upon reaction with nitriles, or with carboxamides
followed by cyclodehydration.***

The synthesis was initiated from 3-hydroxy-4-methoxycinnamic
acid 3a that was protected as its tert-butyldimethylsilyl ether, and
converted into the carboxamide 4a in good yield. Subsequent
dirhodium tetraacetate catalyzed reaction with methyl 2-diazo-
3-oxobutanoate resulted in chemoselective N—H insertion of the
metal carbene into the amide N-H bond in high yield to give
the ketoamide 5a. No products formed by competing cyclopropa-
nation of the double bond were observed illustrating the highly
selective nature of the N-H insertion process. Cyclodehydration
of the ketoamide 5a using the Ph;P-I,—Et;N protocol introduced
by Wipf and co-workers® gave the desired oxazole 6a (Scheme 1).
In a similar manner, 3,4-dimethoxycinnamamide 4b was converted
into the oxazole 6b in 80% yield over the two steps.

The above sequence involving carbene addition to carboxam-
ides followed by dehydration can, of course, be reversed, since
nitriles are known to react with diazocarbonyl compounds to
give oxazoles.’***%¥! Hence dehydration of the cinnamamide 4a
with ethyl dichlorophosphate gave the corresponding nitrile 9a,
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Fig. 2 Retrosynthetic analysis of siphonazole.

reaction of which with methyl 2-diazo-3-oxobutanoate gave the
same oxazole 6a although in poorer overall yield (Scheme 2).
Likewise, the 3,4-dimethoxy derivative 4b was converted into the
corresponding nitrile 9b, and hence the oxazole 6b, although the
yield was again poor.

Methyl 2-diazo-3-oxobutanoate also served as precursor to the
second oxazole ring of siphonazole, although in this case reac-

o

Me Me Me Me

\_N MeO O OMe 0 OAc Me

ulapualide A

phorboxazole A

Some naturally occurring oxazoles.

tions with nitriles proceeded well. Thus, dirhodium tetraacetate
catalyzed reaction with iodoacetonitrile or acetonitrile gave the
oxazoles 10 and 11 in good yield. The 2,5-dimethyloxazole 11
was converted into other potential nucleophilic coupling partners,
namely the acid 12, the N-ethyl carboxamide 13, and the zert-butyl
ester 14 by standard methods (Scheme 3).

Since Grignard reagents derived from 2-halomethyloxazoles
are known to be acylated by ester type electrophiles,® and
oxazole-4-esters are known to function as acylating agents,* initial
attempts to forge the link between the two oxazole rings required
for siphonazole focused on the reaction between the oxazole-4-
ester 6a and the Grignard reagent formed by treatment of 2-
iodomethyloxazole 10 with isopropylmagnesium chloride. Unfor-
tunately, despite some spectroscopic evidence for its formation,
the required ketone 15 (Scheme 4) could never be isolated from
the reaction mixture. Likewise, reaction of the same Grignard
reagent with the Weinreb amide derived from oxazole 6b was also
unsatisfactory (not shown). Next, we attempted to acylate the
dianion formed by treatment of 2,5-dimethyloxazole-4-carboxylic
acid 12 with LDA with oxazole ester 6b. Again, very small

This journal is © The Royal Society of Chemistry 2008
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amounts of the desired ketone 16 were formed, but in common
with previous reactions of the 2,5-dimethyloxazole-4-carboxylic
acid dianion,* deprotonation and acylation of the 5-methyl group
was also observed. Attempts to use the dianion from oxazole-4-
carboxamide 13 were similarly disappointing, as were all efforts
employing the anion from the 2,5-dimethyloxazole fert-butyl ester
14, even under conditions (LiNEt, as base) developed by Evans
and co-workers that are known to favour deprotonation of the
oxazole-2-methyl group.®

In light of the failure to engage the oxazole-4-carboxylate
ester 6a in acylation reactions, we elected to convert it into the
corresponding aldehyde 8a in preparation for a potentially easier

CH,Cl, o
X =1; 10 (76%)
X = H; 11 (73%)
X=H
LiOH
aq. THF
EtNH,, PyBOP
Me i-PrNEt Me
e {:3 | ) CHCl e {\0 ] .
N or Boc,0 N
DMAP
o] t-BUOH 0
X = NHEt; 13 (87%) 12 (72%)
X = OBU", 14 (90%)
Scheme 3

coupling to an organometallic derivative of the second oxazole
ring. Hence reduction of ester 6a with Dibal-H followed by
reoxidation of the alcohol 7a with the Dess—Martin periodinane
delivered the required aldehyde 8a in 81% yield over the two steps
(Scheme 1), direct conversion of the ester to the aldehyde being
unsatisfactory. In a similar manner, the dimethoxy derivative 6b
was converted into the oxazole-4-carboxaldehyde 8b in 76% yield
over the two steps. The structure of aldehyde 8b was confirmed by
X-ray crystallography (Figure in the ESIT).

The key coupling reaction was effected by formation of the
zinc reagent from the 2-iodomethyloxazole 10 using activated
zinc,* followed by reaction with the aldehyde 8a in the presence
of boron trifluoride etherate.®® Although 2-bromomethyloxazoles
have previously been successfully converted into zinc reagents,” in
the present case, the use of the iodide was essential. The addition
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proceeded in good yield (73%), and the resulting secondary
alcohol 17a was oxidized with the Dess—Martin periodinane
to give the desired bis-oxazole ketone 15 (Scheme 5). Hydrol-
ysis of the ester with barium hydroxide, and coupling to 2,4-
pentadienylamine,*® prepared from methyl 2,4-pentadienoate by
reduction to the alcohol and conversion to the amine by way of
the bromide and azide (see ESIT), using PyBOP (benzotriazol-
1-yloxy-tris-pyrrolidino-phosphonium hexafluorophosphate) and
Hiinig’s base gave protected siphonazole 19 in 44% yield over the
two steps. Finally, treatment with triethylamine trihydrofluoride
resulted in removal of the silicon protecting group to give
siphonazole 1 (Scheme 5). The '"H and “C NMR spectroscopic
data of our synthetic siphonazole were identical to those reported
for the natural product,® and the material was identical to an
authentic sample by HPLC and NMR spectroscopy.

With supplies of siphonazole 1 in hand, we attempted to
convert it directly into the naturally occurring O-methyl derivative
2 by treatment with diazomethane, but without success. In a
related manner, we also attempted to react phenol 20, obtained
by desilylation of bis-oxazole 15, with diazomethane to give the

corresponding O-methyl compound, but again without success.
Reaction of phenol 20 with iodomethane and potassium carbonate
in DMF somewhat surprisingly resulted in the formation of
the C-methylated product 21 in modest yield with no sign
of the desired O-methyl compound (Scheme 6). In view of
the disappointing failure to effect a late stage methylation, we
returned to the dimethoxycinnamyl oxazole aldehyde 8b prepared
from 3,4-dimethoxycinnamic acid 3b as previously described in

Me
0
o \ 0 Me
(HF)3°Et3N, =
THF N N 3
15 — R N CO,Me
MeO
OH

R = H; 20 (65%) Mel,
K,COs3,
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Scheme 1. Coupling with the zinc derivative formed from 2-
iodomethyloxazole 10 proceeded smoothly to give bis-oxazole 17b,
oxidation of which gave the bis-oxazole ketone 18 (Scheme 5).
Ester hydrolysis and coupling with 2,4-pentadienylamine then
gave O-methylsiphonazole 2 in 54% yield over the two steps.
Our synthetic material showed identical '"H and “C NMR
spectroscopic data to those reported for the natural product.*®

The syntheses of siphonazole 1 and its O-methyl derivative 2
not only illustrates the versatility of rhodium carbene chemistry
but also confirm unambiguously the structures of these unusual
natural products.

Experimental section
General

Commercially available reagents were used throughout without
purification unless otherwise stated. Light petroleum refers to
the fraction with bp 40-60 °C. Ether refers to diethyl ether.
Reactions were routinely carried out under a nitrogen or argon
atmosphere. Analytical thin layer chromatography was carried
out on aluminium backed plates coated with silica gel, and
visualized under UV light at 254 and/or 360 nm. R; values
refer to these TLC plates developed in the solvents indicated.
Chromatography was carried out on silica gel unless otherwise
stated. Fully characterized compounds are chromatographically
homogeneous. Infrared spectra were recorded in the range 4000
600 cm™. NMR spectra were recorded at 400 and 500 MHz (‘H
frequencies, corresponding "*C frequencies 100 and 125 MHz).
Chemical shifts are quoted in ppm and are referenced to residual
H in the deuterated solvent as the internal standard. J values are
recorded in Hz. In the ®C NMR spectra, signals corresponding to
CH, CH,, or CH; groups are assigned from DEPT. High and low
resolution mass spectra were recorded on a time-of-flight mass
spectrometer.

Methyl 2-(3-tert-butyldimethylsiloxy-4-methoxystyryl)-5-
methyloxazole-4-carboxylate 6a

A solution of the ketoamide Sa (2.40 g, 5.70 mmol) and
triethylamine (3.10 mL, 22.8 mmol) in dry dichloromethane
(10 mL) was added dropwise over a period of 1 h to a solution
of triphenylphosphine (3.0 g, 11.4 mmol) and iodine (2.90 g,
11.4 mmol) in dry dichloromethane (20 mL) at room temperature.
After the addition was complete the reaction mixture was stirred
for a further 1 h at which point no starting material could be
observed. The mixture was quenched with water. The organic layer
was washed with water (30 mL) and brine (30 mL), then dried
(MgS0,). After removal of the solvent under reduced pressure,
the crude material was purified by chromatography (eluting with
ethyl acetate-light petroleum 1 : 1 + 0.5% triethylamine) to give
the title compound 6a as a light yellow solid (1.86 g, 81%); R; =
0.82 (light petroleum—ethyl acetate 3 : 1); mp 97-99 °C; (Found:
C, 62.3; H, 7.2; N, 3.3. C;;HxNOsSi requires C, 62.5; H, 7.2; N,
3.5%); (Found: MH", 404.1907. C,;H;NO;Si requires 404.1888);
Vmax (CHCL;)/cm™ 2951, 2858, 1719, 1616, 1443, 1352, 1305, 1140,
1103, 957; 64 (400 MHz; CDCl;) 7.40 (1H, d, J 16.4, ArCH=CH),
7.06 (1H, dd, J 8.3, 2.1, ArH-6), 7.03 (1H, d, J 2.1, ArH-2), 6.83
(1H,d, J 8.3, ArH-5),6.70 (1H, d, J 16.4, ArCH=CH), 3.91 (3H, s,

OMe), 3.82 (3H, s, OMe), 2.65 (3H, s, Me), 1.0 (9H, s, CMe,), 0.16
(6H, s, SiMe,); 8¢ (100 MHz; CDCL,) 162.7 (C), 159.6 (C), 155.7
(C), 152.4 (C), 145.2 (C), 136.7 (CH), 128.3 (C), 128.2 (C), 121.9
(CH), 118.8 (CH), 111.8 (CH), 110.8 (CH), 55.4 (Me), 51.8 (Me),
25.6 (Me), 18.4 (Me), 12.0 (Me), —4.7 (Me); m/z (ESI*) 404 (MH",
100%).

[2-(3-tert-Butyldimethylsiloxy-4-methoxystyryl)-5-
methyloxazol-4-yl)jmethanol 7a

Ester 6a (200 mg, 0.50 mmol) was dissolved in dichloromethane
(5 mL) and cooled to 0 °C. Dibal-H (1 M in dichloromethane;
1.5 mL) was added dropwise over a period of 10 min. The reaction
mixture was allowed to warm to room temperature and stirred for
1 h until the reaction was complete. The mixture was cooled to 0 °C
again and hydrochloric acid (2 M) was added dropwise until no
further gas formation could be observed. After filtering through a
pad of Celite, the mixture was diluted with ethyl acetate (20 mL),
the organic layer washed with water (20 mL) and brine (20 mL),
dried (MgSO,) and the solvent removed under reduced pressure
to yield the title compound Ta (175 mg, 93%) as a colourless solid
which was used without further purification for the next step;
mp 113-116 °C; (Found: MH*, 376.1948. C, H;)NO,Si requires
376.1939); Vo (CHCL)/cm™ 2931, 2857, 1694, 1595, 1463, 1274,
1137, 968; 6y (400 MHz; CDCl;) 7.32 (1H, d, J 16.3, ArCH=CH),
7.08 (1H, dd, J 8.3, 2.0, ArH-6), 7.05 (1H, d, J 2.0, ArH-2), 6.83
(1H, d, J 8.3, ArH-5), 6.68 (1H, d, J 16.3, ArCH=CH), 4.54
(2H, d, J 4.7, CH,0H), 3.83 (3H, s, OMe), 2.36 (3H, s, Me), 1.01
(9H, s, CMe;), 0.17 (6H, s, SiMe,); OH not observed; 6. (100 MHz;
CDCl;) 160.2 (C), 152.0 (C), 145.2 (C), 144.5(C), 135.4 (C), 135.2
(CH), 128.6 (C), 121.6 (CH), 119.0 (CH), 111.8 (CH), 111.5 (CH),
55.9 (Me), 55.4 (Me), 25.7 (Me), 18.4 (C), 10.2 (Me), —4.7 (Me);
m/z (EST*) 376 (MH*, 100%).

2-(3-tert-Butyldimethylsiloxy-4-methoxystyryl)-5-
methyloxazole-4-carbaldehyde 8a

Pyridine (0.19 mL, 2.44 mmol) and Dess—Martin periodinane
(1.05 g, 2.44 mmol) were added to a solution of alcohol 7a
(460 mg, 1.22 mmol) in dichloromethane (15 mL), and the mixture
stirred at room temperature for 2 h. The mixture was diluted with
ether (60 mL), aqueous saturated sodium hydrogen carbonate
(15 mL) and aqueous sodium metabisulfite (10%; 15 mL) and
stirred until two clear layers were formed. The organic layer was
washed with water (20 mL) and brine (20 mL), dried (MgSO,)
and the solvent removed under reduced pressure to yield the title
compound 8a (420 mg, 92%) as a pale yellow solid which was used
without further purification for the next step; mp 112-115 °C;
(Found: MH", 374.1780. C,HxxNO,Si requires 374.1788); Vi
(CHCly)/em™ 3612, 2930, 2858, 1640, 1577, 1463, 1304, 1273,
1154, 996; 6y (400 MHz; CDCl;) 9.97 (1H, s, CHO), 7.43 (1H, d,
J 16.4, ArCH=CH), 7.11 (1H, dd, J 8.3, 2.1, ArH-6), 7.05 (1H,
d, J 2.1, ArH-2), 6.85 (1H, d, J 8.3, ArH-5), 6.71 (1H, d, J 16.3,
ArCH=CH), 3.84 (3H, s, OMe), 2.67 (3H, s, Me), 1.01 (9H, s,
CMe;), 0.18 (6H, s, SiMe,); dc (100 MHz; CDCl;) 185.2 (CH),
160.5 (C), 155.8 (C), 152.5 (C), 145.2 (C), 137.4 (CH), 135.8 (O),
128.0 (C), 122.0 (CH), 119.0 (CH), 111.8 (CH), 110.5 (CH), 55.4
(Me), 25.6 (Me), 18.4 (C), 11.7 (Me), —4.7 (Me); m/z (ESI*) 374
(MH", 100%).
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Methyl 2-(2-(2-(3-tert-butyldimethylsiloxy-4-methoxystyryl)-5-
methyloxazol-4-yl)-2-hydroxyethyl)-5-methyloxazole-4-
carboxylate 17a

Zinc dust (294 mg, 4.50 mmol) was placed in a Schlenk tube
under an argon atmosphere and suspended in dry THF (6 mL),
1,2-dibromoethane (37.0 puL, 0.45 mmol) added and the mixture
heated up to 60 °C for 5 min. After cooling down to room
temperature, trimethylsilyl chloride (10.3 pL, 0.08 mmol) was
added and stirring continued for further 15 min. At 0 °C aldehyde
8a (280 mg, 0.75 mmol) and boron trifluoride-etherate (0.19 mL,
1.50 mmol) were added. Iodo-oxazole 10 (419 mg, 1.50 mmol)
in THF (4 mL) was added dropwise over a period of 3 h. The
zinc residues were filtered off, the solvent removed under reduced
pressure and the residue purified by chromatography (eluent ethyl
acetate-light petroleum 2 : 1 + 0.5% triethylamine) to give the title
compound 17a as a light yellow solid (290 mg, 73%); R; = 0.27 (light
petroleum—ethyl acetate 1 : 2); mp 142-144 °C; (Found: MH",
529.2361. C,Hy;N,O,Si requires 529.2292); V... (CHCIL;)/cm™
3416,2930, 2858, 1722, 1625, 1462, 1354, 1101, 986; 6y (400 MHz;
CDCl;) 7.27 (1H, d, J 16.3, ArCH=CH), 7.03 (1H, dd, J 8.3, 2.1,
ArH-6),7.01 (1H,d, J 2.1, ArH-2),6.81 (1H, d, J 8.3, ArH-5), 6.64
(1H,d,J 16.3, ArCH=CH), 5.17 (1H, dd, J 8.7,4.7, CHOH), 3.86
(3H, s, OMe), 3.80 (3H, s, OMe), 3.36 (1H, dd, J 15.6, 8.7, CHH),
3.16 (1H, dd, J 15.6, 4.7, CHH), 2.55 (3H, s, Me), 2.32 (3H, s,
Me), 0.97 (9H, s, CMe;), 0.15 (6H, s, SiMe,); OH not observed;
d¢ (100 MHz; CDCl;) 162.6 (C), 160.2 (C), 160.1 (C), 156.3 (C),
152.1 (C), 145.2 (C), 144.2 (C), 136.1 (C), 135.2 (CH), 128.6 (C),
127.2 (C), 121.7 (CH), 118.7 (CH), 111.8 (CH), 111.5 (CH), 64.3
(CH), 55.4 (Me), 51.8 (Me), 35.4 (CH,), 25.7 (Me), 18.4 (C), 11.9
(Me), 10.4 (Me), —4.2 (Me); m/z (ESI*) 551 (MNa*, 100%), 529
(MH*, 79%).

Methyl 2-(2-(2-(3-tert-butyldimethylsiloxy-4-methoxystyryl)-5-
methyloxazol-4-yl)-2-oxoethyl)-5-methyloxazole-4-carboxylate 15

Dess—Martin periodinane (52.0 mg, 0.12 mmol) was added
to a solution of alcohol 17a (60.0 mg, 0.11 mmol) dissolved
in dichloromethane (3 mL) and the mixture stirred at room
temperature for 20 min. The mixture was diluted with ether
(12 mL), aqueous saturated sodium hydrogen carbonate (3 mL)
and aqueous sodium metabisulfite (10%; 3 mL) and stirred until
two clear layers were formed. The organic layer was washed with
water (10 mL), brine (10 mL) and dried (MgSO,). The solvent
was removed under reduced pressure and the residue purified by
chromatography (eluting with ethyl acetate-light petroleum 1: 3 +
0.5% triethylamine) to give the title compound 15 as a light yellow
solid (44.0 mg, 76%); R; = 0.73 (light petroleum—ethyl acetate 1 : 2);
mp 116-120 °C; (Found: MH*, 527.2226. C,,H3sN,0;Si requires
527.2214); Ve (CHCL;)/em™ 2931, 2857, 1624, 1593, 1354, 1274,
1102, 968; 6y (400 MHz; CDCl;) 7.37 (1H, d, J 16.3, ArCH=CH),
7.07 (1H, dd, J 8.3, 1.8, ArH-6), 7.05 (1H, d, J 1.8, ArH-2),
6.84 (1H, d, J 8.2, ArH-5), 6.67 (1H, d, J 16.3, ArCH=CH),
447 (2H, s, CH,), 3.88 (3H, s, OMe), 3.83 (3H, s, OMe), 2.64
(3H, s, Me), 2.62 (3H, s, Me), 1.00 (9H, s, CMe;), 0.16 (6H, s,
SiMe,); d¢ (100 MHz; CDCIL;) 189.3 (C), 162.6 (C), 159.2 (O),
157.0 (C), 156.5 (C), 155.4 (C), 152.5 (C), 145.2 (C), 137.1 (CH),
134.3 (C), 128.1 (C), 127.6 (C), 122.1 (CH), 118.9 (CH), 111.8
(CH), 110.6 (CH), 55.4 (Me), 51.8 (Me), 39.5 (CH,), 25.6 (Me),

18.4 (C), 12.3 (Me), 11.9 (Me), -4.7 (Me); m/z (EST*) 527 (MH*,
100%).

TBDMS-protected siphonazole 19

Ester 15 (23.0 mg, 43.7 umol) was dissolved in THF (4 mL) and
barium hydroxide (15.0 mg, 87.4 umol) in water (1 mL) added and
the mixture stirred for 16 h. The solvent was removed in vacuo, the
residue dissolved in ethyl acetate (15 mL) and aqueous citric acid
(10%; 10 mL) and the layers separated. The aqueous layer was
extracted with ethyl acetate (15 mL), the combined organic layers
washed with brine (15 mL) and dried (MgSO,). After removal
of the solvent the crude carboxylic acid (18.0 mg, 35.0 umol,
80%) was directly used for the next step. The carboxylic acid
was dissolved in dichloromethane (4 mL), diisopropylethylamine
(26.0 uL, 175 pmol) and PyBOP (20.0 mg, 42.0 umol) were added
and the reaction stirred at room temperature for 20 min before
(E)-2,4-pentadienylamine was added and stirring continued for
12 h. The mixture was diluted with dichloromethane (15 mL)
and subsequently washed with hydrochloric acid (1 M; 8 mL),
saturated aqueous sodium hydrogen carbonate (8 mL) and brine
(10 mL). After drying (MgSO,) and removal of the solvent under
reduced pressure, purification by chromatography (eluent: ethyl
acetate-light petroleum 1 : 3) gave the title compound 19 as light
yellow solid (11 mg, 55%), R; = 0.63 (light petroleum—ethyl acetate
1 : 1); mp 4548 °C; (Found: MH*, 578.2673. C;;H,,N;O,Si
requires 578.2681); V... (CHClL;)/cm™ 2929, 1657, 1274, 968, 908;
Sy (400 MHz; CDCly) 7.39 (IH, d, J 16.3, ArCH=CH), 7.09
(1H, dd, J 8.3; 2.0, ArH-6), 7.06 (1H, d, J 2.0, ArH-2), 7.03-
7.01 (1H, m, NH), 6.85 (1H, d, J 8.3, ArH-5), 6.70 (1H, d, J
16.3, ArCH=CH), 6.36-6.28 (1H, m, CH,=CH), 6.27-6.18 (1H, m,
CH,=CH=CH), 5.73 (1H, dt, J 15.0, 6.2, CH=CH,NH), 5.20-5.16
(1H, m, CHH=CH), 5.07-5.05 (1H, m, CHH=CH), 4.41 (2H, s,
CH,CO), 4.04-4.02 (2H, m, CH,NH), 3.83 (3H, s, OMe), 2.66
(3H, s, Me), 2.64 (3H, s, Me), 1.01 (9H, s, CMe;), 0.17 (6H, s,
SiMe,); ¢ (100 MHz; CDCl;) 189.4 (C), 161.7 (C), 159.2 (C),
155.6 (C), 155.3 (C), 153.8 (C), 152.6 (C), 145.3 (C), 139.9 (CH),
137.3 (CH), 136.1 (CH), 134.4 (C), 132.8 (CH), 129.5 (C), 128.1
(), 122.1(CH), 119.0(CH), 117.4(CH,), 1 11.9(CH), 110.6 (CH),
55.4 (Me), 40.3 (CH,), 39.4 (CH,), 25.7 (Me), 18.4 (C), 12.4 (Me),
11.7 (Me), —4.6 (Me); m/z (ESI*) 600 (MNa*, 65%), 578 (MH*,
32%), 549 (100%).

Siphonazole 1

Protected siphonazole 19 (20.0 mg, 35.5 umol) was dissolved in
THF (1.5 mL) and cooled to 0 °C. Triethylamine trihydrofluoride
(6.30 mg, 39.0 umol) was added and stirring continued for 48 h.
The mixture was quenched with saturated aqueous ammonium
chloride (5 mL), diluted with ethyl acetate (10 mL) and the organic
phase washed with water (8§ mL) and brine (8 mL). After drying
with MgSO, and removal of the solvent under reduced pressure, a
yellow solid was obtained. Further purification by reversed phase
preparative HPLC (Varian Polaris, Cjg, 250 x 21.2 mm; eluent:
acetonitrile-water 65 : 35, flow rate 18 mL min™'; retention time
6.0 min) gave siphonazole 1 as a colourless solid (10.0 mg, 55%); mp
62-65 °C (lit.,*® mp not given); (Found: M*, 463.1763. C,sH,;N;O4
requires 463.1743); Vp. (CHCL)/cm™ 2958, 2928, 1731, 1658,
1593, 1461, 1374, 1281, 1130, 1046, 967; 6, (400 MHz; CDCl;)
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7.81 (1H, br, OH or NH), 7.55 (1H, br, NH or OH), 7.47 (1H,
d, J 16.4, ArCH=CH), 7.23 (1H, d, J 2.1, ArH-2), 7.15 (1H, dd,
J 8.3, 2.1, ArH-6), 7.01 (1H, d, J 8.3, ArH-5), 6.86 (1H, d, J
16.4, ArCH=CH), 6.42-6.33 (1H, m, CH,=CH), 6.23-6.20 (1H,
m, CH,=CH=CH), 5.81 (1H, dt, J 14.9, 5.9, CH=CH,NH), 5.20—
5.15(1H, m, CH,=CH), 5.04-5.02 (1H, m, CH,=CH), 4.44 (2H, s,
CH,CO), 4.02-4.00 (2H, m, CH,NH), 3.91 (3H, s, OMe), 2.65
(3H, s, Me), 2.60 (3H, s, Me); 8¢ (125 MHz; CDCL) 190.1 (C),
161.9 (C), 160.0 (C), 156.8 (C), 155.9 (C), 153.8 (C), 150.1 (C),
147.9 (C), 138.2 (CH), 137.6 (CH), 135.3 (C), 132.7 (CH), 131.9
(CH), 130.5 (C), 129.5 (C), 121.4 (CH), 117.0 (CH.), 113.9 (CH),
112.4 (CH), 111.5 (CH), 56.3 (Me), 40.7 (CH,), 40.0 (CH.), 12.2
(Me), 11.5 (Me); m/z (EI*) 463 (M, 100%).

(E)-Methyl 2-(3,4-dimethoxystyryl)-5-methyloxazole-
4-carboxylate 6b

A solution of the ketoamide 5b (100 mg, 0.31 mmol) and
triethylamine (125 pl, 1.24 mmol), in dry dichloromethane (2 mL)
was added dropwise over a period of 1 h to a solution of
triphenylphosphine (163 mg, 0.62 mmol) and iodine (157 mg,
0.62 mmol) in dry dichloromethane (4 mL) at room temperature.
After the addition was complete the reaction mixture was stirred
for a further 1 h at which point no starting material could be
observed. The mixture was quenched with water. The organic
layer was washed with water and brine, and dried (MgSO,). After
removal of the solvent under reduced pressure, the crude material
was purified by chromatography (eluting with ethyl acetate-light
petroleum 1 : 1 + 0.5% triethylamine) to give the title compound 6b
as a colourless solid (79.0 mg, 84%); R; = 0.45 (light petroleum—
ethyl acetate 1 : 2); mp 142-143 °C; (Found: C, 63.4; H, 5.6; N,
4.5. C,(H,;NO:s requires C, 63.4; H, 5.7; N, 4.6%); (Found: MH"*,
304.1175. C,¢HsNO;s requires 304.1179); v,... (CHCI;)/cm™ 2955,
1719, 1616, 1464, 1352, 1268, 1140, 1103, 1025; 64 (400 MHz;
CDCl;) 7.42 (1H, d, J 16.4, ArCH=CH), 7.03 (1H, dd, J 8.3, 1.9,
ArH-6), 6.99 (1H, d, J 1.9, ArH-2), 6.82 (1H, d, J 8.3, ArH-5),
6.71 (1H, d, J 16.4, ArCH=CH), 3.88 (3H, s, OMe), 3.87 (3H, s,
OMe), 3.86 (3H, s, OMe), 2.62 (3H, s, Me); 6. (100 MHz; CDCl;)
162.6 (C), 159.5 (C), 155.7 (C), 150.3 (C), 149.1 (C), 136.7 (CH),
128.2 (C), 128.1 (C), 121.1 (CH), 111.0 (CH), 110.9 (CH), 108.9
(CH), 55.8 (Me), 55.7 (Me), 51.8 (Me), 11.9 (Me); m/z (ESI*) 304
(MH", 100%).

2-((3,4-Dimethoxystyryl)-5-methyloxazol-4-yl)methanol 7b

Lithium aluminium hydride (12.1 mg, 0.32 mmol) was suspended
in THF (3 mL) and cooled to 0 °C. Ester 6b (100 mg, 0.33 mmol)
was dissolved in THF (3 mL) and added dropwise over a period
of 1 h at 0 °C. Water (12.1 uL), followed by aqueous sodium
hydroxide (2 M; 12.1 pL) and again water (24.2 uL) were added
and the mixture allowed to stir at room temperature for 1 h. After
filtering the mixture through a short pad of Celite the solvent was
removed in vacuo to give the title compound Tb (80.0 mg, 91%) that
could be used in the next step without any further purification; mp
136-138 °C; (Found: C, 65.3; H, 6.2; N, 5.0. C,sH,;NO, requires
C, 65.4; H, 6.2; N, 5.1%); (Found: MH* 276.1229. C;sH;;NO,
requires 276.1236); V.. (CHCL)/cm™ 3613, 2936, 1640, 1601,
1509, 1464, 1268, 1140, 1025; 6, (400 MHz; CDCl;) 7.32 (1H,
d, J 16.3, ArCH=CH), 7.06 (1H, dd, J 8.3, 1.8, ArH-6), 7.04

(1H, d, J 1.8, ArH-2), 6.86 (1H, d, J 8.3, ArH-5), 6.72 (1H, d, J
16.3, ArCH=CH), 4.54 (2H, d, J 6.0, CH,OH), 4.42 (1H, t, J 6.0,
CH,OH), 3.92 (3H, s, OMe), 3.90 (3H, s, OMe), 2.36 (3H, s, Me);
8¢ (100 MHz; CDCL,) 160.0 (C), 150.0 (C), 149.1 (C), 144.6 (C),
135.5 (CH), 135.3 (C), 128.5 (C), 121.0 (CH), 111.6 (CH), 111.1
(CH), 109.0 (CH), 55.9 (Me), 55.8 (Me), 55.6 (CH.), 10.2 (Me);
m/z (ESI*) 276 (MH?*, 100%).

2-(3,4-Dimethoxystyryl)-5-methyloxazole-4-carbaldehyde 8b

To a stirred solution of oxalyl chloride (0.65 g, 5.10 mmol) in
dichloromethane (30 mL) under nitrogen at —78 °C was added
dropwise DMSO (0.79 g, 0.79 mmol) with the evolution of gas.
After 15 min, alcohol 7b (1.16 g, 4.20 mmol) in dichloromethane
(10 ml) was added dropwise via cannula and the cloudy solution
stirred for 30 min. Triethylamine (1.66 g, 16.4 mmol) was then
added dropwise to give a light yellow suspension. The mixture
was stirred at =78 °C for 75 min, warmed to 0 °C and stirred
for a further 5 min. The reaction mixture was quenched at 0 °C
with saturated aqueous sodium hydrogen carbonate (30 mL) and
stirred until two clear layers could be seen. The aqueous layer
was extracted with dichloromethane (30 mL), the organic layers
combined, washed with water (30 mL) and brine (30 mL) and
dried with MgSO,. After evaporation to dryness, chromatography
(light petroleum—ethyl acetate 3 : 1) gave the title compound 8b as
a light yellow solid (0.95 g, 83%); R; = 0.61 (light petroleum—ethyl
acetate 3 : 1); mp 99-101 °C; (Found: MH*, 274.1087. C;sH (\NO,
requires 274.1074); Vpa (CHCL)/cm™ 3011, 1694, 1596, 1513,
1267, 1140, 1025; d4 (400 MHz; CDCI,) 9.96 (1H, s, CHO), 7.48
(1H, d, J 16.3, ArCH=CH), 7.09 (1H, dd, J 8.3, 1.8, ArH-6), 7.05
(1H, d, J 1.8, ArH-2), 6.88 (1H, d, J 8.3, ArH-5), 6.75 (1H, d,
J 16.3, ArCH=CH), 3.92 (3H, s, OMe), 3.91 (3H, s, OMe), 2.66
(3H, s, Me); 6. (100 MHz; CDCl;) 185.2 (CH), 160.4 (C), 155.9
(C), 150.5(C), 149.2 (C), 137.4 (CH), 135.9 (C), 128.0 (CH), 121 .4
(CH), 111.1 (CH), 110.7 (CH), 109.0 (CH), 55.9 (Me), 55.8 (Me),
11.7 (Me); m/z (EST*) 279 (100%), 274 (MH*, 66%).

Methyl 2-(2-(2-(3,4-dimethoxystyryl)-5-methyloxazol-4-yl)-2-
hydroxyethyl)-5-methyloxazole-4-carboxylate 17b

Zinc dust (144 mg, 2.20 mmol) was placed in a Schlenk tube under
an argon atmosphere and suspended in dry THF (2 mL), 1,2-
dibromoethane (19.0 pL, 0.22 mmol) was added and the mixture
heated up to 60 °C for 5 min. After cooling down to room
temperature, trimethylsilyl chloride (5.10 pL, 0.04 mmol) was
added and stirring continued for a further 15 min. At 0 °C aldehyde
8b (100 mg, 0.37 mmol) and boron trifluoride-etherate (93.0 uL,
0.73 mmol) were added. Iodo-oxazole 10 (204 mg, 0.73 mmol) in
THF (1 mL) was added dropwise over a period of 3 h. The zinc dust
was filtered off, the solvent removed under reduced pressure and
the residue purified by chromatography (eluent: ethyl acetate-light
petroleum 2 : 1 + 1% triethylamine) to give the title compound 17b
as a colourless solid (103 mg, 65%); R; = 0.31 (light petroleum—
ethyl acetate 1 : 5); mp 164-165 °C; (Found: MH*, 429.1645.
C,,H,sN,O; requires 429.1656); vy, (CHCIl;)/cm™ 3008, 1719,
1586, 1511, 1441, 1354, 1266, 1101; &, (400 MHz; CDCl;) 7.35
(1H, d, J 16.3, ArCH=CH), 7.07 (1H, dd, J 8.4, 1.9, ArH-6), 7.05
(1H, d, J 1.9, ArH-2), 6.87 (1H, d, J 8.4, ArH-5), 6.80 (1H, d, J
16.3, ArCH=CH), 5.19 (1H, dd, J 8.8, 4.6, CHOH), 3.92 (3H, s,
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OMe), 3.91 (3H, s, OMe), 3.90 (3H, s, OMe), 3.48 (1H, dd, J
15.7, 8.8, CHH), 3.18 (1H, dd, J 15.7, 4.6, CHH), 2.60 (3H, s,
Me), 2.36 (3H, s, Me); OH not observed; d. (100 MHz; CDCl;)
162.7 (C), 160.2 (C), 160.0 (C), 156.4 (C), 150.0 (C), 149.2 (C),
144.3 (C), 136.1 (C), 135.3 (CH), 128.5 (C), 127.2(C), 121.1 (CH),
111.8 (CH), 111.1 (CH), 108.8 (CH), 64.3 (CH), 55.9 (Me), 55.8
(Me), 51.9 (Me), 35.4 (CH.,), 11.9 (Me), 10.4 (Me); m/z (ESI*) 451
(MNa*, 100%); 429 (MH*, 33%).

Methyl 2-(2-(2-(3,4-dimethoxystyryl)-5-methyloxazol-4-yl)-2-
oxoethyl)-5-methyloxazole-4-carboxylate 18

Dess—Martin periodinane (174 mg, 0.41 mmol) was added to
a solution of alcohol 17b (160 mg, 0.37 mmol) dissolved in
dichloromethane (10 mL) at 0 °C and the mixture stirred at
room temperature for 20 min until the reaction was complete. The
mixture was diluted with ether (30 mL), aqueous saturated sodium
hydrogen carbonate (10 mL) and aqueous sodium metabisulfite
(10%; 10 mL) and stirred until two clear layers were formed. The
organic layer was washed with water (10 mL), brine (10 mL) and
dried (MgSO,). The solvent was removed under reduced pressure
and the residue purified by chromatography (eluting with ethyl
acetate-light petroleum 1 : 3 + 0.5% triethylamine) to give the
title compound 18 as a colourless solid (77 mg, 49%); R; = 0.73
(light petroleum—ethyl acetate 1 : 5); mp 138-140 °C; (Found:
C, 61.7; H, 5.1; N, 6.5. C,,H,,N,0, requires C, 62.0; H, 5.2; N,
6.6%); (Found: MH*, 427.1504. C,,H»;N,O; requires 427.1500);
Viax (CHCLy)/cm™ 3011, 1719, 1594, 1513, 1423, 1266, 1102; 6y
(400 MHz; CDCl;) 7.43 (1H, d, J 16.3, ArCH=CH), 7.09 (1H,
dd, J 8.3, 1.9, ArH-6), 7.06 (1H, d, J 1.9, ArH-2), 6.87 (1H, d, J
8.3, ArH-5), 6.74 (1H, d, J 16.3, ArCH=CH), 4.47 (2H, s, CH,),
3.92 (3H, s, OMe), 3.91 (3H, s, OMe), 3.88 (3H, s, OMe), 2.64
(3H, s, Me), 2.62 (3H, s, Me); 6. (100 MHz; CDCl;) 189.3 (C),
162.7 (C), 159.1 (C), 157.3 (C), 156.5 (C), 155.5 (C), 150.5 (O),
149.3 (C), 137.2 (CH), 134.4 (C), 128.1 (C), 127.7 (C), 121.5 (CH),
111.1 (CH), 110.8 (CH), 108.9 (CH), 56.0 (Me), 55.9 (Me), 51.9
(Me), 39.6 (CH,), 12.4 (Me), 12.0 (Me); m/z (ESI*) 449 (MNa*,
100%), 427 (MH*, 44%).

O-Methyl siphonazole 2

The ester 18 (40.0 mg, 93.0 umol) was dissolved in THF (4 mL) and
barium hydroxide (59.0 mg, 190 umol) in water (1 mL) added and
the mixture stirred for 16 h. The solvent was removed in vacuo,
the residue dissolved in ethyl acetate (20 mL) and hydrochloric
acid (1 M; 10 mL) and the layers separated. The aqueous layer
was extracted with ethyl acetate (15 mL), the combined organics
washed with brine (15 mL) and dried (MgSO,). After removal
of the solvent, the crude carboxylic acid (38.5 mg, 100%) was
obtained and used without further purification.

Crude carboxylic acid (24 mg, 58.0 umol) was dissolved in
dichloromethane (1.5 mL), diisopropylethylamine (38 mg, 290
umol) and PyBOP (36.4 mg, 70 umol) were added and the mixture
stirred at room temperature for 20 min, (E)-2,4-pentadienylamine
(5.80mg, 70 umol) added and stirring continued for 12 h. The mix-
ture was diluted with dichloromethane (15 mL) and subsequently
washed with hydrochloric acid (1 M; 8 mL), saturated aqueous
sodium hydrogen carbonate (8 mL) and brine (8§ mL). After
drying (MgS0O,) and evaporation of the solvent under reduced

pressure, purification by chromatography (eluent: ethyl acetate—
light petroleum 1 : 2) gave the title compound 2 as light yellow
solid (15 mg, 54%); R; = 0.76 (light petroleum—ethyl acetate 1 :
1); mp 107-108 °C (lit.,*® mp not given); (Found: M*, 477.1883.
C,sH,;, N3O, requires 477.1900); v,., (CHCIl;)/cm™ 3010, 2935,
1691, 1656, 1594, 1513, 1465, 1386, 1267, 1140, 1102, 1025; o4
(400 MHz; acetone-d,) 7.55 (1H, br t, J 5.6, NHCH,), 7.49 (1H,
d, J 16.4, ArCH=CH), 7.37 (1H, d, J 2.0, ArH-2), 7.21 (1H, dd,
J 8.3; 2.0, ArH-6), 7.00 (1H, d, J 8.3, ArH-5), 6.94 (1H, d, J
16.4, ArCH=CH), 6.43-6.30 (1H, m, CH,=CH), 6.26-6.20 (1H,
m, CH,=CH=CH), 5.81 (1H, dt, J 15.2, 5.9, CH=CH,NH), 5.19—
5.14 (1H, m, CH,=CH), 5.03-5.01 (1H, m, CH,=CH), 4.42 (2H, s,
CH,CO), 4.054.00 (2H, m, NHCH,), 3.91 (3H, s, OMe), 3.86
(3H, s, OMe), 2.64 (3H, s, Me), 2.60 (3H, s, Me); 6. (100 MHz;
acetone-ds) 190.0 (C), 161.9 (C), 160.0 (C), 156.7 (C), 155.9 (O),
153.7(C), 151.9 (C), 150.6 (C), 138.1 (CH), 137.6 (CH), 135.2 (C),
132.6 (CH), 131.9 (CH), 130.5 (C), 129.0 (C), 122.6 (CH), 116.9
(CH,), 112.4(CH,), 111.5(CH), 110.4 (CH), 56.1 (Me), 56.0 (Me),
40.6 (CH,),40.0 (CH,), 12.2 (Me), 11.5(Me); m/z (EI*) 478 (MH*,
17%), 426 (100%).
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2,5-Dideoxy-2,5-imino-D-glucitol (DGDP) has been synthesized via the tin(i1)-mediated anti-selective
aldol reaction of bislactim ether 5 and a 3-O-silylated 2,4-ethylidene-D-erythrose derivative 6. In
accordance with density functional theory calculations (at the B3LYP/cc-pVDZ-PP level), pericyclic
transition structures with a boat-like conformation and a stabilizing hydrogen bond can account for the

unexpected stereoselectivity.

Introduction

Given the potent and specific inhibitory activity toward carbo-
hydrate processing enzymes, polyhydroxylated piperidines and
pyrrolidines have emerged in recent years as highly promising
candidates for the development of new drugs against diabetes,
cancer metastasis and viral infections.! In particular, pyrrolidine
imino sugar 2,5-dideoxy-2,5-iminogalactitol (DGADP) and its
C-4 epimer, 2,5-dideoxy-2,5-imino-D-glucitol (DGDP), recently
isolated from Thai medicinal plants, are potent inhibitors of sev-
eral galactosidases and glucosidases.? In addition, N-adamantanyl
alkyl amide derivatives of DGDP have been found to act as
pharmacological chaperones for Gaucher disease,* while N-acetyl
analogues of DGDP 1 are hexosaminidase inhibitors, which may
offer new therapeutic options in the treatment of osteoarthritis.?

HO, OH HO, OH
\ 1
HO H OH AcNH R OH
DGADP DGDP 1(R=H, Me)

Consequently with the huge pharmacological potential of poly-
hydroxylated pyrrolidines,* significant efforts have been devoted
to their synthesis. To date, DGDP has mostly been synthesized
through stereoselective transformations of readily available carbo-
hydrate precursors.® Alternative approaches have relied on annula-
tion of a-amino acid derivatives,* chemoenzymatic processes,**
or asymmetric aminohydroxylations.® We have recently described
a general strategy for the synthesis of piperidine imino sugars, by
using an aldol reaction between metalated bislactim ethers and
threose or erythrose acetonides in the key-step.” In this paper,
we introduce an extension of this methodology to the synthesis
of pyrrolidine imino sugars. In adapting the synthetic plan we
recognized that amino esters 2 might be valuable intermediates
since the target pyrrolidines would originate by cyclization via
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T Electronic supplementary information (ESI) available: Experimental
procedures, characterization and NMR spectra of new compounds and
computational methods, Cartesian coordinates and absolute energies for
the models reported. See DOI: 10.1039/b810878a

nucleophilic substitution of an activated hydroxyl group, followed
by reduction of the carboxylic acid group (see Scheme 1).

OH ’ ;
<\ N-alkylation OR
PO 2
N ‘2 OH ActO o )YR o

Scheme 1

We envisaged preparing key intermediates 2 by stereocontrolled
aldol additions between four-carbon building blocks and a chiral
glycine equivalent. Alkylidene-tetroses like 4 were sought as appro-
priate precursors, delivering various configurations and being suit-
ably functionalized at positions 2 and 4. Although commonly used
in stereoselective synthesis,® to the best of our knowledgement,
2,4-alkylidene-threoses or erythroses had not been previously
employed as aldol acceptors.” In addition, aldol reactions of
metalated bislactim ethers 3 with matched a-alkoxyaldehydes have
been reported to proceed with high levels of syn,anti-selectivity,
which has been rationalized by invoking chair-like pericyclic
transition structures with a Felkin-Anh or a Cornforth-like'
conformation for the aldehyde moiety.”"! Thus, double asymmetric
induction of the 3,1-syn-1’,2"-anti configuration was expected
in the reaction of D-valine and D-erythrose derivatives 5 and 6
(see Scheme 2), which could enable selective access to a convenient
precursor of pyrrolidine imino sugar DGADP.

Results and discussion

To this end, n-BuLi was added to a solution of bislactim ether 5
in THF at —78 °C, and the corresponding lithium azaenolate was
allowed to react with CL,Sn for 1 h to produce the transmetalated
azaenolate SnCI*5". Upon addition of freshly distilled aldehyde
6,'? reaction took place within 4 h at —78 °C and, after quenching
and aqueous workup, a crude mixture containing adducts 7a : 8 in
a 12: 1 ratio™ was isolated in 80% combined yield. The separation
of the components of this mixture could be achieved by flash
chromatography to provide 7a with high purity (d.e. higher than
98%) and 74% yield. Surprisingly, the configuration of the major
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adduct 7a was determined as 3,1%-anti-1’,2’-syn instead of the
expected 3,1’-syn-1",2"-anti one. Evidence supporting the relative
configurations of the addition products was obtained from NMR
analysis™ and chemical correlation with DGDP (see Scheme 3).

o_ _O
7¢,R=H \|/
9 R=Bn Ji 10 11

Scheme 3  Reagents and conditions. i. NaH, BnBr, Bu,NI, THF (70%). ii.
0.25 M HCI : MeOH 1 : 3 (82%). iii. LiEt;BH, THF, 0 °C (90%). iv. (a)
0.25 M HCIl: THF 1: 1, H,, Pd/C; (b) 1 M HCI, A (96%).

To gain more insight into the origins of the unexpected anti,syn-
selectivity in the reaction between SnCl*5™ and 6, we have com-
puted the competing diastereomeric transition structures (TSs) for
the aldol process. Geometry optimizations were performed using
the B3LYP procedure with the cc-pVDZ basis set and a small-
core relativistic pseudopotential (PP) for Sn. Single-point energy
calculations were performed at the B3LYP/cc-pVTZ-PP level in
THEF solution using the PCM method (see ESIf for full details).'
In agreement with the experimental outcome, the most favorable
TS was located in the trans,anti,syn-diastereomeric pathway. This
TS, designated as tas-BN in Fig. 1, was characterized by a
boat-like conformation for the pericyclic ring and a non-Anh
conformation' for the erythrose moiety. In the trans,syn,anti-
diastereomeric pathway, the most stable TS was tsa-CM, which
showed chair-like and Cornforth-like conformations for the per-
icyclic ring and the erythrose moieties and was calculated to be
1.2 kcal mol™ higher in energy than tas-BN. Other competitive TSs
in the cis-pathways were also calculated to be higher in energy. It
should be noted that in zas-BN the distance between the oxygen
atom at the o-position of the erythrose moiety and one of the
methoxy hydrogens of the bislactim ether was reduced to 2.22 A,
which indicated a hydrogen bond interaction (represented as a

dotted line in Fig. 1). This interaction was not present in the
competing TSs and therefore could contribute to the unexpected
kinetic preference for the trans,anti,syn-pathway."’

tas-BN
(0.0)
FAVORED
Fig.1 Chem3D representations of the most favored TSs located in the gas
phase (at the B3LYP/cc-pVDZ-PP level) for the reaction between SnCI*5-
and 6. Relative energies in THF (at the B3SLYP(SCRF)/cc-pVTZ-PP level
using the PCM method) are shown in parenthesis in kcal mol™. Distances

are in angstroms. The hydrogen atoms are omitted for clarity except at
chiral and reaction centers.

The conversion of adduct 7a to the targeted imino sugar was
straightforward. After deprotection of the silyl ether, mesylation
of diol 7b (by treatment with MsCl, Et;N and a catalytic amount
of dimethylaminopyridine in CH,Cl, at 0 °C) was completely
regioselective for the equatorial hydroxyl group (see Scheme 2).'8
Protection of mesylate 7¢ was found necessary to achieve ac-
ceptable yields in the hydrolysis of the pyrazino moiety, as was
previously reported for other bislactim ethers with free hydroxyl
groups.” After benzylation, the selective cleavage of the bislactim
ether in the presence of the ethylidene acetal took place with
concomitant cyclization (see Scheme 3). In this manner, hydrolysis
of 9 in acidic media gave rise to glucuronate 10 in 82% yield
after removing the auxiliary D-valine by flash chromatography.
Reduction of the ester group of 10 with LiBEt;H proceeded
cleanly, as previously described for other pyrrolidine derivatives.*
Final deprotection of pyrrolidine 11, by catalytic hydrogenation
and hydrolysis of the acetal in hot HCI, followed by purification
of the crude mixture by ion-exchange chromatography (Dowex,
H* form) and reversed-phase chromatography, led to DGDP in
excellent yield.”

Conclusions

In summary, with the efficient preparation of DGDP we have
outlined the utility of tin(ir)-mediated aldol reactions between
bislactim ethers and 2,4-ethylidene-tetroses for the synthesis of
pyrrolidine imino sugars. Additional studies to extend this aldol-
based strategy to the synthesis of other biologically active 2,5-
iminohexitols are currently under progress and will be reported in
due course.
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with *J(3-H,6-H) close to 3.4 Hz, which is general of the 3,6-trans
configuration. Conversely, for 8 the absorption corresponding to 6-H
appears at 3.95 ppm, as a doublet of doublets with a *J(3-H,6-H) of
5.0 Hz, which is typical of a 3,6-cis relationship at the bislactim ether
ring. Thus, the configuration of 8 must be cis,syn,syn or cis,anti,anti.

15 This computational methodology has performed well in providing
predictions of diastereoselectivity in line with the experimental values
reported for tin(11)-mediated aldol additions of Schollkopf’s bislactim
ethers and tetrose acetonides (see reference 7).

16 The term “non-Anh” was coined by Heathcock to designate reactive
conformations having one of the ligands on a stereogenic c-carbon with
higher o* orbital energy anti to the incoming nucleophile. See: E. P.
Lodge and C. H. Heathcock, J. Am. Chem. Soc., 1987, 109, 3353-3361.

17 Boat-shaped transition structures with a stabilizing hydrogen bond also
account for the anti-selectivity of boron-mediated aldol reactions of B-
alkoxy methyl ketones, see: R. S. Paton and J. M. Goodman, J. Org.
Chem., 2008, 73, 1253-1263.

18 Regioselective mesylations of axial hydroxyl groups in diols derived
from 2,4-O-benzylidene-D-threose have been previously described, see:
(a) T. Toba, K. Murata, K. Nakanishi, B. Takahashi, N. Takemoto,
M. Akabane, T. Nakatsuka, S. Imajo, T. Yamamura, S. Mikaye and
H. Annoura, Bioorg. Med. Chem. Lett., 2007, 17, 2781-2784; (b) R. R.
Schmidt and T. Maier, Carbohydr. Res., 1988, 174, 169-179.

19 D. Diez, P. Garcia, 1. S. Marcos, N. M. Garrido, P. Basabe, H. B.
Broughton and J. G. Urones, Tetrahedron, 2005, 61, 699-707.

20 Optical rotation for 2,5-dideoxy-2,5-imino-D-glucitol: [o]Z + 24.2 (c
0.7 in H,0), (lit.,* [o]? + 25.1 (¢ 1.5 in H,0)). Spectral data obtained
for this material were also consistent with the literature values® (see
ESIY).
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The mechanism and stereoselectivity in an organocatalyzed triple cascade reaction between an
aldehyde, electron deficient olefin and an o.,B-unsaturated aldehyde are investigated for the first time
using density functional theory. The factors responsible for high levels of observed stereoselectivity
(Enders et al., Nature, 2006, 441, 861) towards the generation of cyclohexene carbaldehyde with four
contiguous stereocentres are unravelled. The triple cascade reaction, comprising a Michael, Michael
and aldol sequence as the key elementary reactions, is studied by identifying the corresponding
transition states for the stereoselective C—C bond-formation. In the first Michael addition step between
the enamine (derived from the chiral catalyst and propanal) and nitrostyrene, energetically the most
preferred mode of addition is found to be between the si-face of (E)-anti-enamine on the si-face of
nitrostyrene. The addition of the si-face of the nitroalkane anion on the re-face of the iminium ion
(formed between the enal and the catalyst) is the lowest energy pathway for the second Michael
addition step. The high level of asymmetric induction is rationalized with the help of relative activation
barriers associated with the competitive diastereomeric pathways. Interesting weak interactions, along
with the steric effects offered by the bulky o-substituent on the pyrrolidine ring, are identified as critical

to the stereoselectivity in this triple cascade reaction. The predicted stereoselectivities using computed
energetics are found to be in perfect harmony with the experimental stereoselectivities.

Introduction

Asymmetric multicomponent domino reactions have emerged as
a powerful strategy for the synthesis of complex molecules with
multiple stereocentres. The synthetic potential of domino reac-
tions has been utilized in efficient and stereoselective construction
of several targets, starting from relatively simple precursors.! Most
significantly, the creation of many stereocentres is possible by using
a single catalyst in one pot, without the isolation of intermediates
or changing the reaction conditions. These domino reactions
are reminiscent of biomimetic pathways, as they resemble the
biosynthesis of complex natural products from simple precursors
as building blocks.?

The recent overwhelming activities in organocatalysis® have set
the stage for a number of interesting organocatalytic cascade reac-
tions towards the construction of complex molecular structures.*
The organocatalytic cascade reactions are often accompanied by
high levels of stereocontrol achieved through chiral organocat-
alysts. The successful implementation of organocatalysts in cas-
cade reactions can generate functionalized polycyclic bioactive
molecules.® Among current organocatalysts, chiral secondary
amines are more frequently employed to activate substrate(s)
as enamine/iminium species, which in turn can participate in
a range of reactions with a multitude of electrophiles.® The
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T Electronic supplementary information (ESI) available: The optimized
geometries of all the transition states in the form of Cartesian coordinates,
Figures S1-S4 and Tables S1-S10. See DOI: 10.1039/b810901;

intermediates thus generated may not be stable enough and
amenable for isolation, but permit quick transformation into
more stable products through a subsequent reaction sequence.
The stereoselectivity of these reactions is controlled in the bond
formation step, either through hydrogen bond directed Bronsted
acid catalysis as in proline’ or a steric control approach as in
diphenyl prolinol ethers.® The combination of different activation
modes allows the design of innovative domino sequences to tackle
high level stereochemical complexity of desired targets. Therefore,
the organocatalytic reactions can ideally be exploited in designing
tandem processes.

In a very recent study, Enders and co-workers have demon-
strated an elegant asymmetric organocatalytic triple cascade reac-
tion involving a linear aldehyde (A), a nitroalkene (B) and an o, 3
unsaturated aldehyde (C) towards constructing a tetrasubstituted
cyclohexene carbaldehyde with a high degree of diastereoselec-
tivity and complete enantiocontrol.” The reaction, as shown in
Scheme 1, employed diphenylprolinol trimethylsilyl ether as the
catalyst. It is also of interest to note that recently, diphenyl siloxy
proline ethers have successfully been used as catalysts in a variety of
reactions,' including cascade reactions.!’ Enders’s triple cascade
reaction is an exquisite example that includes the advantages of
domino reactions as well as asymmetric organocatalysis. It should
be noted that a suitably designed cascade reaction of this kind
could open up convenient inroads into several polyfunctional
cyclohexene building blocks with high levels of stereocontrol.

The present cascade reaction involves two conjugate additions
followed by an intramolecular aldol cyclization. The first step is a
Michael addition between propanal and nitrostyrene. The catalyst
forms a chiral enamine with the aldehyde (A), which subsequently
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Scheme 1 Proposed catalytic cycle for the diphenylprolinol trimethylsilyl ether catalyzed triple cascade reaction for the generation of tetrasubstituted

cyclohexene carbaldehydes.

adds to the nitroolefin.'* A number of chiral pyrrolidines without
a proton donating group have been remarkably successful in
giving good yield and high enantioselectivity in such conjugate
additions.” Here, the higher reactivity of the nitroolefin with the
activated aldehyde can help supercede the possible iminium ion
formation between the catalyst and the available o,-unsaturated
aldehyde. After the first Michael addition, the catalyst liberated
on hydrolysis can form an iminium ion'* with the o.,-unsaturated
aldehyde (C) to accomplish the conjugate addition with the
nitroalkane formed in the first step.’® In the third step, the enamine
intermediate formed from the second step undergoes cyclization
through an intramolecular aldol reaction. The subsequent aldol
cyclization and hydrolysis release the tetrasubstituted cyclohexene
carbaldehyde. Enders et al. have further extended this domino
reaction for the synthesis of poly substituted bicyclic and tricyclic
carbon frameworks.¢

Albeit qualitative proposals on the plausible mechanism of this
organocatalytic cascade reaction are documented, clear insights
into how such precise stereocontrol arises are evidently not re-
ported. In this triple cascade reaction, four contiguous stereocen-
tres are generated with such high precision that only two epimers
are isolated out of 16 possible stereoisomers. Such remarkable
stereocontrol prompted us to probe the origins of observed high
stereoselectivity. As part of our ongoing efforts to understand
stereoselectivities in organocatalytic reactions,'” we have decided
to investigate the energetics as well as the controlling factors
contributing to stereoselectivity using computational methods.
The present study offers the first comprehensive report on the
stereoselectivity in organocatalytic cascade reactions. The insights
obtained through modeling of experimentally known examples
could later be utilized for rational design of new organocatalysts
suitable for domino reactions. Also, the insights could help
design cascade reactions towards specific target molecules with
considerable structural and stereochemical complexity.

Computational methods

A full DFT calculation on the present reaction, consisting of a
fairly large number of atoms, will evidently be costly. On the
other hand, semi-empirical approaches could be flawed by an
imperfect description of the transition states leading to poorer
energetic estimates. We have therefore used a combination of
density functional theory (B3LYP/6-31G*) and semi-empirical
MO methods (AM1) with a hybrid ONIOM?2 scheme denoted
as ONIOM2(B3LYP/6-31G(d):AM1) using the Gaussian03 suite
of quantum chemical programs.’®" In the ONIOM2(B3LYP/6-
31G(d):AM1) approach, the energy of the real system at the
high level can be estimated using an extrapolation scheme as, £
(ONIOM, real) = E (high,model) + E (low,real) — E (low,model).
This approach has been successful in explaining the mechanism as
well as stereoselectivity of organic reactions.?

The geometry optimizations of reactants, intermediates, tran-
sition states and products were carried out using the ONIOM?2
method described above. All of the transition states were charac-
terized as first order saddle points and the imaginary frequencies
were confirmed to represent the desired reaction coordinate.
Additionally, we have carried out 10% displacement of the
transition state geometry along the direction of the imaginary
vibrational frequency and subsequently reoptimized the perturbed
structure using the “calcfc” option available in the program.
This was to ensure whether the transition state is genuine and
connects reactants and product. The single-point energies were
subsequently calculated at the B3LYP/6-31G* level** using the
ONIOM2 optimized geometries. The DFT single-point energies
are used throughout the manuscript, unless otherwise specified.

According to the general recommendations given by Morokuma
et al. for a multi-layer hybrid calculation, a substituent value test
(S-value test) is performed. This is to examine how good the
partition scheme and the corresponding model chemistries are for
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the present system. The S-value is defined as S (level) = E (level,
real) — E (level, model). The S-value is determined on the basis of
the relative energies of TS-1f and TS-1a (vide infra). The AS (high)
and AS (low) are respectively found to be only 0.07 and 1.04 kcal
mol™. The error associated with the ONIOM extrapolation is
therefore (Eoniomreay = Enign rea) €Stimated as 0.97 kcal mol™,
which is well within the recommended error tolerance limit of
2 kcal mol™ .18

Results and discussion

The sterecoselectivity of the triple cascade reaction is studied
by focusing on the critical C—C bond-formation steps. First,
a fully optimized geometry of the catalyst obtained at the
B3LYP/6-31G* level is partitioned into two layers for subsequent
optimization using the ONIOM?2 method. The most crucial part
of the reacting system (inner layer) is described using the density
functional theory while the pyrrolidine o-substituent (diphenyl
(trimethyl)siloxymethyl group) is treated as the outer layer using
the semi-empirical AM1 method.?® The resulting dangling bond
between the model system and the remainder of the molecule
is saturated using a link atom. The geometric parameters of
the catalyst optimized separately using the B3LYP/6-31G* and
ONIOM?2 are found to be in good agreement with each other.?*
The lowest energy conformer of the catalyst with the same layering
scheme is chosen for further calculations of the cascade reaction
sequence using the ONIOM?2 approach.”

For the Michael addition step between propanal-enamine and
nitrostyrene,” multiple modes of approach are possible. We have
considered additions involving the sterically unhindered face of
the enamine intermediate on both the re and the si faces of
(E)-nitrostyrene.”” The enamine derived from propanal and the
catalyst can have four key conformers arising from the E/Z
configuration of the enamine double bond as well as the syn/anti
orientations. The syn and anti descriptors denote the orientation
of the enamine double bond with respect to the a-substituent on

the pyrrolidine ring. These notations would be used hereafter to
specify the enamine double bond orientations. In the addition
step, the transition states are expected to maintain a staggered
orientation of the substituents around the incipient C-C bond. The
re/si face of (E)-nitrostyrene and enamine may adopt six staggered
orientations around the developing C-C bond. Considering the
four key conformers of enamine, the first step of the cascade
cycle can have 24 transition states. The geometry optimization
of various enamine configurations and conformers reveals that
the Z isomer is in general higher in energy than the corresponding
E isomer in both syn and anti enamines. In particular, the (Z)-syn-
enamine is found to be 10.7 kcal mol™ higher in energy than the
(E)-anti-enamine at the B3LYP/6-31G* level of theory.”® Further
investigations therefore exclude (Z)-syn-enamine, leaving behind
18 key transition states leading to four possible diastereomeric
products. A representative set of these transition state possibilities
for the addition of (E)-anti-enamine to (E)-nitrostyrene (1a—1f) is
provided in Fig. 1.

Among the various stereochemically relevant possibilities, the
attack of the (E)-anti-enamine (using its si-face) on the si-face of
nitrostyrene (TS-1f) is identified as energetically the most preferred
transition state for the Michael addition. In fact, TS-1f is found
to be relatively more stable by 5.0 kcal mol™ than the nearest
lower energy transition state (TS-1a), which leads to the (2R,3R)
diastereomer. It can be noticed from the computed activation
barriers (Table 1) that the bulky substituent at the o-position
plays a steering role in promoting the Michael addition from
the anti-enamine. The activation barriers associated with the syn-
enamine additions are evidently higher than the corresponding
anti-enamines. Further, the presence of a bulky o-substituent
effectively shields the re-face of the (E)-anti-enamine from Michael
acceptors. The most interesting consequence of the above features
offered by the catalyst and the accompanying energetics is high
precision diastereoselectivity. The lowest energy transition state
TS-1f leads to (2R,3S) nitroalkane, which is in perfect accordance
with the experimental reports.** The predicted enantiomeric excess

-60° 180° +60°
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Fig. 1

Key conformers of the transition states for the first Michael addition of (E)-anti-enamine to the re/si face of nitrostyrene. These conformers are

grouped on the basis of the dihedral angle between the enamine double bond and the hydrogen of the nitrostyrene (as indicated) with dihedral angles of

—60°, +180° and +60°.
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Table 1 The computed activation barriers (AE*) at the B3LYP/6-31G*//ONIOM2(B3LYP/6-31G*:AM1) level for the addition of enamines to (E)-

nitrostyrene
i (o~
HaC Ph N OTMS
H + \/\ NO2 H bh
A B -
AE* in kcal mol ™«

Enamine Enamine-nitrostyrene prochiral faces Product configuration Transition state Absolute Relative
(E)-anti si—re (R,R) TS-1a 28.4 5.0

si—>re (RR) TS-1b 31.8 8.4

Si—> i (R,S) TS-1d 31.7 8.3

Si—>Si (RS) TS-1f 23.4 0.0
(Z)-anti re—re (S,R) TS-2a 28.2 7.0

re—si (S,S) TS-2f 29.1 7.9
(E)-syn re—re (S,R) TS-3a 29.6 6.5

re—re (S,R) TS-3¢ 333 10.2

re—>si (S,S) TS-3e 33.2 10.1

re—si (S,S) TS-3f 33.6 10.5

“ Absolute energy barriers are calculated with respect to the separated reactants and the relative energy barriers with respect to the energy of the lowest

energy TS.

of >99% is found to be the same as the experimental reports by
Hayashi et al. on the Michael addition between propanal enamine
and nitrostyrene.*

While attempting to locate other transition state conformers
for (E)-anti-enamine addition to the nitrostyrene, two important
gauche interactions appeared quite prominent. These include
the unfavorable interaction between (i) the phenyl ring on the

electrophile and the pyrrolidine ring, (ii) the nitro on the elec-
trophile and the methyl of the enamine moiety. In general, it is
noticed that such interactions tend to increase the energy of the
addition transition states. Further, repeated attempts to identify
1c and le (Fig. 2) resulted in rotation around the incipient C—
C bond during geometry optimization and it was found that they
reverted to the nearest lower energy transition states such as TS-1a

@ @ Carbon . @ Oxygen QNitrogen @ Silicon

7 TS-1a

Cq-Cs 2.04
Hg-Og 2.30
Hs-O7 2.70

Fig. 2 The ONIOM2(B3LYP/6-31G*:AM1) optimized lower energy diastereomeric transition state geometries for the addition of enamine derived
from the catalyst and propanal to (E)-nitrostyrene. Only selected hydrogens are shown for clarity. Distances are given in A.
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and TS-1f.3! Interestingly, TS-1a and TS-1f are devoid of gauche
interactions of the above kind. It is therefore evident that the
substituents and geometries of the enamine and nitrostyrene exert
a direct control on the stereochemical outcome of the reaction.

A number of stabilizing interactions are identified as responsible
for the differential stabilization between the transition states.
The developing nitroxide in TS-1f is found to be stabilized by
a network of weak hydrogen bonding interactions as shown in
Fig. 2. For instance, the distance between the methylene hydrogens
of the pyrrolidine ring and the oxygens of the nitro group are
between 2.5 and 2.6 A. The optimized geometries of other
diastereomeric transition states evidently reveal that the above-
mentioned stabilizing interaction is not as effective as in TS-1f.
Another noticeable stabilizing interaction in TS-1f is between the
-NO, group and the aryl hydrogens of the a-substituent on the
pyrrolidine ring. Such additional stabilizations in TS-1f are nearly
absent in any other lower energy diastereomeric transition states.
It is further noticed that the C-y heads the envelope conformation
of the pyrrolidine ring in TS-1f, whereas it is C-f in TS-1a.
Hence in TS-1f, the C-y hydrogen offers additional stabilization
to the nitro group of the electrophile (as evident from the C-
H--- O distance of 2.5 A). We have identified a bond path and the
corresponding bond critical point (bcp) using the AIM theory
for these interactions.’> TS-1a on the other hand, lacks such
additional weak interactions, except that due to the o-methylene
of the pyrrolidine ring. Additionally, an electrostatic stabilization
between the partially negative pyrrolidine nitrogen (developing
iminium moiety in the TS) with the partially positive nitrogen
of the electrophile is likely.* The N®* ... N® distance in TS-1f is
found to be shorter (2.9 A) than that in TS-1a (3.9 A). In addition
to the steric effects, hydrogen bonds, as described above, evidently
contribute towards differentiating the diastereofacial approaches.
All these factors contribute to the improved relative stabilization
of TS-1f. On the basis of the analysis of intramolecular stabilizing
interactions, as well as the computed activation barriers, it is now
logical to state that the first step of this cascade reaction through
TS-1f would lead to a high degree of stereocontrol.

More direct evidence in support of better kinetic preference of
enamine towards nitrostyrene as opposed to enal (C) is gathered
by separately evaluating the activation barriers for the addition.
We have located transition states for the addition of enamine
to o,B-unsaturated aldehyde. The calculated barriers are found
to be higher by 7 kcal mol” than the lowest energy TS for
the addition of enamine to nitrostyrene.** If the first Michael
addition occurs between enamine and enal, the products are
going to be significantly different as compared to what has
been reported experimentally.®® Tt can also be noticed that the
Michael adduct formed between nitrostyrene and enamine is
detected experimentally.®'® The computed activation barriers
reveal that the lowest energy pathway should involve the addition
of enamine to nitrostyrene as the first step. Although the reaction
between enamine and enal cannot be completely ruled out, the
experimental observation along with the computed data, clearly
justify the reaction sequence as beginning with the addition of
enamine to nitrostyrene in this triple cascade reaction.

The generation of the third and fourth stereocentres takes place
in the next step by the addition of the anion generated from the ni-
troalkane to the pre-activated enal (C).* The energetically more fa-
vored geometrical isomer of the iminium ion formed between enal

(C) and the catalyst is found to have E,s-trans, E stereochemistry.’’
This stereoisomer is chosen for further calculations. The formation
of iminium ion renders more electrophilic character to the [-
carbon of the o, B-unsaturated enal, thereby facilitating the second
Michael addition with the nitroalkane anion generated in the
preceding step.*® The o-substituent on the pyrrolidine now comes
into play in effectively differentiating the enantiotopic faces of
the iminium ion to the approaching nucleophile. Since the re
face is effectively shielded, the nucleophilic attack takes place
on the si face of the iminium ion. The transition states for the
Michael addition of nitroalkane anion to (E,s-trans,E)-iminium
are identified wherein the configuration of nitroalkane is retained
as (2R,3S), which is the major stereoisomer from the preceding
step (Fig. 2). It is to be reckoned that the last step involves
an intramolecular aldol cyclization (Scheme 1). The geometric
requirement that the enamine and the electrophile (the CHO
group) should be in reasonable proximity leads to only a limited
number of conformers for the corresponding transition states. The
nitroalkane anion can add to the Michael acceptor (iminium ion)
using either the re face or si face as shown in Fig. 3. Hence the
second Michael addition will result in the formation of products
with an epimeric carbon.

The calculated absolute and relative activation barriers, re-
spectively, with respect to the pre-reacting complex (between the
reactants) and the lowest energy TS are tabulated in Table 2.
Among the various possible modes of addition, the transition
state TS-4b involving si-facial attack by the nitroalkane anion
on the re face of the iminium is found to be the most favored
mode. The optimized geometry conveys that the nitro and phenyl
groups respectively on nucleophile and electrophile tend to remain
antiperiplanar in the lower energy transition states. In other
conformations, such as in 4a and 4c, the relative positions between
the nitro and the phenyl groups are found to be gauche. These
conformers are evidently higher in energy than TS-4b.** Three
key transition states are considered for the addition of the re-face
of the nitroalkane anion to the re-face of the iminium ion. The
optimized geometry of TS-4e is found to prefer a conformation
where the iminium double bond eclipses the -NO, group.* Only
two unique transition states could be identified. Interestingly,
during the course of transition state geometry optimization, the
initial guess geometry of TS-4f converges to a structure identical
to that of TS-4d.*' The optimized structures of the lowest energy
transition states leading to the formation of epimeric products are
provided in Fig. 4.

Analysis of the geometries of lower energy transition states
revealed several interesting facts. In both diastereomeric transition
states (TS-4b, TS-4d), a preference for a staggered arrangement
of the substituents around the incipient C-C bond is evident
from the C,,—C,—-C,-H,, dihedral angle. The hydrogen bonding
between the o-hydrogens on the pyrrolidine ring (H;) and the
-NO, group is found to be nearly the same in these transition
states (Fig. 4). But a noticeable stabilizing interaction between
the carbonyl oxygen and one of the methylene hydrogens of the
pyrrolidine ring (O,-Hg) is observed in TS-4b. The C=O---H
distance is found to be 2.49 A, implying a reasonably good
hydrogen bonding stabilization. This interaction is totally absent
in TS-4d, as the orientation of the carbonyl group is away
from the pyrrolidine ring. Another interesting hydrogen bonding
interaction is identified between the nitro group and the aryl
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Table 2 The computed activation barriers (AE?) at the B3LYP/6-31G*//ONIOM2(B3LYP/6-31G*:AM1) level for the addition of a nitroalkane anion
to the iminium derived from the enal (C)

AE* in kcal mol™

Transition state Prochiral face of nitroalkane anion Absolute * Relative
TS-4b si 5.4 0.0
TS-4¢ si 7.8 4.2
TS-4f — TS-4d re 11.7 2.2
TS-4e re 2.8 2.5

“ Here the absolute barrier refers to the energy difference between the respective pre-reacting complexes and corresponding transition states.
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Fig. 3 Key conformers of the transition states for the second Michael addition step. These conformers are grouped on the basis of the dihedral angle
between the iminium double bond and the hydrogen of the nitroalkane (as indicated) with dihedral angles of —60°, +180° and +60°.

Cy-C22.30
Osz-Hy 2.69
O3-Hg 2.56
Oy-Hg 2.87
Qg4Hs 2.91

e Carbon . @ Oxygen . Nitrogen @ Silicon

Fig. 4 The ONIOM2(B3LYP/6-31G*:AM1) optimized geometries of lower energy transition states for the second Michael addition step between the
nitroalkane anion and the iminium ion (formed between pyrrolidine and o, -unsaturated aldehyde). Only selected hydrogens are shown for clarity. Angles
are given in degrees and distances in A.
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hydrogens of the pyrrolidine o-substituent as shown in Fig. 4.3
This highlights the importance of weak stabilizing interactions
offered by the o-substituent in contributing toward the extra
stabilization of TS-4b and TS-4d, a feature that is lacking in all
other transition state possibilities (TS-4c, TS-4e). Interestingly, the
lower energy transition states in both Michael addition steps (TS-
1f, 1a and TS-4b, 4d) in this cascade reaction exhibited the above
stabilizing interaction. The cumulative effect of such interactions
results in an energy difference of 2.2 kcal mol™ between TS-4b and
the diastereomeric TS-4d, which corresponds to a diastereomeric
excess of 95% in favor of the (2R,3S5,4S,5S)-2-methyl-4-nitro-3,5-
diphenyl enamine intermediate. This prediction is in accordance
with the experimental results obtained for diphenyl prolinol silyl
ether catalyzed reactions between o,B-unsaturated aldehyde and
v-nitroketone.'® However, quantitative agreement with the experi-
mental observation (diastereomeric excess) could vary depending
on the choice of theory and basis sets.**

The enamine thus formed should participate in an intramolec-
ular aldol cyclization. A schematic representation indicating the

2 x$
O,N & H 3
Ph
H Ph Ph H
2
Sa Sb

key conformational possibilities is given in Fig. 5. The geometric
requirement that the enamine and the electrophile stay in rea-
sonable proximity for the aldol reaction to take place severely
restricts the number of reactive conformers for the ensuing C-C
bond-forming step. The enamine intermediate generated in the
preceding Michael addition step through pathways 4a, 4b, and 4c
(Fig. 3) can in principle undergo ring closure either through 5a
or 5d. Further, 5b and Sc correspond to possible transition states
for the intramolecular aldol cyclization of the enamine precursors
generated from 4d and 4f.

The optimized geometries of lower energy transition states
for the intramolecular cyclization of the enamine intermediate
are provided in Fig. 6. The lowest energy transition state (TS-
5a)* is found to be 9.1 kcal mol™ more stable than the other
possibilities, such as TS-5¢. Both these TSs are found to maintain
a chair conformation where the nitro group and the phenyl ring
occupy the axial positions. An additional methyl group at the axial
position contributes to the higher energy of TS-5¢.* Among the
weak interactions stabilizing the developing alkoxide, the hydrogen

Se¢ Sd

Fig. 5 Key conformers of the transition states for the intramolecular cyclization of the enamine with favorable geometric disposition between the

aldehyde and enamine.

C1-C>1.83
Hs-042.26
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C-Cy 1.68
Hg-04 2.60
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AE=119
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Hg-0,2.92
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Fig. 6 The ONIOM2(B3LYP/6-31G*:AMI1) optimized geometries for the lower energy transition states of intramolecular aldol cyclization.
Only selected hydrogens are shown for clarity. Distances are given in A. Relative energies (AE! in kcal) are obtained at the B3LYP/6-31G*/

ONIOM2(B3LYP/6-31G*:AM1) level of theory.
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bonding between the Co methylene hydrogen (adjacent to the
pyrrolidine N) is more prominent in TS-5a with a distance of
2.26 A than that in TS-5¢, which has a distance of interaction of
2.92 A.22 An additional weak C—H(aryl) - - - O interaction in TS-5a
arises due to the orientation of the nitro group towards the phenyl
ring of the pyrrolidine substituent. On the basis of the computed
energies, it is clear that the intramolecular aldol reaction through
TS-5a would lead to ring closure. The cascade reaction eventually
generates (35,4S,5R,6R)-3-methyl-5-nitro-4,6-diphenyl cyclohex-
1-ene carbaldehyde with four contiguous stereocentres with a
high degree of stereoselectivity. This feature is evidently achieved
by using a diphenyl prolinol silyl ether catalyst for promoting
asymmetric Michael reactions in the cascade sequence.

Conclusions

Mechanistic features of an interesting triple cascade Michael-
Michael-Aldol reaction towards the generation of a cyclohexene
carbaldehyde have been established using density functional
theory calculations. We have been able to shed light on the con-
trolling factors responsible for the high stereoselectivity observed
experimentally. This has been achieved by precisely identifying
all the stereochemically relevant transition states for three most
important C—C bond-forming reactions in the cascade reaction
sequence. The reaction pathways for the first two asymmetric
Michael additions proceed through enamine as well as iminium
activation modes, respectively, for aldehyde and o.,B-unsaturated
enal. The examination of various stereochemically important
modes of additions between enamine and nitrostyrene conveyed
that the si-face of enamine (derived from the catalyst and propanal)
adding to the si-face of nitrostyrene possesses the lowest activation
energy. In the case of the second Michael addition step, the
addition of the si-face of the nitroalkane anion to the re-face
of the iminium ion (derived from enal and the catalyst) was
found to be the lowest energy transition state. The predicted
stereoselectivities are found to be in perfect concurrence with
the experimental observation as reported by Enders and co-
workers. The present results support the steric control approach,
wherein efficient shielding of one face of the iminium/enamine
intermediates is crucial to high levels of asymmetric induction. We
anticipate that these insights into how stereoselectivity is achieved
in a triple cascade reaction could be useful in designing novel one
pot sequences towards highly complex target molecules.
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Oligodeoxynucleotides containing the double-headed nucleoside 5'(S)-C-(2-(thymin-1-
ylethyl)thymidine were prepared by standard solid phase synthesis. The synthetic building block for
incorporating the double-headed moiety was prepared from thymidine, which was stereoselectively
converted to a protected 5°(S)-C-hydroxyethyl derivative and used to alkylate the additional thymine by
a Mitsunobu reaction. The oligodeoxynucleotides were studied in different nucleic acid secondary
structures: duplexes, bulged duplexes, three-way junctions and artificial DNA zipper motifs. The
thermal stability of these complexes was studied, demonstrating an almost uniform thermal penalty of
incorporating one double-headed nucleoside moiety into a duplex or a bulged duplex, comparable to
the effects of the previously reported double-headed nucleoside 5(.S)-C-(thymin-1-yl)methylthymidine.
The additional base showed only very small effects when incorporated into DNA or RNA three-way
junctions. The various DNA zipper arrangements indicated that extending the linker from methylene to
ethylene almost completely removed the selective minor groove base—base stacking interactions
observed for the methylene linker in a (—3)-zipper, whereas interactions, although somewhat smaller,

were observed for the ethylene linker in a (—4)-zipper motif.

Introduction

Chemically modified oligonucleotides can serve in nucleic acid
nanotechnology,"? oligonucleotide-based diagnostics® and as anti-
sense drugs.* Altered or improved selective nucleic acid recognition
is a key aim, as is varying the properties of DNA as a skeleton
for nanoscale engineering. The idea of using double-headed 2’-
deoxynucleosides, in which additional nucleobases have been
attached to 2’-deoxynucleotides, for these purposes has recently
been introduced by us and others.>® The additional nucleobase
constitutes a potential recognition site on the outside of a duplex
or another nucleic acid secondary structure. The nucleobase can
participate in specific hydrogen bonding as well as stacking and
hereby pave the way for a second coding function, for interstrand
communication and for thermal stabilisation of a secondary
structure.

As our first example of a double-headed nucleoside, we intro-
duced 1 (see Fig. 1) containing an additional nucleobase in the 2’-
position.® The hybridisation properties of oligodeoxynucleotides
(ODNs) containing this building block showed a slight thermal
destabilisation of both DNA : RNA and DNA : DNA duplexes as
compared with unmodified duplexes. By using the same ODNs and
targets containing a hairpin structure, 1 was also incorporated in
the branching point of a three-way junction, and this arrangement
demonstrated a stabilising effect of the additional nucleobase as
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Fig.1 Double-headed nucleosides. T = thymin-1-yl, U =uracil-1-yl, A =
adenin-9-yl.

judged from an increase in melting temperature (7',) of +4.2 °C
in a DNA context and +2.5 °C with an RNA complement.®

Herdewijn and co-workers introduced 2 as another example
of a double-headed nucleoside with either thymine or adenine as
the additional nucleobase pointing into the minor groove when
incorporated into duplexes.” With the purpose of finding base—
base interactions, preferably a classic A-T base-pairing in the
minor grove, the most significant results were found when using
solely the adenine moiety, and these interactions were rather weak
and indicated to be a result of stacking and not of Watson—Crick
type base-paring.’

Another recent example from our laboratory was the double-
headed nucleoside 3, where the additional thymine has been
attached to the 5-position via a methylene linker.* By using
the 5°(S)-configuration, the substituent points towards the minor
groove in a B-type duplex. By incorporating 3 into ODNS, the
effect of the additional base was studied in different secondary
nucleic acid structures. In standard duplexes the modification
caused a constant drop in T, of 4-6 °C in a DNA : DNA and
3.3 °Cin a DNA : RNA duplex. However, interesting base—base

This journal is © The Royal Society of Chemistry 2008
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interactions in the minor groove were detected in an artificial
DNA zipper arrangement of 3. Hence, hybridisation studies and
molecular modelling demonstrated a specific stacking interaction
between the additional nucleobases when arranged in the (-3)-
zipper arrangement, that is positioned on each complementary
strand in the duplex with two interspacing base-pairs. Thus, the
destabilisation of the duplex, which in all other cases was additive
with two or more modifications, was counteracted by 6-7 °C with
the (-3)-zipper arrangement.?

On the other hand, hybridisation studies of ODNs with 3
incorporated in the branching point of a three-way junction in the
same way as for 1 did not show any thermal stabilisation in either
a DNA : DNA or a DNA : RNA context. Molecular modelling of
a DNA three-way junction with a CC bulge adjacent to the strand
exchange site indicated that the additional base is positioned near
the region of the bulge pyrimidines but with no specific contact.?
Although the thermal studies of this type of structure did not
indicate a clear interaction, i.e. neither a significant destabilisation
or stabilisation, it is known that this type of structure exhibits
folding isomerism with regard to the site of bulging out, i.e.
between the junction and either the 3 end or the 5" end.” Tt is
therefore entirely possible that the modelling structure and the
experimental system display different isomeric conformations. To
investigate this end further, we reasoned that a longer linker such as
homologue 4 (Fig. 1) would increase the possibility of interaction
between the extra base and the bulge.

Also the influence of linker length on the base—base interactions
observed in a DNA zipper should be investigated. Hence, a
modelling study of 4 similar to the homologue 3* with a (-3)-
zipper arrangement in a B-DNA duplex suggested that the extra
nucleobases stack in the minor groove (Fig. 2). However, whereas
the shorter methylene linker places the two additional thymine
bases in an arrangement almost co-planar to the bases in the core
strands (Fig. 2a),® the longer ethylene linker cannot accommodate
such a conformation and places the extra nucleobases in a
perpendicular arrangement (Fig. 2b).

-&’_

~

=X (

Fig. 2 Average structures from MD-simulation at 298 K. (a) Duplex
with 3 incorporated in each strand in a (=3)-zipper arrangement.® (b) The
corresponding duplex with 4.

Herein we report the synthesis and evaluation of 4 as a
homologue of 3 with the linker one carbon extended, in order

to investigate the effect of the longer linker on DNA secondary
structures including modified DNA zippers.

Results and discussion
Chemical synthesis

The double-headed nucleoside 4 was synthetically approached
by a linear strategy with thymidine as the starting material.
The first attempted strategy was designed using a Michael-type
addition as the key step for introducing the additional thymine
(Scheme 1). Previously, several acyclic nucleosides have been
synthesised using a Michael-type strategy.!’* Using a known
method, the 3’-protected derivative 5 was converted to the 5'-
C-vinylthymidine derivative 6 as an epimeric mixture by oxida-
tion, Grignard reaction affording the 5’-C-ethynyl derivative and
Lindlar hydrogenation.” The Michael substrate 7 was obtained
by oxidation of the secondary alcohol in 6 using Dess—Martin
periodinane. The Michael-type addition was attempted with either
thymine or 3-N-benzoylthymine using numerous different condi-
tions including heating in DMSO with or without the addition
of different bases or treatment in ionic liquid." Unfortunately,
no double-headed nucleoside was isolated, probably due to the
reversibility of the Michael-type reaction.

0 [¢]
NH NH
OH \fk o} \fk
N/ko S N/ko
(0] (0]
R b /
OTBS OTBS
(¢]
5R=H 7
aL_'SR=CH=CH2 o o \f‘\j‘:
L "
HN N 0
OTBS
Scheme 1 Reagents and conditions: a, ref. 14: (i) DMP, DCM, 76%,

(i) HCCMgBr, THF, 70%, (iii) Lindlar cat., H,, quinoline, EtOAc, 92%;
b, DMP, DCM, 76%; TBS = tert-butyldimethylsilyl.

The synthetic strategy was then changed, and the introduction
of the additional thymine was approached via a Mitsunobu
reaction as applied in the preparation of 1. Firstly, attempts were
made to transform compound 6 to the 1,3-dihydroxyl derivative by
hydroboration of the double bond, but only with limited success.
Therefore, we decided to approach the target by introducing a 5’-
C-allyl group, which could be subjected to an oxidative cleavage
(Scheme 2). We have previously reported’® that the 5-C-allylation
can be performed with complete stereoselectivity by the use of the
TBDPS protecting group instead of the TBS group.'® Hence, the
5’-hydroxy group of the thymidine derivative 8 was oxidised and
the allyl linker was introduced via a Lewis acid catalyzed reaction
to give exclusively the 5'(S)-configured product 9." The secondary
alcohol of compound 9 was protected with the pixyl group to
give 10 in 96% yield. The pixyl group has proven superior to the
more traditional DMT (4,4’-dimethoxytrityl) group for protection
of the secondary 5’-hydroxy groups and equally efficient in the
subsequent automatic DNA-synthesis.*'>!” The double bond was
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OTBDPS OTBDPS
8 R=H 10
9 R= CH,CH=CH,
0 (0]

OTBDPS

11 . I__, 12 R=H
13 R=P(N(iPr),)O(CH,),CN

Scheme 2 Reagents and conditions: a, ref. 15: (i) DMP, DCM, 81%,
(ii) allyltrimethylsilane, BF;-OEt,, DCM, 75%; b, pixylchloride, pyridine,
96%; ¢, (i) OsO,, NalO, THF, (ii) NaBH,, THF, H,O, 53% over 2
steps; d, (i) T®, PPh;, DEAD, (ii) TBAF, THF, (iii) NH;(aq), CH;OH,
80% over 3 steps; e, NC(CH,),OP(N(iPr),),, diisopropylammonium
tetrazolide, DMF, CH,;CN, 45%; TBDPS = tert-butyldiphenylsilyl, pixyl =
9-phenylxanthen-9-yl.

cleaved to give the primary alcohol 11 in 53% yield via a stan-
dard procedure consisting of dihydroxylation by OsO,, oxidative
cleavage by NalO, and reduction using NaBH,. Introduction of
the additional nucleobase was accomplished using the Mitsunobu
reaction with 3-N-benzoylthymine as the nucleophile, giving the
desired double-headed nucleoside. Subsequent treatment with
TBAF deprotected the 3’-hydroxy group, and cleavage of the
benzoyl group was obtained by treatment with 25% aqueous
ammonia and methanol. Compound 12 was obtained in 80%
yield over the 3 steps and subsequently converted to the desired
phosphoramidite 13 using a standard protocol.

Preparation and evaluation of oligodeoxynucleotides

The double-headed nucleoside phosphoramidite 13 was incor-
porated into DNA sequences using standard automated solid

phase DNA-synthesis with 1H-tetrazole as the activator and a
prolonged coupling time for 13 of 20 minutes. The coupling yield
for 13 was >90% and standard acidic treatment after the coupling
also removed the pixyl group. The constitution and purity of
the ODNs were verified by MALDI-MS and ion exchange/RP-
HPLC, respectively. The ODN sequences applied in this study
(ON1-ON9) are shown in Table 1 and 2. The hybridisation
properties of the ODNs with different complementary DNA and
RNA sequences were evaluated by thermal stability experiments,
and the results from these experiments are further depicted in
Tables 1 and 2.

Firstly, the modified sequence ON3, containing one central
double-headed nucleoside 4, was studied and compared with
the unmodified sequences ON1 and ON2. The effect of the
modification was evaluated in duplexes, bulged duplexes and
three-way junctions formed with complementary DNA and RNA
(Table 1). The duplexes formed between ON3 and complementary
DNA and RNA were destabilised in both cases with AT, of
—5°C and -2.5 °C, respectively, compared with unmodified ON1.
This indicates that incorporation of the additional nucleobase
in the minor groove is not favourable, but on the other hand is
reasonably well accepted in the duplex. This result is similar to the
previously reported results with the shorter linker in the double-
headed nucleoside 3.

Subsequently, the hybridisation properties of ON3 with com-
plementary bulged DNA and RNA were studied. The penalty
for the incorporation of 4 is seen in all the formed duplexes as a
dropin T, of around 4 °C, indicating that the bulges are willing to
accommodate the additional thymine in the same way as duplexes.
On the other hand, no positive influence is indicated by the
additional base in the bulged duplexes. It is clear when comparing
the T, values of ON2 against the complementary strand forming a
regular duplex and ON3 with the same complement forming an A-
bulge that the large drop in 7', of 12.5 °C strongly indicates that the
double-headed nucleoside does not behave as a TT-dinucleotide.
This also indicates that the additional nucleobase is not likely
intercalated in the duplex core. Similar destabilisation is seen in
duplexes with GA bulges opposing the double-headed nucleoside.

For the three-way junction studies (Table 1), two different
sequences containing a hairpin-loop were used. Thus, the DNA
complement contains an additional CC-bulge as compared with

Table 1 Hybridisation data for duplexes, bulged duplexes and three-way junctions*

5-GCT CAC XCT CCC A

X=T X=TT X=4
(ON1) (ON2) (ON3) AT, 1® AT, 2¢

DNA 3- d(CGA GTG AGA GGG T) 51.0 — 46.0 -5.0 —
RNA 3-1(CGA GUG AGA GGG U) 58.5 — 56.0 -25 —
DNA, A-bulge 3- d(CGA GTG AAG AGG GT) 43.0 52.0 39.0 -4.0 -13.0
RNA, A-bulge 3-1(CGA GUG AAG AGG GU) 495 58.5 46.0 -3.5 -12.5
DNA, GA-bulge 3- d(CGA GTG AGA GAG GGT) 425 42.0 38.0 -45 -4.0
RNA, GA-bulge 3-1(CGA GUG AGA GAG GGU) 49.5 48.0 46.0 -3.5 2.0
DNA hairpin 3- d(CGA GTG ACC CGC GTT TTC GCG AGA GGG T) 235 25.0 22.5 -1.0 25
RNA hairpin 3-1(CGA GUG ACG CGU UUU CGC GAG AGG GU) 36.0 36.5 35.0 -1.0 -15

“ Melting temperatures (7', values/°C) obtained from the maxima of the first derivatives of the melting curves (4.4 vs. temperature) recorded in a medium
salt buffer (Na,HPO, (7.5 mM), NaCl (100 mM), EDTA (0.1 mM), pH 7.0) using 1.0 uM concentrations of each strand. * AT,1 = T, (ON3) — T,

(ON1),¢AT,2 = T,, (ON3) - T,, (ON2).
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Table 2 Hybridisation data for the DNA zipper motifs*

Duplex sequence T AT, AT,3 Duplex sequence T AT, AAT,, AT,3 AAT,3
5-CGC ATATTCGC 455 ON7 5-CGC ATATXC GC  36.0 -9.5 +1.2 -9.8 0.0
3’-GCG TAT AAG CG ON4 3-GCG XAT AAG CG
5-CGC ATA TTC GC 39.0 -6.5 -54 ONS8 5-CGC ATAXTCGC 375 -8.0 +2.7 -3.8 +6.5
ON4 3’-GCG XAT AAG CG ON4 3’-GCG XAT AAG CG
5-CGCATATTCGC  40.0 -5.5 -4.7 ON7 5-CGC ATATXCGC 358 -9.7 0.0 -10.0 -0.9
ON5 3-GCG TAX AAG CG ON5 3-GCG TAX AAG CG
5-CGC ATATTC GC 335 -12.0 -10.9 ONS8 5-CGC ATAXTCGC 355 -10.0 -0.3 -104 0.8
ON6 3-GCG XAX AAG CG ON5 3-GCG TAX AAG CG
ON9 5-CGC AXAXTCGC 31.0 -14.5 +1.0 -104 +7.0
ON4 3-GCG XAT AAG CG
ON7 5-CGC ATATXCGC 413 —4.2 -4.4 ON9 5-CGC AXAXTCGC 313 -142 +0.3 -18.2 -1.5
3-GCG TAT AAG CG ON5 3-GCG TAX AAG CG
ONS8 5-CGC ATAXTCGC 413 —4.2 -4.9 ON7 5-CGC ATATXCGC 31.0 -14.5 +1.7 -17.0 -1.7
3-GCG TAT AAG CG ON6 3-GCG XAX AAG CG
ON9 5-CGC AXAXTC GC 36.5 -9.0 -12.0 ON8 5-CGC ATAXTCGC 298 -15.7 +0.5 -9.0 +6.8
3’-GCG TAT AAG CG ON6 3-GCG XAX AAG CG
ON9 5-CGC AXAXTCGC 245 =210 0.0 -16.8 +6.1
ON6 3-GCG XAX AAG CG

“ Melting temperatures (7', values/°C) obtained from the maxima of the first derivatives of the meltng curves (A4, vs. temperature) recorded in a
medium salt buffer (Na,HPO, (7.5 mM), NaCl (100 mM), EDTA (0.1 mM), pH 7.0) using 1.0 uM concentrations of each strand. X corresponds to 4
by the incorporation of 13. AAT,, values for duplex x : y are defined as AT wx:y) = (AT mx:rety + AT miy:reny)- ATw3 and AAT,,3 correspond to the similar

measurements for sequences containing 3 taken from ref. 8.

the RNA-complement in order to form a more well-defined
secondary structure,’ as explained in our former study.® The
hybridisation studies of ON3 show, however, that the double-
headed nucleoside 4 is not able to stabilise either of the two
three-way junctions when compared to the dinucleotide in ON2,
or the single thymidine in ON1, as small destabilisations of 1-
2 °C are seen in all cases. Comparing this destabilisation with
the penalty observed with incorporation into duplexes, it is clear
that the additional base is better accommodated in the three-
way junctions, possibly due to the more flexible system. On the
other hand, no stabilisation is observed, and this indicates that
the linker extension on 4 as compared with 3 is not leading
the additional base in the DNA : DNA-complex into a contact
with the CC-bulge. The results with 4 are not different from the
results with 3,® and this may also suggest that the isomerism
is different for the modelling system and the experimental
system.

In order to examine the possibility of minor groove base—base
interactions in an artificial DNA zipper motif, the incorporation of
4into the same series of sequences as 3 was successfully performed.
These results are illustrated in Table 2 in combination with the
results from the previous study of 3 for direct comparison. Firstly,
single incorporations were studied with the sequences ON4-ON9
hybridised to their unmodified complements, and in all cases
decreases in melting temperatures of 4.2-6.5 °C were detected
with the expected additive effect of the two modifications in ON6
and ON9. When comparing the two modifications 4 and 3 (AT,
and AT 3, respectively), the thermal penalty paid in one sequence

tends to be higher for 4 than for 3, whereas it tends to be opposite
when the complementary sequence is modified. Nevertheless, the
decrease in T, is relatively uniform in all cases. Hereafter, the
zipper motifs in which the additional nucleobases are positioned
in the opposite sequences with distances of 0-3 interspacing base-
pairs (corresponding to (—1) to (—4)-zippers) were studied. The
earlier results with 3, shown in the right hand column of Table 2,
demonstrate the very selective thermally stable formation of (=3)-
zippers. Only in that specific positioning was a relative increase
in T,, (defined as AAT,) of 6-7 °C observed, most likely as a
result of a strong stacking interaction in the minor groove as
supported by modelling experiments (Fig. 2).® In the case of 4,
the results are completely different, demonstrating only a much
smaller effect when positioned in a (—3)-zipper, as seen by a AAT,,
of +2.7 °C in the case of ON8 : ON4, decreasing to +1.0 °C,
+0.5 °C and even 0 °C in ON9 : ON4, ON8 : ON6, and ON9 :
ONG, respectively. Therefore, although the initial modelling study
indicates the two extra bases to be stacked (Fig. 2), this particular
arrangement leads to significantly poorer interactions than seen
with the simple methylene linker arrangement. On the other hand,
a small increase is also seen with the (—4)-zipper in ON7 : ON4 and
ONT7 : ONG6, with a AAT,, of +1.2 °C and +1.7 °C, respectively. In
all other cases, T, indicated an additive destabilisation when 4 was
incorporated multiple times. These results demonstrate the unique
ability of 3 to position the additional nucleobases in the minor
groove in a position allowing efficient stacking in a (-3)-zipper
motif, and suggests that the extension of the linker in 4 induces
a flexibility that is not accepted. Due to the same flexibility, the
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indicated base—base contact in a (—4)-zipper is much smaller and
less conclusive.

Conclusion

The synthesis of the double-headed nucleoside 5(S)-C-(2-
(thymin-1-yl)ethyl)thymidine 4 has been accomplished and its
incorporation into oligodeoxynucleotides was straightforward.
The relatively small thermal penalty paid by incorporating this
moiety and positioning the additional nucleobase on the surface
of a nucleic acid duplex showed that this is well accommodated
and available for recognition. On the other hand, no stabilisation
by the additional base in combination with the ethylene linker was
detected in the secondary structures studied. The data proved, first
of all, that the specific base-base contact in a DNA (-3)-zipper
positioning of the two opposite moieties of 3 is unique and lost by
increasing the linker length. Therefore, we are concentrating our
future studies on this motif by varying the additional nucleobase
moiety.

Experimental section

All commercial reagents were used as supplied. All reactions were
conducted under a nitrogen atmosphere. Column chromatography
was carried out using silica gel 60 (0.040-0.063 mm). HiRes
MALDI mass spectra were recorded on an Ionspec Ultima Fourier
Transform mass spectrometer using 2,5-dihydroxybenzoic acid as
a matrix. NMR spectra were recorded on a 300 MHz Varian spec-
trometer. The values for § are in ppm relative to tetramethylsilane
as an internal standard for the '"H NMR assignments, relative to
the solvent signal (DMSO-d, 39.52; CDCIl; 77.16) for the *C-
NMR assignments, and relative to 85% H;PO, as an external
standard for the *'P NMR spectra. Assignments of NMR spectra
are based on 2D and/or DEPT spectra and follow nucleoside
naming style, i.e. the anomeric carbon is C-1". No distinction has
been made between the two thymine nucleobases.

Preparation of 5’-C-vinyl-5"-0x0-3"-O-(tert-
butyldimethylsilyl)thymidine (7)

A solution of compound 6 (100 mg, 0.26 mmol) in anhydrous
CH,Cl, was stirred at room temperature. Dess—Martin periodi-
nane (128 mg, 0.30 mmol) was added and the mixture was stirred
for 20 h. The reaction mixture was diluted with CH,Cl, (20 mL)
and washed with a saturated aqueous solution of Na,S,0; (10 mL)
and a saturated aqueous solution of NaHCO; (10 mL), dried
(Na,S0,) and concentrated under reduced pressure. The residue
was purified by column chromatography (0-80% ethyl acetate in
petroleum ether) to give 7 as a white foam (76 mg, 76%). R; 0.71
(75% ethyl acetate in petroleum ether). "H NMR (CDCl;): 6 9.03
(1H, br s, NH), 8.09 (1H, d, J = 1.2, H6), 6.59-6.42 (3H, m,
H1’, H7"), 6.02 (1H, dd, J = 1.5, 9.6, H6"), 4.82 (1H, d, J =
1.8, H4'), 4.48 (1H, m, H3'), 2.17-1.95 (2H, m, H2"), 1.98 (3H, s,
CH,;), 0.94-0.85 (9H, m, C(CHj;);), 0.14-0.07 (6H, m, SiCH;). *C
NMR (CDCl,): 6 197.0 (C5"), 164.1 (C4), 150.5 (C2), 136.4 (C6),
133.0, 131.3 (C6¢’, C7’), 111.2 (C5), 88.9 (C1’), 86.2 (C4"), 74.1
(C3"), 39.8 (C2"),25.6 (C(CH;)3), 17.9 (CCH,),), 12.6 (CH;), 4.6,
—4.8 (SiCH;). HiRes MALDI MS m/z (M + Na*) found/calc.
403.1667/403.1660.

Preparation of 5'(S)-C-(2-hydroxyethyl)-5'-O-(9-phenylxanthen-9-
yI)-3’-O-(tert-butyldiphenylsilyl)thymidine (11)

To a solution of compound 10" (2.00 g, 2.58 mmol) in THF
(20 mL) stirred at room temperature was added a solution of
NalO, (2.10 g, 9.79 mmol) in H,O (20 mL) and a 2.5% solution
of OsO, in tert-butyl alcohol (0.26 mL, 26 pmol). The reaction
mixture was stirred at room temperature for 26 h. Ethylene glycol
(2mL, 144 mmol) was added, and the resulting mixture was stirred
for 15 min whereupon H,O (40 mL) was added. The mixture was
extracted by CH,Cl, (2 x 50 mL), and the organic phase was
dried (Na,SO,) and concentrated under reduced pressure. The
residue was dissolved in a mixture of THF (20 mL) and H,O
(20 mL), and NaBH, (195 mg, 5.16 mmol) was added. After being
stirred at room temperature for 1 h, the reaction mixture was
extracted with CH,Cl, (2 x 50 mL). The organic phase was washed
with a saturated aqueous solution of NaHCO; (2 x 50 mL), dried
(Na,S0O,) and concentrated under reduced pressure. The residue
was purified by column chromatography (0-2.5% CH;OH and
0.1% pyridine in CH,Cl,) to give the product 11 as a white foam
(1.06 g, 53%): R; 0.45 (50% ethyl acetate in petroleum ether). '"H
NMR (300 MHz, CDCl;) 6 8.36 (br s, IH, NH) 7.81 (d, |H, J =
1.2 Hz, H-6), 7.60-7.10 (m, 17H, Ph), 7.05-6.80 (m, 4H, Ph), 6.70
(m, 1H, Ph), 6.45 (m, 1H, Ph), 6.35(dd, 1H, J =4.8,9.3 Hz, H-1"),
3.55-3.50 (m, 2H, H-3", H-5’), 3.10-2.90 (m, 3H, H-4’, H-7"), 2.28
(dd, 1H, J = 4.8, 12.3 Hz, H-2"), 2.01 (d, 3H, J = 1.2 Hz, CH,),
1.92 (m, 1H, H-2"), 1.25 (m, 1H, H-6"), 1.18 (m, 1H, OH), 0.98 (s,
9H, SiC(CH5;);) 0.75 (m, 1H, H-6"); *C NMR (75 MHz, CDCl;)
6 163.7 (C-4), 151.7, 151.6, 150.1, 147.3 (C-2, Ph), 135.9, 135.7,
133.5,133.1, 131.7, 130.4, 130.0, 129.8, 128.1, 127.9, 127.6, 127.2,
123.5,123.3,123.2,123.1,116.7, 116.5 (C-6, Ph), 110.7 (C-5), 89.8,
85.7,75.2,71.3,58.7 (C-1", C-3", C-4’, C-5’, C-7), 41.3 (C-2"), 35.4
(C-6),26.9 (C(CH;),), 18.7 (CCH;);), 12.8 (CH;). HiRes MALDI
MS m/z (M + Na*) found/calc. 803.3104/873.3128.

Preparation of 5'(S)-C-(2-(thymin-1-yl)ethyl)-5"-O-(9-
phenylxanthen-9-yl)thymidine (12)

A solution of 11 (1.00 g, 1.28 mmol), 3-N-benzoylthymine (649 mg,
2.82 mmol) and PPh; (1.01 g, 3.85 mmol) in anhydrous THF
(30 mL) was stirred at 0 °C, and DEAD (1.56 mL, 3.59 mmol)
was added dropwise. The solution was stirred for 6 h at room
temperature and concentrated under reduced pressure. The residue
was diluted with ethyl acetate (50 mL) and washed with a
saturated aqueous solution of NaHCO; (50 mL). The aqueous
layer was extracted with ethyl acetate (2 x 20 mL), and the
combined organic phase was dried (MgSO,) and concentrated
under reduced pressure. The residue was dissolved in anhydrous
THF (30 mL) and a 1.0 M solution of tetrabutylammonium
fluoride in THF (2.20 mL) was added. The solution was stirred at
room temperature for 2 h and then partitioned between water
(50 mL) and ethyl acetate (50 mL). The aqueous phase was
extracted with ethyl acetate (2 x 25 mL), and the combined
organic phase was washed with brine (50 mL), dried (Na,SO,) and
concentrated under reduced pressure. The residue was dissolved
in methanol (30 mL) and a 25% aqueous solution of ammonia
(3.1 mL) was added dropwise. The reaction mixture was stirred for
16 h at room temperature, concentrated under reduced pressure
and purified by silica gel column chromatography (1-9% CH;OH
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and 0.1% pyridine in CH,Cl,) to give the product 12 as a white
foam (663 mg, 80%): R; 0.15 (7.5% CH;OH in ethyl acetate). 'H
NMR (300 MHz, DMSO-dy) 6 11.32 (br s, IH, NH), 11.12 (br s,
1H, NH), 7.81 (d, 1H, J = 1.2 Hz, H-6), 7.40-6.94 (m, 14H, Ph,
H-6), 6.00 (dd, 1H, J = 6.6, 7.2 Hz, H-1"), 5.08 (d, 1H, / = 4.5 Hz,
OH), 3.76 (m, 1H, H-3"), 3.63 (t, 1H, J = 3.6 Hz, H-4), 3.50-3.15
(m, 3H, H-5, H-7"), 2.05-1.90 (m, 2H, H-2"), 1.78 (s, 3H, CH,),
1.72 (d, 3H, J = 1.2 Hz, CH;), 1.40-1.25 (m, 2H, H-6"); *C NMR
(75 MHz, DMSO-d,) 8 164.2 (C-4), 163.73 (C-4), 150.9, 150.7,
150.5, 150.3, 148.0 (C-2, Ph), 137.7, 135.6, 131.2, 131.1, 129.8,
129.7,127.7, 127.0, 126.8, 123.4, 123.2, 123.1, 122.5, 116.3, 115.9
(C-6, Ph), 109.7, 108.5 (C-5), 86.5, 83.1, 76.2, 71.1, 70.3 (C-l’,
C-3’, C-4, C-5, CPhy), 54.9 (C-7"), 43.5 (C-2"), 30.8 (C-6"), 12.3
(CH;), 11.9 (CHs;). HiRes ESI MS m/z (M + Na*) found/calc.
673.2269/673.2274.

Preparation of 5’(S)-C-(2-(thymin-1-yl)ethyl)-5’-O-
(9-phenylxanthen-9-yl)-3’-O-(P-§-cyanoethoxy-/V, N -
diisopropylaminophosphinyl)thymidine (13)

A solution of compound 12 (500 mg, 0.923 mmol) and diiso-
propylammonium tetrazolide (236 mg, 1.39 mmol) in anhydrous
DMF (10 mL) and anhydrous CH;CN (10 mL) was stirred at
room temperature and N,N, N’,N’-tetraisopropylphosphoramidite
(0.44 mL, 1.38 mmol) was added. The reaction mixture was stirred
for 10 h and diluted with ethyl acetate (20 mL). The solution
was washed with brine (2 x 20 mL). The combined aqueous
phase was extracted with ethyl acetate (20 mL), and the combined
organic phase was dried (Na,SO,) and concentrated under reduced
pressure. The residue was purified by column chromatography (1-
6% CH;OH and 0.1% pyridine in CH,Cl,) to give the product 13
as a white foam (291 mg, 45%): R; 0.25 (7.5% CH;OH in ethyl
acetate). *'P NMR (121.5 MHz, CDCl;) 6 150.26, 149.88. HiRes
ESI MS m/z (M + Na*) found/calc. 873.3347/873.3353.

Oligonucleotide synthesis and hybridisation experiments

The oligodeoxynucleotides were synthesised using an automated
Expedite 8909 nucleic acid synthesis system following the phos-
phoramidite approach. Synthesis of oligonucleotides ON3—ON9
was performed on a 0.2 umol scale by using 2-cyanoethyl phos-
phoramidites of standard 2’-deoxynucleosides in combination
with the modified phosphoramidite 13. The synthesis followed
the regular protocol employing standard CPG supports and 4,5-
dicyanoimidazole as the activator except in the case of the modified
amidites, which were manually coupled using 0.05 M amidite and
0.5 M tetrazole as the activator in CH;CN for 20 min. The coupling
yields for 13 in combination with the following unmodified
amidites were in the range of 91-100%. The 5-O-DMT oligonu-
cleotides were removed from the solid support by treatment with
concentrated aqueous ammonia at 55 °C for 16-24 h, which also
removed the protecting groups. The oligonucleotides were purified
by reversed-phase HPLC on a Waters 600 system using an X,
prep MS Ci; 10 um; 7.8 x 150 mm column; gradient of buffer
(0.05M triethylammonium acetate) in 75% CH;CN(aq): 0-70%

buffer, 38 min; 70-100% buffer, 7 min; 100% buffer, 10 min.
All fractions containing 5-O-DMT protected oligonucleotide
(retention time 20-30 minutes) were collected and concentrated.
The products were detritylated by treatment with an 80% aqueous
solution of acetic acid for 20 min, and finally isolated by
precipitation with ethanol at —18 °C overnight. MALDI-MS m/z
(found/caled); ON3(3979.1/3982.6), ON4 (3532.3/3533.4), ON5
(3530.2/3533.4), ON6 (3682.4/3685.4), ON7 (3442.8/3444.3),
ONBS (3444.3/3444.3), ON9 (3594.4/3596.3). After dissolution
in double distilled water, the concentrations were determined
spectrometrically at 260 nm in the pH 7.0 buffer, assuming an
extinction coefficient for the modified double-headed nucleoside
of equal to twice that of thymidine. The UV-melting curves were
acquired at 260 nm with a scan rate of 0.2 °C min™ cycled between
15 and 75 °C after denaturation at 80 °C. All melting curves were
found to be reversible. The melting temperatures were taken as
the first derivatives of the absorbance versus temperature up-curve
and reported as the average of two measurements.

Modelling experiment

The MD-simulations in Fig. 2b were obtained by the same
protocol as used in ref. 8.
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The synthesis of 5-epi-hydroxycornexistin (44), a diastereoisomer of the herbicidal natural product

hydroxycornexistin (2) has been completed. Palladium mediated sp’>-sp® coupling of the stannane 25
and the chloride 31 and ring-closing metathesis of the resulting diene 32 has been used to construct the
tricyclic lactone 34a, which possesses the nine-membered carbocyclic core found in the natural product,
in good yield. The synthesis of 5-epi-hydroxycornexistin (44) has established the feasibility of using a
furan as precursor for the cyclic anhydride unit present in the natural product and has demonstrated

the viability of other late-stage transformations that will be used to prepare hydroxycornexistin (2).

Introduction

Cornexistin (1) and hydroxycornexistin (2) are unusual members of
the nonadride family of natural products (Fig. 1). Cornexistin was
originally isolated from a culture of the fungus Paecilomyces vari-
otii Bainier (strain SANK 21086) in 1987 by researchers at Sankyo
Co. who were searching for new microbial products possessing
herbicidal activity.! The structure of cornexistin was determined
using NMR spectroscopy and by X-ray crystallography, but the
absolute configuration was not established. Hydroxycornexistin
was later obtained from the same strain of P. variotii by workers
at DowElanco and its structure was determined by NMR analysis
and a comparison of spectroscopic data to those of cornexistin.?

cornexistin (1)

hydroxycornexistin (2)

Fig.1 The cornexistins.

Both cornexistin (1) and hydroxycornexistin (2) display potent
herbicidal activity against grasses and broadleaf weeds but are
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well tolerated by some crop plants such as maize (Zea mays);
hydroxycornexistin is a particularly potent herbicidal agent and
exhibits good activity against many very aggressive varieties of
broadleaf weed.>® Tt has been suggested that the cornexisitins
might exert their herbicidal activity by interfering with aspartate
amino transferase isozymes,® but their precise mode of action
is still unclear. As a consequence of their selective and potent
herbicidal activity combined with their apparent novel mode of
action, the cornexistins have significant potential as novel lead
compounds in the search for new post-emergence weed control
agents in crop production.'

The term “nonadride” was introduced by Barton and
Sutherland* to refer to the bisanhydrides glauconic acid (3),
glaucanic acid (4) and byssochlamic acid (5) because these
natural products appeared to be biosynthesised from two C,-
units (Fig. 2). The term has since been extended to cover a
range of related natural products that possess core structures in
which a nine-membered carbocycle is fused to one or more maleic
anhydride units.

The cornexistins are rather unusual members of the nonadride
family because they possess just a single anhydride unit, while
most of the others possess two (Fig. 2). The first of the nonadrides
to be discovered—glauconic acid (3) and glaucanic acid (4)—were
both isolated from the fungus Penicillium glaucum (now known
as Penicillium purpurogenum) in 1931.* This was followed by the
isolation of byssochlamic acid (5) from the fungus Byssochlamys
Sfulva in 19335 In each compound, the nine-membered carbocycle
is substituted with simple alkyl side chains and in the case of
glauconic acid there is an addition hydroxyl group. Subsequently,
rubratoxins A (6) and B (7)—toxic metabolites of the fungus
Penicillium rubrum—were isolated and found to possess more
elaborate side chains appended to the nine-membered ring.®
Interestingly, rubratoxin B does have some phytotoxic activity,
but it is a much weaker herbicide than either of the cornexistins.’”
Finally, the nonadrides heveadride (8), homoheveadride (9),’
dihydroepiheveadride (10)® and deoxoepiheveadride (11)° were
isolated. Heveadride (8) has weak anti-fungal activity whereas
dihydroepiheveadride has activity against a range of fungi,
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R =0OH glauconic acid (3)
R=H glaucanic acid (4)

X =H, OH rubratoxin A (6) R', R2=H heveadride (8)
X=0 rubratoxin B (7) R', RZ= Et homoheveadride (9)
X,Y=H dihydroepiheveadride (10) X =OH scytalidin (12)
X=H,Y =0H deoxoepiheveadride (11) X=H  deoxyscytalidin (13)

Fig. 2 Nonadride natural products related to the cornexistins.

including some human pathogens. Other nonadride natural prod-
ucts, such as scytalidin (12)'° and deoxyscytalidin (13)," have also
been shown to possess significant anti-fungal activity."

The most structurally complex nonadrides to have been isolated
to date are the fungal metabolites CP-225,917 (14) and CP-
263,114 (15) (Fig. 3)—also known as phomoidrides A and B—
which were discovered by workers at Pfizer in 1997.2*' In both

HO,C
CP-225,917 (phomoidride A) (14)

CP-263,114 (phomoidride B) (15)

Fig. 3 The phomoidride natural products.

compounds the nine-membered carbocyclic core is embedded
within a bicyclo[4.3.1]deca-1,6-diene framework. The compounds
are the most widely studied of all the nonadrides and have aroused
considerable interest in the pharmaceutical industry because they
inhibit squalene synthase and Ras farnesyl transferase; inhibitors
of these enzymes have been found to possess cholesterol-lowering
and anti-cancer properties respectively.*15

In spite of the significant potential they have as novel lead
compounds in the search for new post-emergence weed control
agents, the cornexistins have been the subject of relatively few
synthetic studies and little has been published concerning their
total synthesis. Aside from our own preliminary studies,'® the
only attempt to synthesise one of the cornexistins has been that
recently reported by Taylor and co-workers."” In this work, the
bicyclic compound 17, prepared by intermolecular Diels—Alder
cycloaddition of the diene 16 with dimethyl acetylenedicarboxy-
late, was subjected to ozonolytic ring opening and methylenation
to give the cyclononenone 18 (Scheme 1). Further elaboration
by inversion of configuration of one of the hydroxyl-bearing
stereogenic centres and installation of the exocyclic trisubstituted
alkene using a silicon-tethered diene ring-closing metathesis and
Fleming-Tamao oxidation sequence gave the diol 19. Elaboration
of the diol 19 to give hydroxycornexistin was not reported by
Taylor and co-workers."’

OTBS OTBS

MeOZC

7 MeO,C
OTBS

OTBS

Scheme 1 Taylor’s synthesis of an advanced intermediate for the synthesis
of hydroxycornexistin. Regents and conditions: (a) MeO,CC=CCO,Me,
hydroquinone, PhMe, reflux [50%]; (b) O;, CH,Cl,, =78 °C; (c) Tebbe
reagent, THF, PhMe, —78 °C [45% over 2 steps].

Results and discussion

Our interest in cornexistin and hydroxycornexistin as synthetic
targets was aroused by the synthetic challenges these compounds
present coupled with their potent bioactivity. Both compounds
possess a nine-membered carbocycle fused to a highly reac-
tive cyclic anhydride, a combination of structural features that
constitutes a significant obstacle to conventional methods of
ring construction. In addition, the cornexistins present several
potential problems concerning stereocontrol, with control of the
exocyclic alkene configuration being especially challenging.

This journal is © The Royal Society of Chemistry 2008
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The retrosynthetic analysis of hydroxycornexistin that we de-
vised begins with simple functional group interconversion (FGI) to
mask the anhydride and give the furan i (Scheme 2). Connection of
two of the hydroxyl groups in the form of a lactone and conversion
of the ketone carbonyl group into a hydroxyl group then affords
the diol ii. Conversion of the diol into an alkene then leads to
the tricyclic lactone iii and disconnection of the ring through
the alkene produces the diene iv. Disconnection of one of the
bonds between the butenolide and the furan then delivers the
simple lactone v and a 3,4-disubstituted furan vi bearing suitable
substituents (X and Y) for a metal-mediated sp’-sp® coupling
reaction.

HO, 0

HO

Scheme 2 Retrosynthetic analysis of hydroxycornexistin.

The key strategic transformation implied in our retrosynthetic
analysis is construction of the nine-membered ring using a ring-
closing metathesis (RCM) reaction. At the outset, we already had
considerable experience in the preparation of medium-sized cyclic
ethers using diene RCM reactions and other workers had used
RCM to prepare other medium-ring carbocycles."*** However,
there were no literature examples involving direct construction
of nine-membered carbocycles using RCM when we commenced
our synthetic studies and so it was not clear whether a diene RCM
reaction would deliver the nonadride core in good yield.

The first objective was the synthesis of the fragments (corre-
sponding to synthons v and vi in Scheme 2) required for imple-
mentation of the synthetic plan suggested by our retrosynthetic
analysis. In the case of synthon v, the corresponding stannane 25
was prepared as shown in Scheme 3. The readily available starting
material tetronic acid (20) was first converted into the vinylogous
carbamate 21 by condensation with pyrrolidine. Deprotonation
of the compound 21 with fert-butyllithium and treatment of the
resulting anion with allyl bromide then afforded the alkylated
product 22.% Acid-catalysed hydrolysis then delivered the tetronic
acid derivative 23 and this was then converted into the triflate
24. The stannane 25 required for the sp>-sp’ fragment coupling
reaction was obtained in reasonable yield by the palladium-
catalysed reaction of the triflate 24 with hexabutylditin.?

OTf SnBug
24 25

Scheme 3 Synthesis of the butenolide fragment 25. Reagents and
conditions: (a) pyrrolidine, heat [97%)]; (b) -BuLi, CH,CHCH,Br, THF,
—78 °C — 1t [76%)]; (c) HCl aq., 60 °C [89%)]; (d) Tf,O, i-Pr,NEt, CH,Cl,,
—78 °C [89%]; (e) (Bu;Sn),, LiCl, Pd(PPh;),, THF, reflux [54%].

The synthesis of the second coupling partner commenced from
commercially available furan dicarboxylate bisester 26 (Scheme 4).
Reduction of the diester 26 with lithium aluminium hydride
followed by selective mono-oxidation of the resulting diol with
manganese dioxide afforded the aldehyde 27.% Protection of the
free hydroxyl group as a TBS ether followed by Wittig reaction
of the aldehyde with methyl (triphenylphosphoranylidene)acetate

MeO,C  CO,Me HO —0
/\ ab 7\
0 o)
26 27
E1Q c d
EtO\P o
CO,Me
TBSOHF TBSOH/
g

BSO— o—
/\ hi /0N
0 0

Scheme4 Synthesis of the furan fragment 31. Reagents and conditions: (a)
LiAlH,, THF, =78 °C — rt; (b) MnO,, CH,Cl,, rt; (¢) TBSCI, imidazole,
DMAP, CH,Cl,, rt[73% over 3 steps]; (d) Ph;P=CHCO,Et, THF, rt [89%)];
(e) LiAlH,, THF, =78 °C — rt [84%); (f) P(O)(OEt),Cl, pyridine, DMAP,
CH,Cl,, rt; (g) n-PrMgCl, CuCN (10 mol%), LiCl (30 mol%), THF, -78 °C
[64% over 2 steps]; (h) TBAF, THF, rt [96%)]; (i) MeSO,Cl, LiCl, collidine,
DMEF, 0 °C, [77%)].

4014 | Org. Biomol. Chem., 2008, 6, 4012-4025

This journal is © The Royal Society of Chemistry 2008





delivered the o.,B-unsaturated ester 28 in high yield. The ester was
then reduced with lithium aluminium hydride and the resulting
allylic alcohol was treated with diethyl chlorophosphate to give
the allylic phosphate 29. The propyl side chain was then installed
by copper-catalysed Sy2” displacement of the allylic phosphate
with n-propylmagnesium chloride following a procedure described
by Yamamoto and co-workers, to give the alkene 30.2* Cleavage
of the TBS ether and conversion of the resulting primary alcohol
into the corresponding chloride via the mesylate, using a procedure
described by Tanis for the synthesis of related chlorides,* afforded
the chloride 31 which was to serve as the coupling partner.

The precursor required for the key diene RCM reaction was
prepared by sp*-sp* coupling of the vinylic stannane 25 and the
chloride 31.% The coupled product 32 was obtained in 87% yield
(1 : 1 mixture of diastereoisomers) upon treatment of a mixture
of the racemic stannane 25 and the racemic chloride 31 with
Pd,(dba); and triphenylarsine in THF at reflux (Scheme 5). Ring
closure was effected by subjecting the diastereomeric mixture
of the dienes 32 to diene RCM using the ruthenium complex
33 in dichloromethane at reflux. The reaction was complete
in 18 hours and the diastereomeric tricyclic products 34a and
34b were obtained as a separable mixture of diastercoisomers
(2 : 3 ratio) in a combined yield of 77%.

=
o Cl / == =
° A a
+ —_—
= I\ /\
SnBujs (0] (e}
25 31 32
b
O,
—
PhsP
i B
cl’l
Ph3P (e}
33 X-ray 34a X-ray 34b

Scheme 5 Construction of the nine-membered ring by fragment coupling
and diene ring-closing metathesis. Reagents and conditions: (a) Pd,(dba),
(3 mol%), AsPh; (8 mol%), THE, 60 °C [87%, 1 : 1]; (b) complex 33
(20 mol%), CH,Cl,, reflux [30% 34a, 47% 34b].

Both of the diastereoisomeric alkenes 34a and 34b were obtained
as a crystalline solids. The compound 34b crystallised readily to
give crystals of suitable quality for X-ray analysis whereas the
isomeric compound 34a was obtained as an oil that subsequently
crystallised to give a low-melting solid. X-ray analysis of both
isomers revealed that the less polar compound was the tricyclic
lactone 34a possessing the relative stereochemistry required for
the synthesis of the cornexistins (Fig. 4).1

Dihydroxylation of the alkene 34a using Upjohn conditions
was sluggish,? but consistent yields of 50-55% could be obtained
(~70% based on recovered alkene 34a) (Scheme 6). The modest
yields obtained from the dihydroxylation reaction suggest that
decomposition of the alkene 34a and/or the diol 35 occurs on

Fig. 4 X-Ray crystal structure of the RCM product 34a (displacement
ellipsoid plots drawn at 50% probability level).

40R'=PMB,R2=H
41 R'=H, R2= PMB

Scheme 6 Conversion of RCM product 34a into the advanced
hydroxycornexistin precursors 40 and 41. Reagents and conditions:
(a) OsO, (10 mol%), NMO, Me,CO, H,0, rt [50-55% (55-70% based
on recovered starting material)]; (b) p-O,NC¢H,COCI, DMAP, pyridine,
CH,Cl,, 0 °C — 1t [66%]; (c) p-MeOC4H,CH(OMe),, CSA, 4 A sieves,
CH,Cl,, 0 °C — rt [93%, ~1 : 1]; (d) LiAlH,, TMEDA, Et,0, 0 °C;
(e) NaH, MeOC4H,CH,Cl, n-Bu,NI, DMF, 0 °C — rt [49%, 2 steps];
(f) DiBAI-H, CH,Cl,, PhMe, —78 °C — 1t [29% 40, 33% 41 (81% based on
recovered starting material)].

This journal is © The Royal Society of Chemistry 2008
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prolonged exposure to the reaction conditions. The stereochemical
outcome of the dihydroxylation reaction was determined by X-ray
analysis of the crystalline mono-p-nitrobenzoate 36 prepared
by mono-esterification the diol 35 using p-nitrobenzoyl chloride
(Scheme 6).; The relative configuration in the ester 36 meant
that the dihydroxylation reaction had delivered the diol 35
with C-5 configuration that was opposite to that found in
hydroxycornexistin (2) (Fig. 5).

07 (S \

Fig. 5 X-Ray crystal structure of the p-nitrobenzoate 36 (displacement
ellipsoid plots drawn at 50% probability level).

The X-ray crystal structure of the ester 34a (Fig. 4) was
remarkable because it clearly showed that dihydroxylation of the
most accessible face of the alkene (i.e. that facing out from the ring)
should deliver the required diastereomeric syn 1,2-diol product
rather than the diol 35 (assuming free rotation of the propyl group).
This finding illustrates the pitfalls of relying on X-ray crystal data
to predict the reactive conformation of a conformationally mobile
medium-ring system, such as the alkene 34a, in solution.

Even though the dihydroxylation reaction had not delivered
the diastereoisomer required for the total synthesis of hydroxy-
cornexistin, further elaboration of the diol 35 was explored in
order to complete the synthesis of 5-epi-hydroxycornexistin and
thereby establish the viability of the steps late in the synthesis.
It was also expected that it would be possible to complete the
synthesis of hydroxycornexistin by inverting the stereochemistry
at the hydroxyl-bearing stereogenic centre later in the synthesis.

The 1,2-diol 35 was converted into a diastereomeric mixture
of the acetals 37 (1.3 : 1 ratio) by acid-catalysed transacetalation
(Scheme 6). Lactone reduction using LiAIH, in the presence of
TMEDA? and then double PMB protection of the resulting diols
38 afforded the acetals 39. Reductive opening of this mixture of
cyclic acetals with DiBAI-H produced the alcohols 40 and 41
(1 : 1.1 mixture) in 62% yield (81% based on recovered starting
material).

The synthesis of (%)-5-epi-hydroxycornexistin (44) was com-
pleted as shown in Scheme 7. The alcohol 41 was converted
into the ketone 42 in 80% yield by TPAP oxidation.”® The final
major transformation—conversion of the furan into the cyclic
anhydride—was then performed by reaction of the furan 42
with singlet oxygen in the presence of Hiinig’s base followed by

Scheme 7 Completion of the synthesis of 5-epi-hydroxycornexistin.
Reagents and conditions: (a) TPAP, 4 A sieves, CH,Cl,, rt [80%]; (b) O,
hv, rose Bengal, i-Pr,NEt, =78 °C — rt; (c) TPAP, 4 A sieves, CH,Cl,, rt;
(d) DDQ, CH,Cl,, H,0, rt [10% over 3 steps].

TPAP oxidation of the crude product.?” The reaction with singlet
oxygen delivered a complex mixture of products from which a
5-hydroxy-2(5H)-furanone could be isolated (39% yield) as the
major component. The mixture of products resulting from singlet
oxygen reaction was unstable, as was the cyclic anhydride 43,
and so removal of the PMB groups using DDQ was performed
as quickly as possible after partial purification of the anhydride
43. The resulting (£)-5-epi-hydroxycornexistin (44) was relatively
unstable but could be purified by reverse phase HPLC giving
an overall yield of 10% for the final three steps. The instability
of the cyclic anhydride to silica gel and the extensive work-up
required after deprotection account for the modest yield obtained
for the three-step conversion of the bicyclic furan 42 into (£)-5-
epi-hydroxycornexistin (44).

Comparison of the '"H and “C NMR data for the natural
product 2 with that of the synthetic C-5 diastereoisomer 44
revealed some interesting similarities and differences between the
compounds (Table 1).* Most of the "C NMR chemical shifts
differed by less than 2 ppm and in some cases there was an
excellent match even though the NMR samples did not have the
same concentration and the NMR instruments differed. There was
also some agreement with between the '"H NMR data for the two
compounds but in this case considerable differences in chemical
shifts and coupling constants were obvious for some of the signals.

The completion of the synthesis of (+)-5-epi-hydroxycornexistin
(44) demonstrated that the late-stage chemical transformations
should be chemically viable for the total synthesis of hydroxy-
cornexistin (2). Several attempts were then made to access the
natural product by inversion of the C-5 stereocentre. In the first
approach, Misunobu esterification with inversion of configuration
was attempted using p-nitrobenzoic acid (Scheme 8).3° Selective
protection of the diol 35 by acetylation delivered a mixture of the
diacetate 45 (20% yield) and the required monoacetate 46 (64%
yield). Attempted Misunobu esterification of the free hydroxyl
group of the monoacetate 46 with inversion of configuration using
p-nitrobenzoic acid failed to deliver the required p-nitrobenzoate
ester 47. As an alternative, oxidation of the C-5 hydroxyl group
followed by ketone reduction was explored. However, reduction
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Table1 Comparison of the '"H and *C NMR data for natural hydroxycornexistin (2) and the synthetic (1)-5-¢pi-hydroxycornexistin (44)

'"H NMR data (CD;CN)

2 8, (300 MHz): 5.80 (1H, t, J = 6.4 Hz), 4.75 (1H, dd, J = 8.8, 4.9 Hz), 4.23-4.04 (2H, m), 3.81 (1H, d, J = 9.5 Hz), 3.44-3.34 (3H, m), 3.10 (1H, d),
2.58 (3H, br), 2.44 (1H, dd), 1.45-1.20 (2H, m), 0.89 (3H, t, J = 7.3 Hz) (2 X H missing due to overlap of solvent peak at ~2 ppm)

44 6 (500 MHz): 5.86 (1H, dd, J = 6.5, 5.9 Hz), 4.99 (1H, dd, J = 10.3, 6.2 Hz), 4.43-4.41 (1H, m), 4.16-4.14 (2H, m), 3.71 (1H, ddd, J = 8.9, 6.2,
2.5Hz), 3.50 (1H, d, J/ = 4.9 Hz), 3.38 (1H, dd, J = 16.5, 10.3 Hz), 3.34 (1H, brs), 3.22 (1H, d, J = 14.3 Hz), 3.12 (1H, dd, J = 14.3, 1.1 Hz), 2.85 (1H,
brs), 2.71 (1H, dd, J = 16.5, 6.2 Hz), 2.30-2.21 (1H, m), 1.92-1.86 (1H, m), 1.41-1.27 (2H, m), 0.95 (3H, t, / = 7.4 Hz)

3C NMR data (CD,CN)

2 6c (100 MHz): 212.5, 167.0, 166.3, 146.8, 142.6, 137.4, 135.6, 80.8, 68.3, 58.4, 44.7, 41.1, 30.6, 28.1, 21.7, 14.1
44 6 (125 MHz): 210.2, 166.8, 165.1, 147.4, 141.2, 137.6, 136.4, 79.4, 66.5, 58.4, 42.9, 41.0, 31.2, 25.2, 21.6, 14.3

47 Ar= p—OzNCGH4

Scheme 8 Attempted inversion of configuration at the C-5 stereocentre.
Reagents and conditions: (a) Ac,0, DMAP, Et;N, CH,Cl,, 0 °C — rt[20%
45, 64% 46); (b) p-O,NC.H,CO,H, EtO,CNNCO,Et, PPh;, THF, 0 °C —
rt; (c) Dess—Martin periodinane, CH,Cl,, rt [95%)]; (d) NaBH,, THF, 0 °C
[recovered 46].

of the ketone 48 with NaBH, merely returned the original alcohol
46 (Scheme 8).

Further attempts to correct the configuration at the C-5 stere-
ocentre were also made using intermediates lacking the lactone
(Scheme 9). It was expected that lactone opening would result in a
significant change in the conformation of the nine-membered ring
and that this might lead to a reversal of facial selectivity during
ketone reduction.

Prior to opening of the lactone, the diol 35 was converted
into the acetonide 49 (Scheme 9). Initial attempts to reduce the
lactone 49 with LiAlH, resulted in decomposition and the use
of alternative reducing agents such as LiBH, and NaBH, was
also unsuccessful. Transformation of the lactone 49 into the
diol 50 was eventually accomplished in 74% yield by sequential
one-pot reduction with DiBAI-H and then LiAlH,. The diol

fg5 5 R'=0OH,R2=H

g/—»54 R'=H, R2=0H
Scheme 9  Attempted inversion of configuration at the C-5 hydroxy-bear-
ing stereogenic centre after opening of the lactone. Reagents and conditions:
(a) Me,C(OMe),, PPTS, CH,Cl,, rt [98%]; (b) DiBAI-H, CH,Cl,, PhMe,
—78 °C then LiAlH,, THF, -78 — 0 °C[74%]; (c) NaH, MeOC,H,CH,CI,
n-Bu,NI, DMF, 0 °C — rt [74%)]; (d) p-TSA, MeOH, rt [54% (67% based
on recovered starting material)]; (¢) Ac,O, DMAP, Et;N, CH,Cl,, 0 °C —
rt [65%)]; (f) Dess—Martin periodinane, CH,Cl,, rt; (g) NaBH,, THF, 0 °C
[recovered 53].

50 was protected as the bis-PMB ether 51 and removal of the
acetonide under acidic conditions then afforded the diol 52.
Selective acetylation of the C-6 hydroxyl group and oxidation
of the resulting alcohol 53 using the Dess—Martin periodinane
provided the corresponding ketone. Reduction of this ketone with
NaBH, did not deliver the required alcohol 54; the only compound
isolated was the original alcohol 53.

Two further attempts were made to obtain hydroxycornexistin
(Scheme 10). In the first case, epimerisation at the C-5 position
of the ketone 42 was attempted using a variety of reagents,*
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epimerisation

Scheme 10 Further attempts to correct the C-5 stereochem-
istry by epimerisation and oxidation/reduction in order to obtain
hydroxycornexistin.

but unfortunately these reactions failed to deliver any of the
required isomeric compound 55. The second approach involved
reduction of the ketone 56, obtained by oxidation of the alcohol
40 (Scheme 6), using a variety of reducing agents.*> Some of these
reagents are known to give the thermodynamically rather than
kinetically favoured product, but in all cases either the ketone 56
did not react or the alcohol 40 was obtained instead of the required
alcohol 57.

Conclusions

In summary, 5-epi-hydroxycornexistin (44) has been prepared from
the tricyclic alkene 34a in nine steps. The tricyclic alkene 34a
can be accessed by RCM of the diene produced by palladium-
mediated coupling of the chloride 31 and the stannane 25 and
these fragments can be prepared from readily available starting
materials in nine and five steps respectively.

Our synthesis of 5-e¢pi-hydroxycornexistin (44) has demon-
strated the feasibility of the late-stage transformations that will
be used to prepare hydroxycornexistin (2). Preliminary attempts
to access the natural product by inversion of configuration at
the C-5 stereogenic centre have not been successful, but work is
continuing in an effort to synthesise both cornexistins using the
strategy described herein.

Experimental

(4R*,5Z/7aR*)-4-Propyl-7,7a-dihydro-4H,11 H-2,8-
dioxadicyclopentala,d]cyclononen-9-one 34a and
(4R*,5Z7a5%*)-4-propyl-7,7a-dihydro-4H,11 H-2,8-
dioxadicyclopentala,d]cyclononen-9-one 34b

The ruthenium catalyst 33 (654 mg, 0.798 mmol) was added
to a stirred solution of a mixture (1 : 1) of the diastereomeric
dienes 32 (1.14 g, 4.01 mmol) in dichloromethane (1.0 L) at room
temperature. The resulting red solution was heated at reflux for
18 h and then cooled to room temperature. The brown solution
was stirred under an air atmosphere for 1 h then concentrated
to afford the crude mixture of alkenes 34a and 34b as a brown
oil. Purification by flash column chromatography on silica gel
(petroleum ether—diethyl ether, 7 : 3 — 1 : 1) yielded the alkenes

34a (309 mg, 30%) and 34b (484 mg, 47%) as colourless solids.
Recrystallisation of the alkene 34a from hexane and ethyl acetate
and recrystallisation of the alkene 34b from petroleum ether and
dichloromethane gave crystals suitable for X-ray crystallography.

34a. Mp 77-79 °C (Found: C, 74.10; H, 6.95; C,;H;s0;
requires: C, 74.40; H, 7.02%); R;: = 0.18 (petroleum ether—diethyl
ether, 1 : 1); v, (CHCL)/cm™ 2958, 2930, 2873, 1796, 1748,
1634, 901, 871; 6, (500 MHz, CDCl;) 7.34 (1H, s, Fur-H), 7.21
(1H, dd, J = 1.6, 1.3 Hz, Fur-H), 5.87 (1H, s, COCH=C), 5.78
(1H, ddd, J = 10.2, 10.0, 6.8 Hz, CH,CH=CH), 5.42 (1H, dd,
J =10.2,10.2 Hz, CH=CHCH), 4.92 (1H, dd, J = 10.2, 5.5 Hz,
CH=CCHO), 3.55(1H,d, J = 15.4 Hz, CH,C=CH), 3.50 (1H, d,
J = 15.4 Hz, CH,C=CH), 3.41 (1H, ddd, J = 10.2, 9.6, 4.0 Hz,
CHCH=CH), 2.88 (1H, ddd, J = 13.0, 6.8, 5.5 Hz, CH,CH=CH)),
2.54 (1H, ddd, J = 13.0, 10.2, 10.0 Hz, CH,CH=CH), 1.86-1.78
(1H, m, CHCH,CH,), 1.59-1.50 (1H, m, CHCH,CH,), 1.49-1.38
(1H, m, CH,CH,), 1.34-1.23 (1H, m, CH,CH,), 0.93 3H, t, J =
7.4 Hz, CH;); 6 (100 MHz, CDCl;) 172.8 (C), 172.6 (C), 140.8
(CH), 139.5 (CH), 136.8 (CH), 125.3 (C), 120.7 (C), 122.1 (CH),
119.0 (CH), 81.6 (CH), 34.4 (CH,), 33.5 (CH), 33.3 (CH,), 23.1
(CH,), 20.3 (CH,), 14.1 (CH); m/z (EI) 258.1248 [M]*, C\sH,50;
requires 258.1256.

34b. Mp 9295 °C (Found: C, 74.17; H, 7.05; CH,50,
requires C, 74.40; H, 7.02%); R;: = 0.10 (petroleum ether—diethyl
ether, 1 : 1); v, (CHCL)/cm™ 2958, 2932, 2873, 1748, 1641, 975,
938, 910, 885; &y (500 MHz, CDCIl;) 7.38 (1H, d, J = 1.1 Hz,
Fur-H), 7.17 (1H, s, Fur-H), 5.74 (1H, s, COCH=C), 5.29 (1H,
ddd, J =10.8, 10.6, 5.3 Hz, CH,CH=CH), 5.25 (1H, dd, J = 10.8,
9.7Hz, CH=CHCH), 5.24 (1H, dd, J = 4.4,2.1 Hz, CH=CCHO),
3.57(1H,dd,J=15.3,1.4Hz, CH,C=CH), 3.39 (1H, ddd, J =9.7,
9.3, 5.5Hz, CHCH=CH), 3.17 (1H, d, J = 15.3 Hz, CH,C=CH)),
3.14-3.05 (1H, m, CH,CH=CH), 2.76 (1H, ddd, J = 14.4, 5.3,
4.4Hz, CH,CH=CH), 1.70-1.63 (2H, m, CHCH ,CH,), 1.43-1.39
(1H, m, CH,CH;), 1.33-1.27 (1H, m, CH,CH;), 0.93 (3H, t, J =
7.4 Hz, CH;); 6 (100 MHz, CDCl;) 172.8 (C), 170.7 (C), 140.0
(CH), 139.2 (CH), 139.0 (CH), 128.1 (C), 121.3 (C), 119.9 (CH),
119.8 (CH), 84.5 (CH), 35.2 (CH,), 32.8 (CH), 28.0 (CH,), 21.1
(CH,), 20.8 (CH,), 13.9 (CH,); m/z (EI) 258.1256 [M]*, C\sH,50,
requires 258.1256.

X-Ray crystal structure data for alkene 34a. C,H;O;, M =
258.30, monoclinic, a = 10.3476(7), b = 12.719509), ¢ =
11.1244(8) A, B=114.035(2)°, U = 1337.21(16) A> T =150(2) K,
space group P2,/n, Z = 4, D, = 1.283 g cm™, u(Mo-Koa)) =
0.088 mm™, 12219 reflections collected, 3087 unique (R;,, = 0.096).
Final R, [2629 F > 40(F)] = 0.0436, wR, [all F*] = 0.122. CCDC
number 693628.1

X-Ray crystal structure data for alkene 34b. C,(HO;, M =
258.30, monoclinic, ¢ = 16.9137(13), » = 8.9021(7), ¢ =
9.1712(7) A, B =102.642(1)°, U = 1347.4(2) A{ T = 150Q2) K,
space group P2,/¢, Z = 4, D. = 1.273 g cm™, u(Mo-Ko) =
0.087 mm™', 11825 reflections collected, 3390 unique (R;,, = 0.066).
Final R, [2766 F > 40(F)] = 0.0395, wR, [all F*]= 0.120. CCDC
number 196700.%
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(4S8*,55*,6 R*,7TaR*)-5,6-Dihydroxy-4-propyl-5,6,7,7a-tetrahydro-
4H,11 H-2,8-dioxadicyclopentaa,d]cyclononen-9-one 35

The alkene 34a (218 mg, 0.844 mmol) was dissolved in a mixture
of acetone (9 mL) and water (1 mL). N-Methylmorphine-/N-oxide
(119 mg, 1.01 mmol) and osmium tetroxide (0.52 mL of a 4 mol%
solution in water, 0.084 mmol) were then added and the mixture
was stirred for 12 h at room temperature. The dihydroxylation
reaction was then quenched by the addition of a saturated aqueous
solution of sodium metabisulfite (15 mL) and the resulting mixture
stirred at room temperature for 1 h. The mixture was diluted
with water (15 mL) and ethyl acetate (30 mL) and the aqueous
phase was separated and washed with further ethyl acetate (2 x
20 mL). The organic extracts were dried (MgSO,) and the solvent
removed under reduced pressure. The residue was purified by
flash column chromatography on silica gel (petroleum ether—ethyl
acetate, 1 : 1) to give the diol 35 as a colourless oil which solidified
on standing (123 mg, 50%): mp 75-78 °C; R;: = 0.16 (petroleum
ether—ethyl acetate, 2 : 1); V. (CHCl;)/cm™ 3604, 2959, 2991,
1754, 1630, 1602, 979, 909, 872; 6y (400 MHz, CDCl;) 7.32 (1H,
d, J = 1.5 Hz, Fur-H), 7.30 (1H, dd, J = 1.5, 1.4 Hz, Fur-H),
6.11 (1H, s, COCH=C), 5.01 (1H, br s, CH=CCHO), 3.87 (1H,
br s, CHCHOH), 3.81 (1H, d, J = 18.4 Hz, CH,C=CH), 3.68
(1H, dd, J = 18.4, 1.4 Hz, CH,C=CH), 3.23 (IH, br d, J =
5.3 Hz, CH,CHOH), 2.91 (2H, br's, 2 x OH), 2.33 (1H, dd, J =
9.5, 6.0 Hz, CHCH,CH,), 1.91 (1H, ddd, J = 16.5, 5.3, 2.7 Hz,
CHCH,CH), 1.80-1.70 2H, m, CHCH,CH, CHCH,CH,), 1.68—
1.61 (1H, m, CHCH,CH,), 1.29-1.23 (2H, m, CH,CH,), 0.85
(3H, t, J = 7.4 Hz, CH;); 6. (100 MHz, CDCl;) 172.8 (C), 169.5
(C), 142.7 (CH), 139.8 (CH), 122.8 (C), 119.4 (CH), 118.6 (C),
82.8 (CH), 74.7 (CH), 68.1 (CH), 37.8 (CH,), 36.4 (CH), 33.4
(CH,), 24.2 (CH,), 20.6 (CH,), 13.9 (CH;); m/z (EI) 292.1316
[M]*, CisH,Os requires 292.1311.

4-Nitrobenzoic acid (45*,55*%,6R*,7aR*)-5-hydroxy-9-oxo-4-
propyl-5,6,7,7a,9,11-hexahydro-4 H-2,8-
dioxadicyclopentala,d]cyclononen-6-yl ester 36

Pyridine (47 pL, 0.58 mmol), DMAP (1.5 mg, 0.012 mmol)
and p-nitrobenzoyl chloride (21.5 mg, 0.116 mmol) were added
to a stirred solution of the diol 35 (34.0 mg, 0.116 mmol) in
dichloromethane (1.5 mL) at 0 °C under argon. The reaction
mixture was allowed to warm to room temperature and stirred for
1 h. Additional p-nitrobenzoyl chloride (64.5 mg, 0.348 mmol) was
added and stirring was continued for a further 1 h. The reaction
mixture was poured into water (5 mL) and the phases were sep-
arated. The aqueous phase was extracted with dichloromethane
(3 x 5 mL) and the combined organic extracts were washed with
a saturated aqueous solution of copper sulfate (3 x 5 mL) and
brine (5 mL) then dried (MgSO,). The solvent was removed under
reduced pressure to afford the crude product as a pale yellow
solid. Purification by flash column chromatography on silica gel
(0 — 10% ethyl acetate in dichloromethane) yielded the ester
36 as a colourless solid (34.1 mg, 66%). Recrystallisation from
dichloromethane and hexane gave colourless crystals suitable for
X-ray crystallography: mp 172-175 °C (Found: C, 62.51; H, 5.17;
N, 3.20; C;3Hy3NOy requires: C, 62.58; H, 5.25; N, 3.17%); R;: =
0.51 (ethyl acetate—petroleum ether, 2 : 1); vy, (CHCl;)/cm™ 3622,
2959, 2932, 1759, 1724, 1631, 1608, 970, 909, 872; &, (400 MHz,

CDCl;) 8.27 (2H, ddd, J = 9.0, 2.1, 2.1 Hz, 2 x Ar-H), 8.18 (2H,
ddd, J = 9.0, 2.1, 2.1 Hz, 2 x Ar-H), 7.39 (1H, dd, J = 1.6,
1.1 Hz, Fur-H), 7.37 (1H, d, J = 1.6 Hz, Fur-H), 6.24 (1H, s,
COCH=C), 5.03 (1H, br s, CH=CCHO), 4.84 (1H, ddd, J =
4.2,2.5,2.4 Hz, CHO,CAr), 4.04 (1H, br s, CHOH), 3.90 (1H,
dd, J =184, 1.1 Hz, CH,C=CH), 3.79 (1H, br d, J = 18.4 Hz,
CH,C=CH), 2.56 (1H, dd, J = 9.3, 6.2 Hz, CHCH,CH,), 2.12-
1.99 (3H, m, CHCH,CH, OH), 1.81-1.60 (2H, m, CHCH,CH,),
1.36-1.24 2H, m, CH,CH,), 0.88 (3H, t, J = 7.4 Hz, CH,;); ¢
(100 MHz, CDCI;) 171.6 (C), 167.8 (C), 163.4 (C), 150.7 (C),
142.6 (CH), 140.7 (CH), 135.4 (C), 131.0 (CH), 123.6 (CH), 122.4
(©), 120.4 (CH), 118.7 (C), 81.6 (CH), 72.6 (CH), 72.6 (CH), 37.1
(CH,), 37.0 (CH), 30.5 (CH,), 23.9 (CH,), 20.5 (CH,), 13.8 (CH,);
m/z (EI) 464.1303 [M + Na]*, C,;H,;;NaNO; requires 464.1321.

X-Ray crystal structure data for alkene 36. C,;H,;NOg,
M = 441.42, monoclinic, a = 7.2351(7), b = 25.532(2), ¢ =
12.0626(12) A, B=104.539(2)°, U = 2156.9(3) A? T=1502) K,
space group P2,/¢, Z = 4, D, = 1.359 g cm™, u(Mo-Ko) =
0.104 mm™, 18983 reflections collected, 4848 unique (R;,, = 0.067).
CFinal R, [3821 F > 40(F)] = 0.0406, wR, [all F*]=0.121. CDCC
number 693627.%

(4S8*,558*,6 R*,7TaR*)-5,6-[(4-Methoxyphenyl)methylenedioxy]-
4-propyl-5,6,7,7a-tetrahydro-4 H,11 H-2,8-
dioxadicyclopentala,d]cyclononene-9-one 37

The diol 35 (127 mg, 0.434 mmol) was dissolved in
dichloromethane (4.5 mL) and powdered 3 A molecular sieves
(20 mg) was added followed by camphorsulfonic acid (20 mg,
0.086 mmol). The mixture was cooled to 0 °C and p-anisaldehyde
dimethyl acetal (0.11 mL, 0.65 mmol) was added. The mixture was
stirred at 0 °C for 15 min and then warmed to room temperature
and allowed to stir at this temperature for a further 2 h. The
reaction mixture was diluted with dichloromethane (5 mL), filtered
and then concentrated under reduced pressure. The residue was
purified by flash column chromatography on silica gel (petroleum
ether—ethyl acetate, 4 : 1 then 1 : 1) to give an inseparable mixture
(1.3 : 1) of the acetals 37 (166 mg, 93%) as a colourless solid: mp
58-60 °C (Found: C, 69.84; H, 6.28; C,,H,,O, requires C, 70.23;
H, 6.38%); R;: = 0.28 (petroleum ether—ethyl acetate, 1 : 1); Vi,
(CHCly)/cm™ 2958, 2933, 1751, 1614, 964; 6, (400 MHz, CDCl;)
major isomer 7.38 (1H, s, Fur-H), 7.35-7.25 (3H, m, Fur-H, 2 x
Ar-H), 6.91-6.86 (2H, m, 2 x Ar-H), 6.09 (1H, s, COCH=C),
5.68 (1H, s, OCHO), 493 (1H, d, J = 4.5 Hz, CH=CCHO),
4.13-4.02 (2H, m, CHOCHArOCH), 3.92 (1H, d, J = 17.5 Hz,
CH,C=CH), 3.81 (3H, s, OCHy;), 3.68-3.64 (1H, m, CH,C=CH)),
2.77 (1H, ddd, J = 10.1, 5.2, 1.4 Hz, CHCH,CH,), 2.13-2.02 (1H,
m, CHCH,CH), 1.95-1.60 (3H, m, CHCH,CH, CHCH,CH,),
1.36-1.20 (2H, m, CH,CH,), 0.89 (3H, t, J = 7.3 Hz, CHy;); minor
isomer 7.41 (1H, s, Fur-H), 7.35-7.25 (3H, m, Fur-H, 2 X Ar-H),
6.91-6.86 (2H, m, 2 x Ar-H), 6.09 (1H, s, COCH=C), 5.84 (1H, s,
OCHO), 4.99 (1H, d, J = 4.9 Hz, CH=CCHO), 4.13-4.02 (2H,
m, CHOCHArOCH), 3.89 (1H, d, J = 16.8 Hz, CH,C=CH),
3.81 (3H, s, OCH,), 3.68-3.64 (1H, m, CH,C=CH), 2.65 (1H, dd,
J =10.2, 5.1 Hz, CHCH,CH,), 2.13-2.02 (1H, m, CHCH,CH),
1.95-1.60 (3H, m, CHCH,CH, CHCH,CH,), 1.36-1.20 (2H, m,
CH,CH,), 0.86 (3H, t, J/ = 7.3 Hz, CH,); 6. (100 MHz, CDCl;)
major isomer 172.1 (C), 169.5 (C), 160.5 (C), 142.6 (CH), 139.1
(CH), 131.6 (C), 128.3 (CH), 123.7 (C), 123.6 (C), 118.6 (CH),
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113.8 (CH), 102.6 (CH), 82.0 (CH), 80.3 (CH), 73.1 (CH), 55.4
(CH,), 38.8 (CH,), 34.3 (CH,), 33.0 (CH), 24.9 (CH,), 20.7 (CH,),
13.8 (CH,); minor isomer 172.1 (C), 169.5 (C), 160.2 (C), 142.5
(CH), 139.1 (CH), 130.1 (C), 127.6 (CH), 123.7 (C), 123.6 (O),
118.9 (CH), 113.8 (CH), 102.0 (CH), 81.7 (CH), 78.2 (CH), 72.1
(CH), 55.4 (CH,), 38.8 (CH,), 33.3 (CH), 32.6 (CH,), 24.8 (CH,),
20.7 (CH,), 13.8 (CH;); m/z (EI) 411.1788 [M + HJ*, C,,H,,0,
requires 411.1802.

(3aR*,5R*,6Z,115%,11a5*)-5-[(4-Methoxybenzyl)oxy]-6-{2-[(4-
methoxybenzyl)oxy|lethylidene } -2-(4-methoxyphenyl)-11-propyl-
4,5,6,7,11,11a-hexahydro-3a H-furo[3’,4":4,5]cyclononal1,2-
d][1,3]dioxole 39

Lithium aluminium hydride (42.3 mg, 1.11 mmol) was added to a
stirred solution of TMEDA (135 pL, 0.900 mmol) in diethyl ether
(5 mL) at room temperature under argon. The reaction mixture
was stirred at room temperature for 10 min, cooled to 0 °C and
then stirred for a further 20 min. To this suspension was added
the lactone 37 (183 mg, 0.446 mmol) and stirring was continued
for 1 h. The reaction was quenched by careful addition of water
(0.5 mL) and the mixture was warmed to room temperature. The
mixture was diluted with diethyl ether (5 mL) and the organic layer
was separated, dried (MgSO,) and concentrated to give the crude
diol 38 as a colourless solid.

The diol was dissolved in dry DMF (5 mL) at 0 °C under argon.
Tetra-n-butylammonium iodide (16.3 mg, 0.0441 mmol) was
added along with p-methoxybenzyl chloride (141 uL, 1.12 mmol)
and sodium hydride (89.2 mg of a 60% dispersion in mineral oil,
2.23 mmol). The reaction mixture was stirred at 0 °C for 2 h then
quenched by addition of water (5 mL). The mixture was diluted
with diethyl ether (10 mL) and the aqueous phase was extracted
with diethyl ether (3 x 10 mL). The organic layers were combined,
washed with a saturated aqueous solution of copper sulfate (3 x
10 mL) and brine (10 mL), then dried (MgSO,) and concentrated
to afford the crude product as a pale yellow oil. Purification
by flash column chromatography on silica gel (0 — 30% ethyl
acetate in hexane with 1% triethylamine) yielded a diastereomeric
mixture (~2 : 1) of the acetals 39 (142 mg, 49% over 2 steps) as a
colourless oil: R;: = 0.28 (petroleum ether—ethyl acetate, 4 : 1); Vi
(CHCl;)/cm™ 2957, 2934, 2862, 2838, 1682, 1614, 1587, 1508; oy
(500 MHz, C;Dy, 343 K) major isomer 7.41 (2H, d, J = 8.7 Hz,
2 x Ar-H), 7.37 (1H, d, J = 1.6 Hz, Fur-H), 7.25-7.17 (4H, m,
4 x Ar-H), 7.03 (1H, dd, J = 1.3, 1.1 Hz, Fur-H), 6.84-6.75
(6H, m, 6 x Ar-H), 5.81-5.78 (1H, m, C=CHCH,0), 5.78 (1H, s,
OCHO),4.66 (1H, ddd, J =11.0,6.7,2.5 Hz, CH,CHOCHArO),
4.38-4.12 (7TH, m, 2 x CH,Ar, CHOCH,Ar, OCHArOCHCH,
CH,0CH,Ar), 4.03 (1H, dd, J = 12.7, 5.4 Hz, CH,0OCH,Ar),
3.72 (1H, ddd, J = 9.6, 6.0, 1.6 Hz, CHCH,CH,), 3.39-3.36 (1H,
m, CH,C=CH), 3.39 (3H, s, OCH,), 3.37 (3H, s, OCH,;), 3.32
(3H, s, OCH,), 3.07 (1H, d, J = 14.5 Hz, CH,C=CH), 2.18-1.98
(2H, m, CHCH,CH), 1.90-1.65 (2H, m, CHCH,CH,), 1.36-1.22
(2H, m, CH,CH,), 0.83 (3H, t, J = 7.4 Hz, CH); minor isomer
7.49 2H, d,J =8.4 Hz, 2 x Ar-H), 7.43 (1H, d, J = 1.5 Hz, Fur-
H), 7.25-7.17 (4H, m, 4 x Ar-H), 7.01 (1H, dd, J = 1.4, 1.3 Hz,
Fur-H), 6.84-6.75 (6H, m, 6 x Ar-H), 5.99 (1H, s, OCHO), 5.84—
5.81 (1H, m, C=CHCH,0), 4.83-4.79 (1H, m, CH,CHOCHATrO),
4.38-4.12 (8H, m, 2 x CH,Ar, CHOCH,Ar, OCHArOCHCH,

CH,OCH,Ar), 3.54-3.52 (1H, m, CHCH,CH,), 3.39-3.36 (1H,
m, CH,C=CH), 3.38 (3H, s, OCH,), 3.37 (3H, s, OCH,), 3.35
(3H, s, OCH,;), 3.09 (1H, d, J = 14.7 Hz, CH,C=CH), 2.18-1.98
(2H, m, CHCH,CH), 1.90-1.65 (2H, m, CHCH,CH,), 1.36-1.22
(2H, m, CH,CH,), 0.80 (3H, t, J = 7.4 Hz, CH,); 6. (125 MHz,
C¢Dy, 343 K) major isomer 161.1 (C), 160.1 (C), 160.1 (C), 142.7
(CH), 141.8 (C), 138.8 (CH), 131.7 (C), 131.5(C), 131.1 (C), 129.6
(CH), 129.5 (CH), 128.9 (CH), 127.5 (CH), 125.5 (C), 124.5 (C),
114.5 (CH), 114.4 (CH), 114.2 (CH), 102.8 (CH), 81.9 (CH), 76.2
(CH), 75.1 (CH), 72.6 (CH,), 70.9 (CH,), 66.6 (CH,), 55.0 (CH,),
55.0 (CH;), 55.0 (CH,), 39.7 (CH,), 36.1 (CH,), 34.0 (CH), 31.0
(CH,), 21.1 (CH,), 14.0 (CHs,); minor isomer 160.8 (C), 160.1 (C),
160.1 (C), 142.6 (CH), 140.9 (C), 138.8 (CH), 133.5(C), 131.0 (C),
128.4 (CH), 128.1 (CH), 127.9 (CH), 125.5 (C), 124.0 (C), 114.5
(CH), 114.4 (CH), 114.2 (CH), 102.3 (CH), 80.2 (CH), 76.7 (CH),
75.8 (CH), 72.7 (CH,), 70.9 (CH,), 66.9 (CH,), 55.0 (CH;), 39.6
(CH,), 35.3 (CH,), 34.3 (CH), 32.0 (CH,), 21.1 (CH,), 14.0 (CHy,);
m/z (EI) 654.3188 [M]*, C,,H,sO; requires 654.3193.

(45*,55*,6R*,8R*,92)-6,8-Bis|(4-methoxybenzyl)oxy|-9-{2-[(4-
methoxybenzyl)oxy|ethylidene }-4-propyl-5,6,7,8,9,10-hexahydro-
4 H-cyclonona|c|furan-5-ol 40 and (45*,55*,6R*,8R*,97)-5,8-
bis[(4-methoxybenzyl)oxy]-9-{2-[(4-methoxybenzyl)oxy]-
ethylidene }-4-propyl-5,6,7,8,9,10-hexahydro-4 H-
cyclonona|c]furan-6-ol 41

A solution of diisobutylaluminium hydride (260 uL of a 1.0 M
solution in toluene, 0.260 mmol) was added to a stirred solution of
the acetals 39 (85.3 mg, 0.130 mmol) in dichloromethane at =78 °C
under argon. The reaction mixture was stirred at —78 °C for 2 h
then three further portions of a solution of diisobutylaluminium
hydride (260 puL of a 1.0 M solution in toluene, 0.260 mmol) were
added at 2 h intervals. The reaction mixture was then quenched
with methanol (1 mL), warmed to room temperature, then poured
into a saturated aqueous solution of potassium sodium tartrate
(10 mL). The aqueous phase was extracted with dichloromethane
(5% 10 mL) and the organic layers were combined, dried (MgSO,)
and concentrated to afford the crude product mixture as a pale
yellow oil. Purification by flash column chromatography on silica
gel (30 — 40% diethyl ether in hexane) yielded the alcohols 40
(25.0 mg, 29%) and 41 (28.0 mg, 33%) and the original mixture of
acetals 39 (20.1 mg, 24%) as colourless oils.

40. R = 0.40 (60% diethyl ether in petroleum ether); V.
(CHCly)/em™ 3569, 2957, 2935, 2863, 2838, 1613, 1586, 870;
6y (400 MHz, CDCl;) 7.26-7.13 (8H, m, 6 x Ar-H, 2 X Fur-
H), 6.89-6.79 (6H, m, 6 x Ar-H), 580 (1H, dd, J = 6.1,
4.4 Hz, C=CHCH,0), 4.53 (1H, d, J = 11.9 Hz, OCH,Ar),
444 (1H, d, J = 11.4 Hz, OCH,Ar), 4.34 (1H, d, J = 11.9 Hz,
OCH,Ar), 4.32 (1H, d, J = 11.4 Hz, OCH,Ar), 4.29-4.25 (1H,
m, CH,OCH,Ar), 4.25 2H, s, CH,OCH,Ar), 4.09 (1H, dd, J =
13.3,6.1 Hz, OCH,Ar), 3.95-3.92 2H, m, CHOH, CH=CCHO),
3.82(3H,s,OCH;), 3.77 (6H, 2 x OCH,), 3.54 (1H, d, J = 5.4 Hz,
CHCHOCH,Ar), 3.36 (1H, d, J = 15.5 Hz, CH,C=CH), 3.24
(1H, d, J = 15.5 Hz, CH,C=CH), 2.83 (1H, dd, J/ = 9.7, 5.9 Hz,
CHCH,CH,), 2.17 (1H, d, J = 4.0 Hz, OH), 1.91-1.57 (4H, m,
CHCH,CH,CHCH,CH,), 1.33-1.25(2H, m, CH,CH;),0.87 (3H,
t,J = 7.3 Hz, CH,); 6. (100 MHz, CDCl,;) 159.2 (C), 159.1 (C),
159.0 (C), 142.0 (CH), 139.1 (CH), 137.4 (C), 130.9 (C), 130.5 (C),
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130.5 (C), 129.4 (CH), 129.1 (CH), 128.8 (CH), 123.5 (C), 122.1
(C), 113.8 (CH), 113.8 (CH), 78.2 (CH), 77.7 (CH), 73.8 (CH),
72.2, 70.5 (CH), 69.3 (CH.), 67.4 (CH,), 55.4 (CH,), 55.3 (CH,),
37.8 (CH.), 35.8 (CH), 34.0 (CH,), 33.8 (CH,), 20.7 (CH,), 13.9
(CH,); m/z (ES) 657.3407 [M + HJ*, C4H,,O; requires 657.3427.

41. R = 0.32 (60% diethyl ether in petroleum ether); Vv,
(CHCly)/cm™ 3695, 3556, 2957, 2934, 2871, 2839, 1612, 1585,
872. 6, (400 MHz, CDCl;) 7.28-7.16 (8H, m, 6 X Ar-H, 2 x
Fur-H), 6.90-6.84 (6H, m, 6 x Ar-H), 5.85 (1H, dd, J = 6.4,
6.1 Hz, C=CHCH,0), 4.72 (1H, d, J = 11.4 Hz, OCH,Ar), 4.60
(1H, d, J = 11.4 Hz, OCH,Ar), 4.47-4.38 (3H, m, OCH,Ar,
CH,0OCH,Ar) 4.31 (1H, br s, CHOH), 4.30-4.15 (4H, m,
OCH,Ar, OCH,Ar, CH=CCHO), 3.82 (3H, s, OCH,), 3.82 (3H, s,
OCH,), 3.81 (3H, s, OCH;), 3.63 (1H, s, CHCHOCH,Ar), 3.33
(1H, d, J = 15.6 Hz, CH,C=CH), 3.25 (1H, d, J = 15.6 Hz,
CH,C=CH), 2.82 (1H, dd, J = 7.2, 7.2 Hz, CHCH,CH,), 2.15
(1H, ddd, J = 15.8, 5.3, 2.1 Hz, CHCH,CH), 2.06 (1H, d, J =
4.2Hz,CHOH), 1.80(1H,ddd, J=15.8,6.8,3.2Hz, CHCH,CH),
1.70-1.57(2H, m, CHCH,CH,), 1.27-1.19 (2H, m, CH,CH,), 0.84
(3H, t, J = 7.3 Hz, CH,); 6. (100 MHz, CDCl;) 159.3 (C), 159.1
(C), 141.3(CH), 141.1 (C), 139.7 (CH), 131.2 (C), 130.7 (C), 130.4
(C), 129.5 (CH), 129.2 (CH), 129.1 (CH), 128.9 (CH), 124.4 (C),
123.3 (C), 113.9 (CH), 113.8 (CH), 113.8 (CH), 82.3 (CH), 73.6
(CH), 73.0 (CH,), 72.3 (CH,), 71.3 (CH), 69.8 (CH,), 66.6 (CH.,),
55.4 (CH,), 37.3 (CH,), 37.2 (CH), 36.9 (CH,), 31.4 (CH,), 20.7
(CH,), 14.1 (CH;); m/z (ES) 679.3227 [M + Na]*, C,\H;xNaOq
requires 679.3247.

(45*,55*,8R*,97)-5,8-Bis[(4-methoxybenzyl)oxy]-9-{ 2-[(4-
methoxybenzyl)oxylethylidene } -4-propyl-4,5,7,8,9,10-hexahydro-
6H-cyclonona|c]furan-6-one 42

4 A Molecular sieves (20 mg), TPAP (3.0 mg, 0.0085 mmol) and
NMO (15.0 mg, 0.128 mmol) were added to a stirred solution of
the alcohol 41 (56.0 mg, 85.4 umol) in dichloromethane (2 mL) at
room temperature under argon. The reaction mixture was stirred
at room temperature for 16 h then concentrated to afford the
crude ketone product as a black residue. Purification by flash
column chromatography on silica gel (30 — 40% diethyl ether
in hexane) yielded the pure ketone 42 as a colourless oil (44.5 mg,
80%): Ry: = 0.32 (60% diethyl ether in petroleum ether); Vv,
(CHCl;)/em™ 2957, 2935, 2863, 2838, 1720, 1613, 1586, 908, 870,
834; 8, (400 MHz, CDCl;) 7.30-7.19 (8H, m, 6 x Ar-H, 2 x Fur-
H), 6.91-6.85 (6H, m, 6 x Ar-H), 5.81 (1H, dd, J = 8.0, 4.4 Hz,
C=CHCH,0),4.71 (1H, d, J = 11.7 Hz, OCH,Ar), 4.59 (1H, dd,
J =9.5, 6.7 Hz, CH,CHOCH,Ar), 4.49-4.43 (3H, m, OCH,Ar,
OCH,Ar),4.26(1H,dd,J =12.5,8.0 Hz, CH,OCH,Ar),4.20 (1H,
d, J = 11.7 Hz, OCH,Ar), 4.19 (1H, d, J = 11.3 Hz, OCH,Ar),
4.01 (1H, dd, J = 12.5, 4.4 Hz, CH,OCH,Ar), 3.95 (1H, d, J =
2.7 Hz, OCCHOCH,Ar), 3.82 (6H, s, 2 x OCH}), 3.81 (3H, s,
OCH,), 3.37-3.29 (1H, m, CHCH,CH,), 3.23 (1H, br s, OCCH,),
3.17-3.01 2H, m, CH=CCH,), 2.68-2.58 (1H, m, OCCH,), 1.74—
1.62 (2H, m, CHCH,CH,), 1.28-1.08 (2H, m, CH,CH,), 0.86 (3H,
t, J = 7.3 Hz, CH;); 8. (125 MHz, CDCl;) 207.7 (C), 159.4 (C),
159.3 (C), 159.3 (C), 141.9 (CH), 139.5 (CH), 137.5 (C), 132.6
(CH), 130.5 (C), 130.3 (C), 129.9 (C), 129.7 (CH), 129.5 (CH),
129.5 (CH), 129.4 (CH), 124.0 (C), 122.1 (C), 113.9 (CH), 113.8
(CH), 84.5 (CH), 72.6 (CH,), 72.2 (CH), 71.8 (CH,), 69.5 (CH.,),

66.2 (CH,), 55.3 (CH), 42.7 (CH,), 36.6 (CH), 34.6 (CH.), 24.5
(CH,), 20.7 (CH,), 14.0 (CH,); m/z (ES) 677.3070 [M + Na]*,
C4HyNaOjg requires 677.3090.

4S5*,58*,8R*,97)-5,8-Dihydroxy-9-(2-hydroxyethylidene)-4-
propyl-4,5,7,8,9,10-hexahydro-1H-cyclonona|c|furan-1,3,6-trione
(5-epi-hydroxycornexistin) 44

Rose Bengal (0.4 mg, 0.3 umol) and diisopropylethylamine (11 pL,
0.063 mmol) were added to a stirred solution of the furan
42 in dichloromethane (1 mL) and the solution was cooled to
—78 °C. Oxygen was bubbled through the pink solution for 5 min
at —78 °C. The solution was stirred for a further 5 min and then
sealed. The solution was then irradiated with a 500 W tungsten
incandescent lamp for 30 min. Further diisopropylethylamine
(11 pL, 0.063 mmol) was added to the reaction mixture and it
was allowed to warm slowly to room temperature over 2 h. The
reaction mixture was poured into a saturated aqueous solution
of ammonium chloride (5 mL) and the aqueous phase was
extracted with dichloromethane (3 x 5 mL). The organic layers
were combined, dried (MgSQO,) and concentrated to afford the
crude product mixture as a pale yellow oil. The compound was
sufficiently pure to use without further purification.

4 A Molecular sieves (10 mg) and TPAP (16.0 mg, 0.0455 mmol)
were added to a stirred solution of the crude oxidation product
(~0.03 mmol) in dichloromethane (1 mL) at room temperature
under argon. The reaction mixture was stirred at room temperature
for 2 h then filtered through a short plug of silica gel eluting with
ethyl acetate to afford a pale yellow oil. To a solution of this
oil in dichloromethane (1 mL), were added water (200 uL) and
DDQ (20.6 mg, 0.0909 mmol). The deprotection reaction was
monitored by analysis of reaction aliquots by mass spectrometry
and the mixture was poured into a saturated aqueous solution of
sodium hydrogen carbonate (5 mL) when analysis indicated that
all three of the PMB protecting groups had been removed (~4 h).
The phases were separated and the aqueous phase was washed with
dichloromethane (3 x 5 mL), acidified to pH 2 with a 1 M HCI
solution and extracted with ethyl acetate (3 x 5 mL). The organic
layers were combined, dried (MgSO,) and concentrated to afford
the crude product as a pale yellow oil. Purification of the product
by reverse phase preparative HPLC (0 — 100% acetonitrile in
water) yielded the pure triol 44 as a colourless solid (1.0 mg, 10%
over 3 steps): mp 62-65 °C; v, (film)/cm™ 3385, 2959, 2926, 2873,
2855, 1832, 1766, 1714, 1643, 1574, 924, 780, 752; 8y (500 MHz,
CD;CN) 5.86 (1H, dd, J = 6.5, 5.9 Hz, C=CH), 4.99 (1H, dd,
J =10.3, 6.2 Hz, CH,CHOH), 4.43-4.41 (1H, m, CHCHOH),
4.16-4.14 (2H, m, CH,0OH), 3.71 (1H, ddd, J = 8.9, 6.2, 2.5 Hz,
CHCH,CH,), 3.50 (1H, d, J/ = 4.9 Hz, OH), 3.38 (1H, dd, J =
16.5, 10.3 Hz, CH,CO), 3.34 (1H, br s, OH), 3.22 (1H, d, J =
14.3 Hz, CH,OH), 3.12 (1H, dd, J = 14.3, 1.1 Hz, CH,OH),
2.85 (IH, br s, OH), 2.71 (1H, dd, J = 16.5, 6.2 Hz, CH,CO),
2.30-2.21 (1H, m, CHCH,CH,), 1.92-1.86 (1H, m, CHCH,CH,),
1.41-1.27 (2H, m, CH,CH,;), 0.95 (3H, t, J = 7.4 Hz, CH;); 6
(125 MHz, CD;CN) 210.2 (C), 166.8 (C), 165.1 (C), 147.4 (O),
141.2 (C), 137.6 (C), 136.4 (CH), 79.4 (CH), 66.5 (CH), 58.4
(CH,), 42.9 (CH,), 41.0 (CH), 31.2 (CH,), 25.2 (CH,), 21.6 (CH,),
14.3 (CH;); m/z (ES) 347.1095 [M + Na]J*, C,sH,NaO; requires
347.1107.
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Acetic acid (45%,55*,6 R*,7aR*)-5-acetoxy-9-0xo-4-propyl-
5,6,7,7a,9,11-hexahydro-4 H-2,8-dioxadicyclopentala,d]cyclo-
nonen-6-yl ester 45 and acetic acid (45*,55%,6R*,7aR*)-5-
hydroxy-9-oxo-4-propyl-5,6,7,7a,9,11-hexahydro-4 H-2,8-
dioxadicyclopentala,d]cyclononen-6-yl ester 46

A solution of triethylamine (100 uL of a 0.77 M solution in
dichloromethane, 0.077 mmol), DMAP (0.9 mg, 8 umol) and a
solution of freshly distilled acetic anhydride (100 uL of a 0.64 M
solution in dichloromethane, 0.064 mmol) were added to a stirred
solution of the diol 35 (18.7 mg, 0.0640 mmol) in dichloromethane
(1 mL) at 0 °C under argon. The reaction was allowed to warm to
room temperature and the mixture was stirred for 3 h. The reaction
mixture was poured into water (5 mL) and the aqueous phase was
extracted with dichloromethane (2 x 5 mL). The organic layers
were combined, dried (MgSO,) and concentrated to afford the
crude product mixture as a pale yellow oil. Purification by flash
column chromatography on silica gel (20 — 45% ethyl acetate in
hexane) yielded the diacetate 45 (4.2 mg, 20%) as a colourless solid
and the acetate 46 as a colourless oil (14.0 mg, 64%).

45. Mp 157-159 °C; R;: = 0.52 (ethyl acetate—petroleum ether,
2 1 1); Va (CHCL)/cm™ 2959, 2930, 2873, 1747, 1631, 1602,
950, 917, 897, 870; 6y (400 MHz, CDCl;) 7.35 (1H, s, Fur-
H), 7.23 (1H, d, J = 1.3 Hz, Fur-H), 6.20 (1H, s, COCH=C),
5.34 (1H, s, CHCHOACc), 4.96 (1H, s, CH=CCHO), 4.60-4.56
(1H, m, CH,CHOACc), 3.85 (1H, d, J = 18.7 Hz, CH,C=CH),
3.76 (1H, d, J = 18.7 Hz, CH,C=CH), 2.55 (1H, dd, J =
9.0, 6.4 Hz, CHCH,CH,), 2.13 (3H, s, COCH,), 1.99-1.94
(2H, m, CHCH,CH), 1.96 (3H, s, COCH,;), 1.59-1.46 (2H, m,
CHCH,CH,), 1.33-1.24 (2H, m, CH,CH;), 0.84 (3H, t, J =
7.3 Hz, CH;); 6. (100 MHz, CDCl;) 171.5 (C), 170.4 (C), 169.8
(C), 167.7 (C), 142.4 (CH), 140.2 (CH), 122.8 (C), 120.3 (CH),
118.8(C), 81.7(CH), 72.8 (CH), 638.8 (CH), 36.8 (CH,), 35.6 (CH),
30.9 (CH,), 23.8 (CH,), 21.0 (CH5;), 20.9 (CHj3), 20.3 (CH,), 13.8
(CH,); m/z (ES) 377.1588 [M + H]*, C,0H,s0; requires 377.1600.

46. R;: = 0.36 (ethyl acetate—petroleum ether, 2 : 1); Vi
(CHCl;)/cm™ 3615, 2958, 2873, 1758, 1631, 975, 945, 908, 870;
Ou (400 MHz, CDCl;) 7.35 (1H, dd, J = 1.6, 1.1 Hz, Fur-H),
7.33 (1H, d, J = 1.6 Hz, Fur-H), 6.19 (1H, s, COCH=C), 4.98-
4,94 (1H, m, CH=CCHO), 4.58 (1H, ddd, J = 3.6, 3.6, 1.9 Hz,
CHOAC), 3.89 (1H, br s, CHOH), 3.84 (1H, ddd, J = 18.5, 1.6,
1.1 Hz, CH,C=CH), 3.74 (1H, br d, J = 18.5 Hz, CH,C=CH),
248 (1H,dd,J =9.5,6.0 Hz, CHCH,CH,), 2.06 (3H, s, COCH,),
1.89 (1H, d, J = 3.6 Hz, CHCH,CH), 1.88 (1H, d, J = 3.6 Hz,
CHCH,CH), 1.78-1.58 (3H, m, CHCH,CH,, OH), 1.34-1.20
(2H, m, CH,CH,), 0.87 (3H, t, J = 7.3 Hz, CH;); 6. (100 MHz,
CDCl,) 171.7 (C), 169.5 (C), 167.9 (C), 142.6 (CH), 140.5 (CH),
122.5 (C), 120.2 (CH), 118.8 (C), 81.8 (CH), 72.9 (CH), 70.8
(CH), 37.1 (CH,), 36.9 (CH), 30.5 (CH,), 23.8 (CH,), 21.3 (CH;),
20.5 (CH,), 13.9 (CHs;); m/z (CI, NH;) 334.1414 [M]*, C;sH,O¢
requires 334.1416.

Acetic acid (45*,6 R*,7aR*)-5,9-dioxo-4-propyl-5,6,7,7a,9,11-
hexahydro-4H-2,8-dioxadicyclopentala,d]|cyclononen-6-yl ester 48

Dess—Martin periodinane (10 mg, 0.024 mmol) was added in one
portion to a stirred solution of the alcohol 46 (8.0 mg, 0.024 mmol)

in dichloromethane (I mL) at room temperature under argon.
The resultant suspension was stirred at room temperature for
5 h before addition of more Dess—Martin periodinane (20 mg,
0.048 mmol). Stirring was continued for 16 h and a saturated
aqueous solution of sodium thiosulfate (1 mL) was then added.
After the mixture had been stirred for 1 h, the aqueous phase was
extracted with dichloromethane (2 x 2 mL). The organic layers
were combined, dried (MgSQO,) and concentrated to afford the
crude product as a pale yellow solid. Purification by flash column
chromatography on silica gel (10 — 35% ethyl acetate in hexane)
yielded the pure ketone 48 as a colourless oil (7.6 mg, 95%): R;: =
0.27 (petroleum ether—ethyl acetate, 2 : 1); Vy. (CHCl;)/cm™
2960, 2874, 1757, 1634, 953, 909, 872; 6y (400 MHz, CDCl;)
7.40 (1H, d, J = 1.6 Hz, Fur-H), 7.32 (1H, m, Fur-H), 5.98
(1H, s, COCH=C), 5.10 (1H, d, J = 7.5 Hz, CH=CCHO), 5.02
(1H, dd, J = 4.2, 3.6 Hz, CHOACc), 3.80 (1H, d, J = 15.7 Hz,
CH,C=CH), 3.74 (1H, dd, J = 7.3, 7.3 Hz, CHCH,CH,), 3.36
(1H, d, J = 15.7 Hz, CH,C=CH), 2.27 (1H, ddd, J = 16.1, 4.2,
1.7 Hz, CHCH,CH), 2.15 (3H, s), 2.19-1.98 2H, m, CHCH,CH,
CHCH,CH,), 1.60-1.51 (1H, m, CHCH,CH,), 1.33-1.23 (2H, m,
CH,CH,), 0.92 (3H, t, J = 7.3 Hz, CH;); 6. (100 MHz, CDCl;)
205.0 (C), 171.8 (C), 170.6 (C), 169.4 (C), 142.3 (CH), 142.1
(CH), 121.0 (C), 118.8 (C), 117.7 (CH), 79.2 (CH), 74.4 (CH),
45.9 (CH), 34.1 (CH,), 33.1 (CH,), 23.0 (CH,), 20.5 (CH;), 20.3
(CH,), 13.9 (CH;); m/z (ES) 333.1328 [M + HJ*, C;sH,, O, requires
333.1338.

45*,58*,6 R*,7aR*)-(5,6-Methylenedioxy)-4-propyl-5,6,7,7a-
tetrahydro-4H ,11H ,-2,8-dioxadicyclopentala,d]cyclononene-
9-one 49

p-Toluenesulfonic acid monohydrate (20.7 mg, 0.109 mmol)
and 2,2-dimethoxypropane (402 puL, 3.30 mmol) were added
to a stirred solution of the diol 35 (319 mg, 1.09 mmol) in
dichloromethane (11 mL) at room temperature under argon. The
reaction mixture was stirred at room temperature for 1.5 h, then
poured into water (10 mL). The aqueous layer was extracted
with dichloromethane (2 x 10 mL) and the organic extracts were
combined, washed with brine (10 mL), dried (MgSQO,), filtered and
concentrated to afford the crude product as a pale yellow solid.
Purification by flash column chromatography on silica gel (10 —
40% ethyl acetate in petroleum ether) yielded the pure acetonide
49 as a colourless solid (356 mg, 98%): mp 158-160 °C (Found:
C, 68.42; H, 7.34; C,,H,,O5 requires: C, 68.66; H, 7.28%); R;: =
0.34 (petroleum ether-ethyl acetate, 2 : 1); Ve (CHCL;)/cm™ 2958,
2934, 2872, 1750, 1632, 981, 961, 890, 872; 6y (400 MHz, CDCl;)
7.35(1H,d,J =1.5Hz, Fur-H),7.30 (1H,dd, J = 1.5, 1.5 Hz, Fur-
H),6.06(1H,s, COCH=C),4.89(1H,d,J=4.5Hz, CH=CCHO),
4.08 (1H,d,J =4.8 Hz, CHCHO), 3.91-3.84 (2H, m, CH,C=CH,
CH,CHO), 3.62 (1H,d, J = 17.6 Hz, CH,C=CH), 2.63 (1H, ddd,
J=10.1,5.3,1.5Hz, CHCH,CH,), 1.95(1H, dd, J = 15.5, 5.2 Hz,
CHCH,CH), 1.82-1.59 (3H, m, CHCH,CH, CHCH,CH,), 1.32
(3H, s, CCH,), 1.32-1.21 (2H, m, CH,CH,), 1.28 (3H, s, CCH),
0.88 (3H, t, J = 7.3 Hz, CH,CH;); 6. (100 MHz, CDCl;) 172.1
(C), 169.3 (C), 142.5 (CH), 138.9 (CH), 123.7 (C), 118.9 (CH),
118.6 (C), 107.4 (C), 82.0 (CH), 78.0 (CH), 72.4 (CH), 38.8 (CH,),
34.1 (CH,), 33.0 (CH), 28.2 (CH,), 26.1 (CH,), 24.8 (CH,), 20.7
(CH,), 13.9 (CH;); m/z (EI) 332.1639 [M]*, C,,H,,0; requires
332.1624.
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(3aR*,5R*,6Z,115%,11a5%)-6-(2-Hydroxyethylidene)-2,2-
dimethyl-11-propyl-4,5,6,7,11,11a-hexahydro-3a H-
furo[3’,4":4,5]cyclononal1,2-d][1,3]dioxol-5-0l 50

A solution of diisobutylaluminium hydride (1.2 mL of a 1.5 M
solution in toluene, 1.8 mmol) was added dropwise to a stirred
solution of the lactone 49 (296 mg, 0.891 mmol) in THF (10 mL)
at —78 °C under argon. The reaction mixture was stirred at —78 °C
for 2 h before dropwise addition of a solution of lithium aluminium
hydride (1.8 mL of 1.0 M solution in THF, 1.8 mmol). The reaction
mixture was allowed to warm slowly to room temperature then
stirred for 16 h. The reaction was quenched by careful addition of
methanol (2 mL), the mixture was then poured into a saturated
aqueous solution of potassium sodium tartrate (10 mL) and the
aqueous phase was extracted with ethyl acetate (3 x 10 mL).
The organic layers were combined, washed with brine (10 mL),
dried (MgSO,) and concentrated to afford the crude product as
a pale yellow oil. Purification by flash column chromatography
on silica gel (30 — 70% ethyl acetate in petroleum ether) yielded
the pure diol 50 as a colourless foam (221 mg, 74%): mp 122—
124 °C; R;: = 0.36 (ethyl acetate—petroleum ether, 2 : 1); Vyu
(CHCl3)/cm™ 3611, 3488, 2958, 2933, 2872, 1715, 908, 872; Oy
(500 MHz, CDCl;) 7.22 (1H, s, Fur-H), 7.15 (1H, s, Fur-H), 5.78
(1H, dd, J = 6.8, 6.0 Hz, C=CHCH,), 4.48 (1H, dd, J] = 11.9,
6.8 Hz, CH,0OH), 4.37 (1H, dd, J = 10.3, 5.4 Hz, CHOH), 4.28
(1H, s, CH,CHO), 4.19-4.12 (2H, m, CH,0OH, CHCHO), 3.48
(2H, brs, 2 x OH), 3.34 (1H d, J = 15.4 Hz, CH,C=CH), 3.22
(1H, d, J = 15.4 Hz, CH,C=CH), 3.10 (1H, br s, CHCH,CH,),
1.84-1.52 (4H, m, CHCH,CH, CHCH,CH,), 1.33 (3H, s, CCH,),
1.31-1.21 2H, m, CH,CH;), 1.25 (3H, s, CCH), 0.86 (3H, t, J =
7.3 Hz, CH,CH.,); 6. (125 MHz, CDCl;) 142.0 (C), 142.0 (CH),
138.4(CH), 127.7(CH), 124.1 (C), 122.2(C), 107.0 (C), 79.2 (CH),
75.1 (CH), 71.3 (CH), 58.9 (CH,), 39.6 (CH,), 38.6 (CH,), 33.1
(CH), 33.1 (CH,), 27.9 (CH5), 26.0 (CH3;), 20.8 (CH,), 13.9 (CH,);
m/z (ES) 359.1812 [M + Na]*, C,;H;xNaOs requires 359.1834.

(3aR*,5R*,6Z,115%,11a*S)-5-[(4-Methoxybenzyl)oxy]-6-{2-[(4-
methoxybenzyl)oxy|ethylidene }-2,2-dimethyl-11-propyl-
4,5,6,7,11,11a-hexahydro-3a H-furo[3’,4":4,5]cyclonona[1,2d][1,3]-
dioxole 51

Tetra-n-butylammonium iodide (11.0 mg, 0.298 mmol), p-
methoxybenzyl chloride (95 puL, 0.70 mmol) and sodium hydride
(60% dispersion in mineral oil, 60 mg, 1.4 mmol) were added
to a stirred solution of the diol 50 (101 mg, 0.300 mmol) in
DMF (4 mL) at 0 °C under argon. The reaction mixture was
stirred at 0 °C for 30 min then warmed to room temperature and
stirred for a further 3 h. The reaction was quenched by dropwise
addition of water (10 mL) and the mixture was then diluted with
diethyl ether (10 mL). The aqueous phase was separated and
extracted with diethyl ether (3 x 10 mL). The organic layers were
combined, washed with a saturated aqueous solution of copper
sulfate (3 x 10 mL), dried (MgSO,), filtered and concentrated
to afford the crude product as a yellow oil. Purification by flash
column chromatography on silica gel (0 — 30% ethyl acetate in
hexane) yielded the pure acetonide 51 as a colourless oil (128 mg,
74%) (Found: C, 72.87; H, 7.83; C;;H,,O, requires C, 72.89; H,
7.69%); R;: = 0.34 (petroleum ether—ethyl acetate, 4 : 1); Vi
(CHClL;)/cm™ 2934, 2862, 2838, 1731, 1613, 1586, 907, 872; oy
(400 MHz, CDCl;) 7.26-7.20 (SH, m, Fur-H, 4 x Ar-H), 7.15

(1H, s, Fur-H), 6.88 (2H, d, J = 8.6 Hz, 2 x Ar-H), 6.86 2H, d, J =
8.7Hz 2x Ar-H),5.77(1H,dd, J = 6.3,6.2 Hz, C=CHCH,), 4.44
4.40 (3H, m, CH,Ar, CH,Ar), 4.34 (1H, ddd, J = 9.8, 5.7, 3.0 Hz,
CH,CHO), 4.25-4.15 (4H, m, CHCHO, CH,OCH,Ar, CH,Ar),
4.05 (1H, br s, CHOCH,Ar), 3.82 (3H, s, OCH.), 3.81 (3H, s,
OCHS,), 3.37 (1H, dd, J = 9.4, 5.4 Hz, CHCH,CH,), 3.29 (1H d,
J = 14.6 Hz, CH,C=CH), 3.21 (1H, d, J = 14.6 Hz, CH,C=CH),
1.76-1.55 (4H, m, CHCH,CH, CHCH,CH,), 1.34 (3H, s, CCH.),
1.32-1.18 (2H, m, CH,CH,), 1.28 (3H, s, CCH,), 0.83 (3H, t,
J = 7.3 Hz, CH,CH,); 8. (100 MHz, CDCl,) 159.3 (C), 159.1
(C), 141.8 (CH), 138.1 (CH), 130.5 (C), 130.4 (C), 129.5 (CH),
129.0 (CH), 127.1 (CH), 124.6 (C), 123.4 (C), 113.9 (CH), 113.8
(CH), 106.5 (C), 79.2 (CH), 77.3 (CH), 75.5 (CH), 72.4 (CH.),
70.1 (CH.), 66.5 (CH,), 55.3 (CH.,), 39.0 (CH,), 36.2 (CH,), 33.2
(CH), 31.7 (CH,), 27.9 (CH,), 25.7 (CH,), 20.7 (CH.), 13.9 (CH,);
m/z (EI) 576.3091 [M]*, CssHy,O, requires 576.3087.

(45*,55*,6R* ,8R*,972)-8-[(4-Methoxybenzyl)oxy]-9-{2-[(4-
methoxybenzyl)oxylethylidene }-4-propyl-5,6,7,8,9,10-hexahydro-
4 H-cyclonona|c|furan-5,6-diol 52

p-Toluenesulfonic acid monohydrate (4.2 mg, 22 umol) was added
to a stirred solution of the acetonide 51 (128 mg, 0.222 mmol)
in methanol (15 mL) at room temperature under argon. The
reaction mixture was stirred at room temperature for 16 h, then
poured into a saturated aqueous solution of sodium hydrogen
carbonate (10 mL). The mixture was diluted with water (10 mL)
and the aqueous phase was extracted with dichloromethane (5 x
50 mL). The organic layers were combined, dried (MgSQO,), filtered
and concentrated to afford the crude diol as a pale yellow oil.
Purification by flash column chromatography on silica gel (20 —
60% ethyl acetate in petroleum ether) yielded the pure diol 52
(64.8 mg, 54%) and the original acetonide 51 (24.0 mg, 19%) as
colourless oils: R;: = 0.24 (petroleum ether—ethyl acetate, 1 : 1);
Vimax (CHCL3)/cm™ 3563, 2957, 2933, 2862, 2838, 1613, 1586, 870;
Sy (400 MHz, CDCly) 7.27 (1H, s, Fur-H), 7.24 (1H, s, Fur-
H), 7.23-7.18 (4H, m, 4 x Ar-H), 6.88 (2H, d, J = 8.0 Hz, 4 x
Ar-H), 6.86 (2H, d, J = 8.5 Hz, 4 x Ar-H), 5.86 (1H, dd, J =
6.0, 5.9 Hz, C=CHCH,), 4.46-4.41 (2H, m, CH,Ar), 4.44 (1H,
d, J = 11.5 Hz, CH,Ar), 4.32-4.29 (2H, m, CH,0OCH,Ar), 4.28
(IH, d, J = 11.5 Hz, CH,Ar), 4.03 (1H, dd, J = 4.4, 4.3 Hz,
CHOCH,Ar), 3.98 (1H, dd, J = 6.0, 1.9 Hz, CH,CHOH), 3.82—
3.81 (1H, m, CHCHOH), 3.82 (3H, s, OCH,;), 3.81 (3H, s, OCH,),
3.30 (1H, d, J = 15.5 Hz, CH,C=CH), 3.23 (1H, d, J/ = 15.5 Hz,
CH,C=CH), 2.95 (1H, dd, J = 7.8, 7.7 Hz, CHCH,CH,), 1.84—
1.61 (6H, m, CHCH,CH, CHCH,CH,, 2 x OH), 1.35-1.26 (2H,
m, CH,CH,), 0.88 (3H, t,J = 7.3 Hz, CH;); 8. (100 MHz, CDCl,)
159.3(C), 159.2 (C), 141.2 (CH), 140.2 (CH), 138.6 (C), 130.4 (C),
129.5 (CH), 129.4 (CH), 129.1 (CH), 123.5 (C), 122.9 (C), 113.9
(CH), 113.9 (CH), 76.2 (CH), 75.4 (CH), 72.4 (CH,), 71.3 (CH),
70.1 (CH,), 66.9 (CH,), 55.4 (CH,), 37.0 (CH,), 36.3 (CH), 36.3
(CH,), 32.0 (CH,), 20.6 (CH,), 13.9 (CH,); m/z (EI) 536.2792
[M]*, C;,HyO; requires 536.2774.

4S5*,58*,6R*,8R*,92)-5-Hydroxy-8-[(4-methoxybenzyl)oxy]-9-
{2-[(4-methoxybenzyl)oxy]ethylidene }-4-propyl-5,6,7,8,9,10-
hexahydro-4 H-cyclonona|c|furan-6-yl acetate 53

Triethylamine (22 pL, 0.16 mmol), DMAP (0.5 mg, 5 umol) and
freshly distilled acetic anhydride (5.2 uL, 0.055 mmol) were added
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to a stirred solution of the diol 52 (27.9 mg, 0.519 mmol) in
dichloromethane (1 mL) at 0 °C under argon. The reaction mixture
was stirred at 0 °C for 30 min, then warmed to room temperature
and stirred for a further 2 h. The reaction mixture was poured
into a saturated aqueous solution of ammonium chloride (5 mL)
and the aqueous phase was extracted with dichloromethane (3 x
5 mL). The organic layers were combined, dried (MgSO,), filtered
and concentrated to afford the crude product as a pale yellow oil.
Purification by flash column chromatography on silica gel (0 —
30% ethyl acetate in hexane) yielded the acetate 53 as a colourless
0il (19.7 mg, 65%): R;: = 0.38 (petroleum ether—ethyl acetate, 1 : 1);
Vamax (CHCL3)/cm™ 3541, 2958, 2934, 2863, 2838, 1730, 1613, 1586,
908, 870; oy (400 MHz, CDCl;) 7.26 (2H, d, J = 8.3 Hz), 7.21
(2H, m), 7.26 (2H, d, J = 8.6 Hz), 6.87 (2H, d, J = 8.3 Hz), 6.85
(2H,d,J=8.6 Hz), 5.90 (1H, dd, J = 5.9, 5.9 Hz), 5.29-5.25 (1H,
m), 4.49-4.23 (6H, m), 3.98 (1H, dd, J = 4.3, 4.2 Hz), 3.88 (1H, d,
J=6.7Hz),3.81 (6H,s), 3.34-3.21 (2H, m), 2.99 (1H, dd, J = 8.0,
7.6 Hz), 2.02 (3H, s), 1.79-1.60 (4H, m), 1.36-1.26 (2H, m), 0.87
(3H, t, J = 7.3 Hz); éc (100 MHz, CDCl;) 170.2 (C), 159.2 (C),
159.1(C), 141.3 (CH), 140.4 (CH), 137.9 (C), 130.6 (C), 130.4 (C),
130.0 (CH), 129.6 (CH), 128.9 (CH), 123.1 (C), 122.9 (C), 113.8
(CH), 113.8 (CH), 75.4 (CH), 74.4 (CH), 73.6 (CH), 72.4 (CH,),
69.9 (CH,), 67.0 (CH,), 55.3 (CH,), 36.8 (CH), 36.7 (CH,), 32.2
(CH,), 31.6 (CH,), 21.4 (CH,), 20.6 (CH,), 13.9 (CH;); m/z (ES)
601.2757 [M + Na]*, C;,H,,NaOjg requires 601.2777.

(45*,6R*,8*R,97)-6,8-Bis[(4-methoxybenzyl)oxy]-9-{2-[(4-
methoxybenzyl)oxylethylidene }-4-propyl-7,8,9,10-tetrahydro-4 H-
cyclonona|c]furan-5(6 H)-one 56

4 A Molecular sieves (20 mg), TPAP (2.6 mg, 7.3 umol) and
NMO (12.8 mg, 109 umol) were added to a stirred solution of
the alcohol 40 (47.8 mg, 72.9 umol) in dichloromethane (2 mL)
at room temperature. The reaction mixture was stirred at room
temperature for 16 h then concentrated to afford the crude ketone
56 as a black residue. Purification by flash column chromatography
on silica gel (30 — 40% diethyl ether in hexane) yielded the pure
ketone 56 as a colourless 0il (39.4 mg, 83%): R;: =0.39 (60% diethyl
ether in petroleum ether); v,,., (CHCl;)/cm™ (CHCI;) 2959, 2936,
2862, 2838, 1721, 1613, 1586; oy (400 MHz, CDCl;) 7.30-7.19
(8H, m, 6 X Ar-H, 2 x Fur-H), 6.89-6.83 (6H, m, 6 x Ar-H), 5.71—
5.49 (1H, m, C=CHCH,), 4.71 (1H, d, J = 11.1 Hz, CH,Ar), 4.53
(1H, dd, J = 11.3, 4.6 Hz, CH=CCHO), 4.39-4.29 (4H, m, 2 X
CH,Ar), 4.16-4.11 (2H, m, CH,Ar, CH,0CH,Ar), 3.98 (1H, dd,
J =15.9,2.0Hz, COCHCHO), 3.82 (3H, s, OCH;), 3.81 (3H, s,
OCH,), 3.79 (3H, s, OCH,;), 3.78-3.73 (1H, m, CH,OCH,Ar),
3.69 (1H, dd, J = 7.7, 6.4 Hz, CHCH,CH,), 3.14 (IH, d, J =
16.1 Hz, CH=CCH,), 3.01 (1H, d, J = 16.1 Hz, CH=CCH,), 2.68
(1H, ddd, J = 14.5,11.3,2.0 Hz, CHCH,CH), 2.39 (1H, ddd, J =
14.5, 5.9, 4.6 Hz, CHCH,CH), 1.82-1.69 (2H, m, CHCH,CH,),
1.35-1.21 (2H, m, CH,CH;), 0.92 (3H, t, J/ = 7.3 Hz, CH,CH,);
d¢ (125 MHz, CDCI;) 209.3 (C), 159.4 (C), 159.3 (C), 159.2 (C),
141.3 (CH), 140.5 (CH), 136.0 (CH), 135.0 (C), 130.7 (C), 130.5
(C), 130.2 (C), 129.7 (CH), 129.6 (CH), 129.5 (CH), 123.4 (C),
123.2 (C), 113.9 (CH), 113.9 (CH), 113.8 (CH), 82.4 (CH), 72.6
(CH,), 72.0 (CH,), 71.9 (CH), 69.7 (CH,), 66.5 (CH,), 55.4 (CH,),
55.3 (CH,), 42.7 (CH), 34.0 (CH,), 33.0 (CH,), 22.1 (CH,), 21.2
(CH,), 14.2 (CH;); m/z (ES) 677.3061 [M + Na]*, C,H,NaOy
requires 677.3090.
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Chiral pyrrolidine-based phosphinyl oxides were synthesized and their performance as organocatalysts
for asymmetric direct aldol reactions was evaluated. High enantioselectivities and diastereoselectivies

were achieved for a range of cyclic ketones and aromatic aldehydes.

Introduction

The aldol reaction is recognized as one of the most impor-
tant carbon—carbon bond-forming reactions in modern organic
synthesis.! Although highly enantioselective transition-metal cat-
alysts for asymmetric aldol reactions have been developed,> more
attention has been directed toward developing organocatalysts
for direct aldol reactions in recent years. Since the pioneering
discovery, by List and Barbas in 2000,® that L-proline may be
used as a catalyst in the enantioselective direct aldol reaction,
several proline derivatives, for example amides and tetrazoles,*
have been synthesized and applied in highly enantioselective direct
aldol reactions.

Cyclic aminophosphonates, to the best of our knowledge, were
the first chiral pyrrolidines bearing phosphorous substituents to
catalyze the asymmetric direct aldol reaction.® High enantioselec-
tivities were obtained and the use of organic bases as co-catalysts
favored syn-selectivity. Herein, we describe the synthesis of chiral
phosphinyl oxide pyrrolidines, with the replacement of the dihy-
droxy/diethoxy groups in pyrrolidine-based aminophosphonates
by diphenyl groups. Herein, we wish to report the preliminary
results for direct aldol reactions catalyzed by these phosphinyl
oxide compounds.

Results and discussion

The chiral pyrrolidine derivatives 4a—d bearing phosphinyl sub-
stituents were synthesized from pyrrolidine. Reaction of pyrroli-
dine with sodium peroxodisulfate and sodium hydroxide in the
presence of silver nitrate catalyst afforded triazine compound 1
in 48% yield.® The triazine was then reacted with different
phosphine oxides to give racemic mixtures 2a—d of phosphinyl-
pyrrolidines.” We were able to separate the two enantiomers
by glycosylation.® Treatment of the racemic mixture with D-
glucose in methanol led to the formation of two diastereomeric
N-glucosylation products that could be separated by column
chromatography; their absolute configuration was assigned by
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X-ray crystallography. Chiral phosphinyl oxide pyrrolidines 4a—
d and 5 were obtained by the removal of glucose in the presence
of acetic acid’ (Scheme 1). Compound 4a has an R configuration,
and 5 has an S configuration. Homo-analogue 6 was also prepared
according to the literature method.'*!!
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Scheme 1 Synthesis of phosphinyl oxide pyrrolidines.

The catalytic activity of 4a—d, 5 and 6 for the asymmetric direct
aldol reaction was investigated by performing a model reaction
of cyclohexanone 7 and p-nitrobenzaldehyde 8. In our initial
experiment, the reaction was performed in DMSO using catalytic
amounts (20 mol%) of phosphinyl oxide pyrrolidines. The results
are summarized in Table 1.

In most cases, the desired aldol product 9 was obtained as
a mixture of diastereomers, with the anti-(1R,2S) isomer being
predominant. Since the syn diastereomers were always the minor
products, the ee values of the anti diastereomers were primarily
considered. Compound 4a, 4¢ and 5 mediated the asymmetric
aldol reactions with good yield (80-90%) and good enantioselec-
tivities (79-85%) although only modest diasteroselectivities (69 :
31) were obtained (entries 1, 3 and 5). A better diastereoselectivity
(antizsyn = 80 : 20) was obtained in the reaction using 4d as
catalyst (entry 4). In contrast, compound 4b and 6 catalyzed
the formation of nearly 1 : 1 mixture of anti:syn products with
moderate enantioselectivity (entry 2 and 6).

Compound 4a was chosen for further studies on the basis of
good enantioselectivity and ease of preparation on a large scale.
The solvents, catalyst loading, temperature and the additives in
the reaction were extensively studied for this catalyst. Results
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Table 1 Screening of catalysts for the model asymmetric aldol reaction of p-nitrobenzaldehyde with cyclohexanone

20 mol% cat.

0 CHO
SRS,
7

Koo dha,

DMSO RT
anti-9 syn-9
Entry Catalyst Time/h Yield (%) dr (anti:syn)® % ee (anti)®
1 4a 120 90 69 : 31 85
2 4b 102 33 52:48 63
3 4c 96 86 67:33 79
4 4d 124 79 80:20 84
5 5 120 79 69 : 31 81
6 6 96 55 55:45 35

“Tsolated yield after silica gel chromatography. * Determined by chiral HPLC; the anti-isomer is the major product.

show that the reaction in DMSO afforded the anti product with
the highest yield and enantioselectivity; reactions in DCM and
chloroform gave slightly better anti:syn ratios but with lower
yields and enantioselectivities (Table 2, entries 1-5). Furthermore,
reduction in catalyst loading to 5-10% resulted in sluggish
reactions with poor yields (entry 6 and 7). Therefore, 20 mol%
was the preferred catalyst loading.

The effect of additives on the asymmetric aldol reactions was
examined. The addition of acids and bases has been reported to
accelerate the reaction rate by promoting enamine formation.**
Unsatisfactory results were observed with the addition of strong
acid of HCOOH and TsOH (entries 10 and 11), but the reaction
rate was enhanced and good enantioselectivities were observed
when weaker acids, AcOH and PhCOOH, were used as the
additives (entries 8 and 9).

To further improve the diastereoselectivity, we investigated the
effect of temperature on the reaction. To our disappointment, the
reaction proceeded very slowly at 0 °C. At 50 °C, the ee dropped

significantly (entries 12-14). Based on our extensive screening
results, we concluded that the optimal reaction conditions were
to utilize 4a as a catalyst, AcOH as an additive, and DMSO as
solvent at room temperature.

Under our optimized reaction conditions, the application of
catalyst 4a in the direct asymmetric intermolecular aldol reaction
between different aromatic aldehyde acceptors and ketone donors
was further explored (Table 3). The best enantioselectivity of
93% was obtained in the reaction between thiopyranone and
p-nitrobenzaldehyde with an anti:syn ratio of 85 : 15 (entry 2).
Aldol reactions of 3,4-dihydro-2H-thiopyranone with m-nitro-
benzaldehyde or o-nitrobenzaldehyde gave a slightly lower anti:syn
ratio of 83 : 17 and an ee of 82-87% (entries 6 and 8). The highest
antizsyn ratio of 86 : 14 was observed between the reaction of
p-nitrobenzaldehyde and 3,4-dihydro-2H-pyranone (entry 3). 4-
Methylcyclohexanone and N-Boc-piperidin-4-one were also em-
ployed in the aldol reactions but showed lower enantioselectivities
compared to cyclohexanone in our catalytic system (entries 4

Table 2 Enantioselective direct aldol reaction of p-nitrobenzaldehyde with cyclohexanone catalyzed by 4a under various conditions

20 mol% cat.

0 CHO
fi »e
O,N
7 8

Koo da,

DMSO RT
anti-9 syn-9
Entry Additive Solvent Time/h Yield (%)* dr (anti:syn)® % ee (anti)®
1 — DCM 96 77 77:23 72
2 — CHCl, 96 88 74 :26 60
3 — DMF 96 48 66 : 24 71
4 — THF 96 56 57:43 70
5 — DMSO 96 90 69:31 85
6 — DMSOe 192 55 68 :32 82
7 — DMSO“ 144 61 74 :26 83
8 AcOH DMSO 48 73 69:31 85
9 PhCO,H DMSO 48 58 70 : 30 80
10 HCO,H DMSO 48 64 64:26 74
11 TsOH DMSO 48 Trace — —
12 AcOH DMSO* 48 Trace — —
13 AcOH DMSO/ 29 73 62:38 60
14 PhOH DMSO/ 29 78 69 : 31 64

“Tsolated yield after silica gel chromatography. ® Determined by chiral HPLC; the anti-isomer is the major product. ¢ Only 5% catalyst was used.  Only
10% catalyst was used. ¢ Reaction carried out at 0 °C./Reaction carried out at 50 °C.
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Table 3 The direct aldol reaction catalyzed by catalyst 4a with different aldehydes and ketones

(0] o}
20 mol%
H | \_ catalyst 1a
+

X = DMSO ACOH /

10 1 anti-12 syn-12
Entry R X Time/h Yield (%)* dr (anti:syn)® % ee (anti)®
1 p-NO, CH, 43 73 (9) 69 : 31 85
2 p-NO, S 41 44 (12a) 85:15 93
3 p-NO, (0} 60 60 (12b) 86: 14 82
4 p-NO, CHMe 43 61 (12¢) 64:26 85
5 p-NO, NBoc 60 43 (12d) 69: 31 80
6 m-NO, S 48 76 (12¢) 83:17 87
7 m-NO, (0} 43 73 (12f) 74:26 82
8 0-NO, S 48 66 (12g) 83:17 82
9 0-NO, (0} 43 75 (12h) 83:17 89

“Isolated yield after silica gel chromatography. * Determined by chiral HPLC; the anti-isomer is the major product.

and 5). The current method has its limitations since we can not
extend it to simple acyclic ketones and non-aromatic aldehydes.

Theoretical calculations have been performed to understand
the mechanism of our catalytic system. It is well known that the
key step in amine-catalyzed aldol reactions is the formation of
the carbon-carbon single bond in the reaction of the enamine
intermediate and aldehyde or acetone.'®* Unlike proline-catalyzed
aldol reactions, there is no H-bonding involved in the transition
state for carbon—carbon bond formation. Fig. 1a shows one of
many possible transition state geometries without an acid additive
in the gas phase. p-Nitrobenzaldehyde approaches the enamine
intermediate preferentially from the side opposite to the bulky
phosphine oxide group. The transition state has a C—C bond length
0f 1.6847 A and a C=N bond length of 1.3182 A. This zwitterionic
structure leads to an oxetane intermediate. The reaction barrier is
32.82 kcal mol™ after zero-point energy correction at B3LYP/6-
31G(d) calculation, and the free energy of activation is 44.74 kcal
mol™, a relatively high value.

Fig.1 The calculated transition state of aldol reaction of 7 and 8 catalyzed
by 4a. a) without acid additive, left; b) with acetic acid additive, right.

Fig. 1b shows a possible transition state geometry with AcOH
as acid additive in the gas phase. The forming C—C bond length is
1.6529 A and C=N bond length is 1.3073 A. In this transition state,
the hydrogen ion from acetic acid has been partially transferred to
the oxygen atom of the carboxyl group in p-nitrobenzaldehyde, as
the calculated two O—H bond lengths are 1.1634 A and 1.2596 A
and the O-H-O angle is 172.4°. The bond length of C-O in p-
nitrobenzaldehyde is elongated to 1.3515 A. Bahmanyar and Houk

Table 4 The reaction barrier (E,*) and free energy (AG°*) of activation
at room temperature for reaction without acid additive

Gasphase CHCl; DCM DMSO THF
E.} (kcal mol™) 32.82 29.81 29.30 29.12 29.62
AG®* (kcal mol™)  44.74 45.31 46.69 44.05 43.30

have predicted that for such reactions, there is almost no reaction
barrier.”® In our calculation, the reaction barrier is about 4.33 kcal
mol™ after zero-point energy correction, which is in agreement
with their calculations. However, at room temperature, the free
energy of activation is about 28.05 kcal mol™', due to the entropy
penalty.

The reaction barrier (E,*) and free energy of activation (AG°%)
at room temperature for the gas phase and for different solvents
are reported in Table 4 for reactions without acid additive. The
results show that different solvents do not change the reaction
barrier and free energy of activation very much and the reactions
are slow, in agreement with observation. With AcOH as the acid
additive, the reaction barrier is 8.72 kcal mol™ and the free energy
of activation at room temperature is about 35.71 kcal mol™ in
DMSO solution, so whether in gas phase or in solution, the acid
additive can promote the direct aldol reactions.

In summary, we have demonstrated the direct aldol reaction
of cyclic ketones with different aromatic aldehydes catalyzed by
phosphinyl oxide pyrrolidines with good yields, moderate diastere-
oselectivities, and up to 93% ee. The catalytic transition state was
rationalized by the DFT calculations. Further exploration of this
catalyst in other asymmetric reactions is under way.

Experimental
General

Unless otherwise noted, all reactions were carried out in oven-
dried glassware under an atmosphere of nitrogen, and distilled
solvents were transferred by syringe. Solvents and reagents were
purified according to standard procedures prior to use. Product
purification by flash column chromatography was accomplished
using silica gel 60 (0.010-0.063 nm). NMR spectra were recorded
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at room temperature on a 300 MHz Bruker ACF 300 or a 400 MHz
Bruker DPX 400 instrument. The residual solvent signals were
taken as the reference (7.26 ppm for '"H NMR spectra and 77.0
ppm for *C NMR spectra). Chemical shifts (6) are reported in
ppm, and coupling constants (J) are given in Hz. The following
abbreviations classify the multiplicity: s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet or unresolved, br =
broad signal. Infrared spectra were recorded on a Bio-RAD FTS
165 FT-IR spectrometer and are reported in cm™. Samples were
prepared using the thin film technique. HR-MS (ESI) spectra
were recorded on a Finnigan/MAT LCQ quadrupole ion trap
mass spectrometer, coupled with the TSP4000 HPLC system
and the Crystal 310 CE system. X-Ray crystallographic data
was collected by using a Bruker X8 Apex diffractometer with
MoKa radiation (graphite monochromator). The ee values were
determined by HPLC using a Daicel AD-H, or OD-H column,
A =254 nm.

General procedure for racemic compounds 2a—d

A solution of triazine 1° (2.07 g, 10 mmol) and diphenylphosphine
oxide (6.06 g, 30 mmol) in toluene (100 ml) was refluxed for 3 h.
Toluene was removed under vacuum and the residue was purified
by silica gel chromatography (DCM-MeOH, 40 : 1) to obtain the
racemic 2-diphenylphosphinylpyrrolidine 2.

2-(Diphenylphosphoryl)pyrrolidine, 2a. Yield 88%. IR (Nujol,
cm™): 3419 (NH), 1618, 1456, 1436 (phenyl), 1180 (P=0). 'H
NMR (300 MHz, CDCl,) &: 7.77-7.90 (m, 4H), 7.43-7.53 (m,
6H), 3.88-3.93 (m, 1H), 2.98-3.03 (m, 1H), 2.88-2.94 (m, 1H),
1.92-2.0 (m, 3H), 1.71-1.78 (m, 2H). *C NMR (75 MHz, CDCl,)
6:131.8,131.7,131.5,130.9, 128.4, 56.9,48.3,26.5,26.4.°' PNMR
(CDCl,) 6: 32.0. HRMS, calc. for C,¢(H jNOP: 271.1126, found:
271.1121.

2-(Bis(3-(trifluoromethyl)phenyl)phosphoryl)pyrrolidine, 2b.
Yield 83%. IR (Nujol, cm™): 3296.4 (NH), 1604.8, 1479.4, 1421.5
(phenyl), 1168.9 (P=0). '"H NMR (400 MHz, CDCl;) é: 8.30 (d,
J =10.6, 1H), 8.20-8.17 (m, 2H), 8.03-7.98 (m, 1H), 7.77-7.73
(m, 2H), 7.59-7.56 (m, 2H), 3.97-3.92 (m, 1H), 2.97-2.91 (m,
1H), 2.82-2.79 (m, 1H), 2.11-2.04 (m, 1H), 1.94-1.835 (m, 2H),
1.66-1.64 (m, 2H). *C NMR (100 MHz, CDCl,) 6: 135.1, 134.2,
133.2,132.3, 131.4,131.0, 129.1, 128.9, 128.5, 127.9, 124.8, 122.1,
56.7, 48.0, 26.5, 26.4. *'P NMR (CDCl;) 6: 28.21. HRMS, calc.
for C,sH,(FsNOP: 407.0874, found: 407.0826.

2-(Di-p-tolylphosphoryl)pyrrolidine, 2¢c.  Yield 79%. IR (Nujol,
cm™): 3280 (NH), 1600, 1452 (phenyl), 1168 (P=0). "H NMR (400
MHz, CDCl;) 6: 7.76-7.71 (m, 2H), 7.63-7.58 (m, 2H), 7.18-7.16
(m, 4H), 3.77-3.74 (m, 1H), 2.92-2.89 (m, 1H), 2.82-2.79 (m, 1H),
2.42 (brs, 1H), 2.28 (s, 3H), 1.90-1.83 (m, 2H), 1.67-1.62 (m, 2H).
“C NMR (100 MHz, CDCl,;) é: 141.8, 131.5, 130.8, 129.6, 129.0,
128.8, 128.5, 127.5, 56.7, 48.0, 26.3, 26.1, 21.2. *'P NMR (CDCl;)
6: 31.7. HRMS, calc. for C,sH,,NOP: 299.1439, found: 299.1433.

2-(Bis(4-tert-butylphenyl)phosphoryl)pyrrolidine,  2d. Yield
89%. IR (Nujol, cm™): 3421 (NH), 1599, 1460 (phenyl), 1176
(P=0). 'H NMR (400 MHz, CDCl;) &: 7.84-7.79 (m, 2H),
7.71-7.67 (m, 2H), 7.44-7.41 (m, 4H), 3.84-3.80 (m, 1H), 3.13
(brs, 1H), 3.00-2.98 (m, 1H), 2.87-2.85 (m, 1H), 1.97-1.95 (m,
2H), 1.67-1.62 (m, 2H), 1.26(s, 18H). "C NMR (100 MHz,

CDCl,) 6: 154.9, 154.8, 131.4, 130.8, 129.6, 128.6, 127.6, 125.4,
56.8, 48.1, 34.7, 30.9, 26.4, 26.2. *'P NMR (CDCl;) &: 31.3.
HRMS, calc. for C,,H;,NOP: 383.2378, found: 383.2364.

General procedure for compounds 3a—d

The racemic 2-diphenylphosphinylpyrrolidine 2a-d (14 mmol),
o-D-glucose (42 mmol) and (NH,),SO, (55 mg, 0.42 mmol)
were refluxed in MeOH (40 mL) for 26 h. The solvent was
removed under vacuum and the residue was purified by silica gel
chromatography (DCM-MeOH, 8 : 1) to obtain the intermediate
3a-3d.

(2R,3S,4R,55)-2-((R)-2-(Diphenylphosphoryl)pyrrolidin-1-yl)-
6-(hydroxymethyl)tetrahydro-2 H-pyran-3,4,5-triol, 3a. Yield
47%. [a]s = -11.83 (¢ = 1.0, CH,CL). IR (Nujol, cm™): 3446
(OH), 1589, 1487, 1440 (phenyl), 1215 (P=0). '"H NMR (400 MHz,
CDCl;) &: 7.99-7.96 (m, 2H), 7.89-7.86 (m, 2H), 7.61-7.52 (m,
6H), 4.53-4.47 (m, 1H), 3.86-3.83 (m, 1H), 3.58-3.54 (m, 1H),
3.39-3.30 (m, 3H), 3.24 (t, J = 8.9, 1H), 3.12-3.04 (m, 2H),
2.99-2.97 (m, 1H), 2.88-2.82 (m, 2H), 2.22-2.13 (m, 1H), 2.00-1.95
(m, 1H), 1.76-1.71 (m, 1H), 1.65-1.59 (m, 1H). *C NMR (100
MHz, CDCL,) 6: 132.04, 131.7, 131.5, 131.0, 130.6, 129.2, 128.5,
128.4, 91.3, 78.0, 77.6, 71.8, 70.5, 61.9, 58.1, 45.4, 27.2, 24.7.
S’P NMR (CDCL,) 6: 31.7. HRMS, calculated for C,,H,sNOgP:
433.1654, found: 433.1716.

Crystal data for 3a-2H,0. C»H3»,NOgP, M = 469.46, prism, a =
8.0227(3) A, b = 8.8488(4) A, ¢ = 31.8469(13) A, ¢ = 90°, B = 90°,
y=90°, ¥ =2260.85(16) A%, space group P2,2,2,, T = 173(2) K,
Z =4, F(000) = 1000, D, = 1.739 Mg m™, 6889 total reflections
collected, 2937 Friedel pairs used. X-Ray crystallographic data
was collected by using a Bruker X8 Apex diffractometer with
graphite-monochromated MoKa radiation.

(2R,3S,4R,55)-2-((R)-2-(Bis(3-(trifluoromethyl) phenyl) phos-
phoryl)pyrrolidin-1-yl)-6-(hydroxylmethyl)tetrahydro-2 H -pyran-
3,4,5-triol, 3b. Yield 33%. [a]Z = -12.36 (¢ = 1.0, CH,CL,). IR
(Nujol, ecm™): 3369 (OH), 1604, 1421 (phenyl), 1215 (P=0).'H
NMR (400 MHz, CDClL;) 6: 8.39-8.31 (m, 2H), 8.27-8.21 (m,
2H), 7.92 (d, J = 7.78, 2H ), 7.80-7.75 (m, 2H), 4.69-4.60 (m,
1H), 3.90-3.86 (m, 1H), 3.61-3.55 (m, 1H), 3.41 (d, J = 8.99,
1H), 3.34-3.28 (m, 3H), 3.17-3.07 (m, 2H), 3.00-2.87 (m, 3H),
2.27-2.16 (m, 1H), 1.98-1.95 (m, 1H), 1.78-1.75 (m, 1H), 1.61-
1.58 (m, 1H). ®C NMR (100 MHz, CDCl;) §: 135.3, 134.7,
133.6, 132.3, 131.2, 130.9, 129.6, 128.8, 128.6, 127.7, 125.5, 122.9,
92.0, 78.0, 77.7, 71.7, 70.4, 61.8, 58.4, 45.4, 27.0, 24.0. *'P NMR
(CDCl,) 6: 30.9. HRMS, calc. for C;)H, NOGP: 545.2906, found:
545.2916.

(2R,3S5,4R,5S5)-2-((R)-2-(Di-p-tolylphosphoryl)pyrrolidin-1-yI)-
6-(hydroxymethyl)tetrahydro-2 H-pyran-3,4,5-triol, 3c. Yield
46%. [a]s = -16.08 (¢ = 1.0, CH,CL). IR (Nujol, cm™): 3412
(OH), 1600, 1437, 1419 (phenyl), 1222 (P=0). '"HNMR (400 MHz,
CDCl) &: 7.85-7.81 (m, 2H), 7.75-7.70 (m, 2H), 7.36-7.30 (m,
4H), 4.45-4.41 (m, 1H), 3.86-3.83 (m, 1H), 3.59-3.54 (m, 1H),
3.43-341 (m, 1H), 3.34-3.30 (m, 2H), 3.23 (t, J = 8.9, 1H),
3.11-3.04 (m, 2H), 2.98-2.95 (m, 1H), 2.90-2.83 (m, 2H), 2.39
(s, 6H), 2.17-2.09 (m, 1H), 1.99-1.93 (m, 1H), 1.73-1.70 (m,
1H), 1.63-1.58 (m, 1H). *C NMR (100 MHz, CDCl;) &: 142.7,
131.6, 130.9, 129.0, 128.7, 127.6, 127.4, 126.4, 91.2, 77.9, 77.6,
71.7, 704, 61.8, 58.0, 45.3, 27.1, 24.6, 20.1, 20.1. *'P NMR
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(CDCl,) 6: 33.7. HRMS, calc. for C,;H;,NOGP: 461.1967, found:
461.1920.

(2R,3S,4R,5S5)-2-((R)-2-(Bis(4-tert-butylphenyl) phosphoryl)-
pyrrolidin-1-yl)-6-(hydroxymethyl) tetrahydro-2H -pyran-3,4,5-
triol, 3d.  Yield 42%. [e]5 =-11.57 (¢ = 1.0, CH,Cl,). IR (Nujol,
cm™): 3402 (OH), 1599, 1458, 1442 (phenyl), 1215 (P=0). 'HNMR
(400 MHz, CDCl;) 6: 7.90-7.85 (m, 2H), 7.79-7.76 (m, 2H), 7.59—
7.57 (m, 4H), 4.46-4.40 (m, 1H), 3.86-3.82 (m, 1H), 3.58-3.54 (m,
1H), 3.43-3.41 (m, 1H), 3.34-3.30 (m, 2H), 3.22 (t, J = 8.9, 1H),
3.13-3.04 (m, 2H), 2.99-2.95 (m, 1H), 2.88-2.77 (m, 2H), 2.19—
2.11 (m, 1H), 2.02-1.93 (m, 1H), 1.75-1.71 (m, 1H), 1.64-1.58
(m, 1H), 1.33 (d, J = 3.7, 18H). *C NMR (100 MHz, CDCl;) é:
155.7, 132.4, 131.5, 127.5, 126.3, 126.1, 125.6, 125.1, 91.1, 77.8,
77.7,71.7,70.4, 61.8, 58.0, 45.3, 34.4, 30.0, 27.1, 24.6. *'P NMR
(CDCl,) 6: 33.7. HRMS, calc. for C;)H, NOGP: 545.2906, found:
545.2916.

Synthesis of the enantiopure 2-diphenylphosphinylpyrrolidines
4a—d and 5

A mixture of the intermediate 3a—d (0.5 g, 1.15 mmol), acetone
(5 mL), water (1 mL), and acetic acid (0.2 mL) was heated under
reflux for 2 h and then concentrated. The residue was purified
by silica gel chromatography (DCM-MeOH, 8§ : 1) to obtain the
enantiopure 2-diphenylphosphinylpyrrolidine 4a—d and 5.

(R)-2~(Diphenylphosphoryl)pyrrolidine, 4a. Yield 49%. [a]5 =
-9.6 (¢ = 1.0, CH,Cl,). Retention time: 22.60 min (HPLC chiral
AD-H column, hexane—i-PrOH = 90 : 10, | mL min™).

(R)-2-(Bis(3-(trifluoromethyl)phenyl)phosphoryl)pyrrolidine 4b.
Yield 39%. [a]% = 5.2 (¢ = 1.0, CH,CL).

(R)-2-(Di-p-tolylphosphoryl)pyrrolidine, 4c.
—6.7 (¢ = 1.0, CH,Cl,).

Yield 60%. [0 =

(R)-2-(Bis(4-tert-butylphenyl)phosphoryl)pyrrolidine, 4d. Yield
42%. [o]5 = -3.4 (¢ = 1.0, CH,ClL,).

(S)-2-(Diphenylphosphoryl)pyrrolidine, 5. Yield 45%. [o]> =
+9.7 (¢ = 1.0, CH,Cl,). Retention time: 15.32 min (HPLC chiral
AD-H column, hexane—i-PrOH 90 : 10, 1 mL min™).

(S)-2-((Diphenylphosphoryl)methyl)pyrrolidine 6

To a solution of (S)-2-((diphenylphosphino)methyl)pyrrolidine'
(500 mg, 1.85 mmol) in chloroform (20 mL) was added slowly
at room temperature 25 mL of a 10% aqueous solution of H,O,.
After being stirred for 2 h and hydrolytic workup, the residue
was purified by silica gel chromatography (DCM-MeOH, 40 : 1)
to obtain compound 6 as a white solid (474 mg, 90%). IR (Nujol,
cm™): 3419 (NH), 1618, 1456, 1436 (phenyl), 1180 (P=0). 'HNMR
(300 MHz, CDCl;) 6: 7.75-7.69 (m, 4H), 7.45-7.25 (m, 6H), 3.39—
3.34 (m, 1H), 3.00-2.96 (m, 1H), 2.82-2.75 (m, 1H), 2.61-2.41 (m,
2H), 1.93-1.62 (m, 3H), 1.42-1.37(m, 1H). *C NMR (75 MHz,
CDCl,) 6: 133.1, 133.0, 131.7, 130.8, 130.7, 130.6, 128.7, 128.6,
53.2, 45.5, 35.8, 33.0, 24.2. *'P NMR (CDCl;) 8: 30.8. HRMS,
calc. for C,¢H;sNOP: 285.1283, found: 285.1221.

General procedure for the aldol reaction

A mixture of phosphorylpyrrolidine catalyst (0.1 mmol), ketone
(2.5 mmol) and the additive (0.1 mmol) were stirred in 1 mL
DMSO for 15 min at rt. The aldehyde (0.5 mmol) was added and
the mixture was stirred for several hours. The mixture was treated
with 1 mL of saturated ammonium chloride solution and extracted
with ethyl acetate. The organic layer was dried (MgSO,), filtered
and concentrated to give crude aldol adduct. The anti-isomer was
purified by flash column chromatography on silica gel (hexane—
ethyl acetate, 4 : 1).

(S)-2-((R)-Hydroxy-(4-nitrophenyl)methyl)cyclohexanone,  9-
anti. Yield 73%. '"H NMR (400 MHz, CDCl;) 6: 8.20 (d, J =
8.6 Hz, 2H), 7.50 (d, J = 8.6 Hz, 2H), 4.89 (dd, J/ = 8.3 Hz, 2.8 Hz,
1H), 4.08 (d, J = 3.0 Hz, 1H), 2.62-2.55 (m, 1H), 2.50-2.47 (m,
1H), 2.38-2.31 (m, 1H), 2.13-2.08 (m, 1H), 1.65-1.53 (m, 3H),
1.41-1.35 (m, 1H). "C NMR (100 MHz, CDCl;) 6: 214.7, 148.3,
147.5, 127.8, 123.5, 73.9, 57.1, 42.6, 30.7, 27.6, 24.6. HPLC:
Chiralpak AD-H column, hexane—i-PrOH 90 : 10, flow rate 1 mL
min™; tx (anti-minor) = 22.5 min; ty (anti-major) = 29.8 min.

(8)-3-((R)-Hydroxy-(4-nitrophenyl)methyl)dihydro-2 H -thiopy-
rand(3H)-one, 12a-anti. Yield 44%. " HNMR (400 MHz, CDCl;)
6:8.22(d, J =8.7Hz, 2H), 7.53 (d, J = 8.7 Hz, 2H), 5.05 (dd, J =
8.0, 3.6 Hz, 1H), 3.66 (br s, 1H), 3.02-2.96 (m, 3H), 2.85-2.76 (m,
2H), 2.79-2.63 (m, 1H), 2.54-2.49 (m, 1H). "C NMR (100 MHz,
CDCl,) 6:211.2, 147.7, 147.6, 127.7, 123.8, 73.1, 59.4, 44.7, 32.8,
30.8. HPLC: Chiralpak AD-H column, hexane—i-PrOH 90 : 10,
flow rate | mL min'; z; (anti-minor) = 47.1 min; ¢, (anti-major) =
56.5 min.

(8)-3-((R)-Hydroxy-(4-nitrophenyl)methyl)dihydro-2 H -pyran-
4(3H)-one, 12b-anti. Yield 60%. '"H NMR (400 MHz, CDCL;) 6:
8.21 (d, J = 8.7 Hz, 2H), 7.50 (d, J = 8.7 Hz, 2H), 4.96 (dd, J =
8.1,3.3Hz, 1H),4.23-4.18 (m, 1H), 3.83-3.70 (m, 3H), 3.46 (t, J =
9.9 Hz, 1H), 2.90-2.88 (m, 1H), 2.69-2.66 (m, 1H), 2.54-2.50 (m,
1H). HPLC: Chiralpak AD-H column, hexane—i-PrOH 90 : 10,
flow rate | mL min™; #; (anti-minor) = 37.2 min; t (anti-major) =
45.0 min.

(25)-2-((R)-Hydroxy-(4-nitrophenyl)methyl)-4-methylcyclohex-
anone, 12c-anti. Yield 61%. '"HNMR (400 MHz, CDCl;) 6: 8.21
(d, J = 8.6 Hz, 2H), 7.49 (d, J = 8.6 Hz, 2H), 491 (d, J = 8.4
Hz, 1H), 391 (d, J = 2.4 Hz, 1H), 2.77-2.71 (m, 1H), 2.57-2.49
(m, 1H), 2.42-2.35 (m, 1H), 2.10-2.06 (m, 1H), 1.97-1.89 (m, 1H),
1.82-1.76 (m, 1H), 1.63-1.55 (m, 1H), 1.34-1.27 (m, 1H), 1.05 (d,
J = 7.0 Hz, 3H). *C NMR (100 MHz, CDCl,) &: 214.9, 148.3,
147.6, 127.7, 123.6, 74.1, 52.8, 38.1, 36.0, 32.8, 26.5, 18.1. HPLC:
Chiralpak OD-H column, hexane—i-PrOH 95 : 5, flow rate 1 mL
min™; ¢z (anti-major) = 70.6 min; ¢z (anti-minor) = 86.3 min.

(S)-tert-Butyl-3-((R)-hydroxy-(4-nitrophenyl)methyl)-4-oxopi-
peridine-1-carboxylate, 12d-anti. Yield 43%. 'H NMR (400
MHz, CDCl,) 6: 8.24 (d, J = 8.9 Hz, 2H), 7.56 (d, J = 8.9 Hz,
2H), 4.99 (dd, J = 8.0, 2.7 Hz, 1H), 4.17-4.11 (m, 1H), 3.88 (d,
J =3.6 Hz, 1H), 3.88-3.70 (m, 1H), 3.27 (br, 1H), 2.93 (t,J =11.3
Hz, 1H), 2.76 (br, 1H), 2.59-2.48 (m, 2H), 1.40 (s, 9H). "C NMR
(100 MHz, CDCl;) o: 210.0, 154.2, 147.6, 147.1, 127.7, 123.6,
81.0, 71.7, 56.4, 43.7, 42.8, 41.5, 28.3. HPLC: HPLC: Chiralpak
OD-H column, hexane—i-PrOH 97 : 3, flow rate 1 mL min™; #
(anti-major) = 63.0 min; # (anti-minor) = 71.9 min.
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(.5)-3-((R)-Hydroxy (3-nitrophenyl) methyl) dihydro-2H -thio-
pyran-4(3H)-one, 12e-anti. Yield 76%. 'H NMR (400 MHz,
CDCl;) 8: 8.24-8.16 (m, 2H), 7.70 (d, J = 7.7 Hz, 1H), 7.55 (d,
J =79 Hz, 1H), 5.04 (dd, J = 8.2, 4.0 Hz, 1H), 3.69 (d, J = 4.0
Hz, 1H), 3.07-2.95 (m, 3H), 2.85-2.76 (m, 2H), 2.68 (dd, J = 13.7,
11.0 Hz, 1H), 2.52 (m, 1H). *C NMR (100 MHz, CDCl;) 6: 211.4,
148.4, 142.6, 133.0, 129.6, 123.2, 122.0, 73.2, 59.4, 44.8, 32.8, 30.8.
HPLC: Chiralpak AD-H column, hexane—i-PrOH 90 : 10, flow
rate 1| mL min™; #; (anti-major) = 63.2 min; fr (anti-minor) =
89.1 min.

(S)-3-((R)-Hydroxy(3-nitrophenyl)methyl)dihydro-2 H -pyran-4-
(3H)-one, 12f-anti. Yield 73%. '"H NMR (400 MHz, CDCI;) §:
7.89 (d, J = 8.1 Hz, 1H), 7.77 (d, J = 7.7 Hz, 1H), 7.66 (t, J =
7.6 Hz, 1H), 7.46 (t, J = 7.6 Hz, 1H), 5.55 (d, J/ = 6.9 Hz, 1H),
3.83 (br, 1H), 3.18-3.13 (m, 1H), 3.01-2.95 (m, 3H), 2.80-2.74 (m,
2H), 2.62-2.58 (m, 1H). “C NMR (100 MHz, CDCl;) o: 211.4,
148.5,135.9, 133.4, 128.9, 128.8, 124.3, 69.3, 59.4, 45.1, 33.2, 30.7.
HPLC: Chiralpak AD-H column, hexane—i-PrOH 90 : 10, flow
rate 1 mL min™; #; (anti-minor) = 24.3 min; t; (anti-major) =
30.1 min.

(S)-3-((R)-Hydroxy (2-nitrophenyl ) methyl)dihydro - 2 H - thio-
pyran-4(3H)-one, 12g-anti. Yield 66%. '"H NMR (400 MHz,
CDCl,) 6:8.21-8.17 (m, 2H), 7.67 (d, J = 7.6 Hz, 1H), 7.57 (t, ] =
8.0Hz, 1H),4.97(d,J =8.2 Hz, 1H), 4.24-4.19 (m, 1H), 3.89 (brs,
1H), 3.79-3.70 (m, 2H), 3.45 (t, / = 11.3 Hz, 1H), 2.96-2.89 (m,
1H), 2.73-2.65 (m, 1H), 2.56-2.51 (m, 1H). *C NMR (100 MHz,
CDCl,) 6: 209.4, 148.4, 142.3, 132.7, 129.7, 123.3, 121.6, 71.3,
69.8, 68.3, 57.5, 42.9. HPLC: Chiralpak OD-H column, hexane—
i-PrOH 95 : 5, flow rate 1 mL min™'; #; (anti-major) = 93.8 min;
tg (anti-minor) = 128.4 min.

(5)-3-((R)-Hydroxy(2-nitrophenyl)methyl)dihydro-2 H -pyran-4-
(3H)-one, 12h-anti. Yield 75%. '"H NMR (400 MHz, CDCl;) §:
7.90 (dd, J = 8.4, 1.2 Hz, 1H), 7.80 (dd, J = 8.4, 1.2 Hz, 1H)
7.68-7.63 (m, 1H), 7.48-7.42 (m, 1H), 5.46 (d, J = 6.6 Hz, 1H),
4.23-4.16 (m, 1H), 4.03 (br, 1H), 3.93-3.87 (m, 1H), 3.82-3.71
(m, 2H), 3.08-3.00 (m, 1H), 2.71-2.61 (m, 1H), 2.53-2.46 (m,
1H). *C NMR (100 MHz, CDCl;) §6: 209.5, 148.0, 136.0, 133.5,
128.8, 128.7, 124.3, 70.4, 68.3, 67.3, 57.8, 43.2. HPLC: Chiralpak
OD-H column, hexane—i-PrOH 97 : 3, flow rate 1 mL min™'; #
(anti-major) = 89.9 min; t; (anti-minor) = 99.1 min.

Computational details

DFT calculations were carried out with the Gaussian 03 package.™
The equilibrium and transition structures were fully optimized by
the B3LYP" method using the 6-31G(d) basis set.’® All stationary
structures obtained were confirmed to be a true minimum or
saddle point by harmonic frequency calculations at the same level
of theory. Transition states were further confirmed by intrinsic
reaction coordinate (IRC) calculations,'” whereby they were shown
to connect the relevant reactants and products.

Solvation energies were estimated using solvation model
CPCM" as implemented in Gaussian 03, for chloroform,
dichloromethane, dimethyl sulfoxide, and tetrahydrofuran without
acid additive, and for dimethyl sulfoxide with AcOH. Gas-phase
stationary geometries were used for single-point calculations in
the various solvents.

Acknowledgements

This work was supported by Nanyang Technological University
and the Ministry of Education, Singapore. We also thank Dr
Roderick W. Bates and Dr Guan-Leong Chua for discussion and
help in the preparation of this manuscript.

References

1 B. M. Kim, S. F. Williams, and S. Masamune, in Comprehensive Organic
Synthesis, ed. B. M. Trost, I. Fleming and C. H. Heathcock, Pergamon,
Oxford, 1991, vol. 2, p. 229.

2 (a) B. M. Trost and H. Tto, J. Am. Chem. Soc., 2000, 122, 12003; (b) B.
M. Trost, E. R. Silcoff and H. Ito, Org. Lett., 2001, 3, 2497; (¢) B. M.
Trost, S. Shin and J. A. Scalafani, J. Am. Chem. Soc., 2005, 127, 8602;
(d) Y. M. A. Yamada, N. Yoshikawa, H. Sasai and M. Shibasaki, Angew.
Chem., Int. Ed. Engl., 1997, 36, 1871; (e¢) N. Yoshikawa, N. Kumagai,
S. Matsunaga, G. Moll, T. Ohshima, T. Suzuki and M. Shibasaki, J.
Am. Chem. Soc., 2001, 123, 2246; (f) N. Kumagai, S. Matsunaga, T.
Kinoshita, S. Harada, S. Okada, S. Sakamoto, K. Yamaguchi and M.
Shibasaki, J. Am. Chem. Soc., 2003, 125, 2169; (g) R. Fernandez Lopez,
J. Kofoed, M. Machuqueiro and T. Darbre, Eur. J. Org. Chem., 2005,
24, 5268.

3 (a) B. List, R. A. Lerner and C. F. Barbas 11, J Am. Chem. Soc.,
2000, 122, 2395; (b) W. Notz and B. List, J. Am. Chem. Soc., 2000, 122,
7386.

4 (a) Z. Tang, F. Jiang, L.-T. Yu, L.-Z. Gong, A.-Q. Mi, Y.-Z. Jiang
and Y.-D. Wu, J. Am. Chem. Soc., 2003, 125, 5262; (b) Z. Tang, Z.-H.
Yang, L.-F. Cun, L.-Z. Gong, A.-Q. Mi and Y.-Z. Jiang, Org. Lett.,
2004, 6, 2285; (¢) Z. Tang, F. Jiang, X. Cui, L.-Z. Gong, A.-Q. Mi,
Y.-Z. Jiang and Y.-D. Wu, Proc. Natl. Acad. Sci. U. S. A., 2004, 101,
5755; (d) H.-M. Guo, L.-F. Cun, L.-Z. Gong, A.-Q. Miand Y.-Z. Jiang,
Chem. Commun., 2005, 1450; (¢) G. Guillena, M. Hita and C. Najera,
Tetrahedron: Asymmetry, 2006, 17, 729; (f) D. Gryko, B. Kowalczyk
and L. Zawadzki, Synlett, 2006, 7, 1059; (g) M. Raj, G. Vishnumaya,
K. Sandeep and V. K. Singh, Org. Lett., 2006, 8,4097; (h) A.J. A. Cobb,
D. M. Shawn and S. V. Ley, Synlett, 2004, 558.

5 P. Diner and M. Amedjkouh, Org. Biomol. Chem., 2006, 4,
2091.

6 W. Marais and C. W. Holzapfel, Synth. Commun., 1998, 28,
3681.

7 A. Couture, E. Deniau, S. Lebrun, P. Grandclaudon and J.-F. Carpen-
tier, J. Chem. Soc., Perkin Trans. 1, 1998, 1403.

8 J. D. Chisholm and D. L. Van Vranken, J. Org. Chem., 2000, 65,
7541.

9 M. K. Gurjar and S. M. Pawar, Carbohydr. Res., 1987, 159,
325.

10 A. V. Malkov, J. B. Hand and P. Kocovsky, Chem. Commun., 2003, 15,
1948.

11 H. Takahashi, M. Hattori, M. Chiba, T. Morimoto and K. Achiwa,
Tetrahedron Lett., 1986, 27, 4470.

12 T. J. Peelen, Y. Chi and S. H. Gellman, J Am. Chem. Soc., 2005, 127,
11598.

13 (@) S. Bahmanyar and K. N. Houk, J. Am. Chem. Soc., 2001, 123,
11273; (b) S. Bahmanyar and K. N. Houk, J Am. Chem. Soc., 2001,
123, 12911.

14 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven, K. N. Kudin, J. C.
Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V. Barone, B. Mennucci,
M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsuji, M.
Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T.
Nakajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E.
Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo,
R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi,
C. Pomelli, J. Ochterski, P. Y. Ayala, K. Morokuma, G. A. Voth, P.
Salvador, J. J. Dannenberg, V. G. Zakrzewski, S. Dapprich, A. D.
Daniels, M. C. Strain, O. Farkas, D. K. Malick, A. D. Rabuck, K.
Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui, A. G. Baboul, S.
Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz,
I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. G. Johnson,
W. Chen, M. W. Wong, C. Gonzalez and J. A. Pople, GAUSSIAN 03
(Revision D.01), Gaussian, Inc., Wallingford, CT, 2004.

4002 | Org. Biomol. Chem., 2008, 6, 3997-4003

This journal is © The Royal Society of Chemistry 2008





15 (a) A. D. J. Becke, Chem. Phys., 1993, 98, 1372; (b) A. D. J. Becke, 17 (a) C. Gonzalez and H. B. Schlegel, J. Chem. Phys., 1989, 90, 2154;

Chem. Phys., 1993, 98, 5648; (¢) C. Lee, W. Yang and R. G. Parr, Phys. (b) C. Gonzalez and H. B. Schlegel, J. Phys. Chem., 1990, 94, 5523.
Rev. B, 1988, 37, 785. 18 (a) S. Miertus, E. Scrocco and J. Tomasi, J. Chem. Phys., 1981, 114,

16 (a) R. Ditchfield, W. J. Hehre and J. A. Pople, J. Chem. Phys., 1971, 117; (b) S. Miertus and J. Tomasi, J. Chem. Phys., 1982, 65, 239; (c) M.
54, 724; (b) W. J. Hehre, R. Ditchfield and J. A. Pople, J. Chem. Phys., Cossi, V. Barone, R. Cammi and J. Tomasi, Chem. Phys. Lett., 1996,
1972, 56, 2257; (c) P. C. Hariharan and J. A. Pople, Theor. Chim. Acta, 255, 327; (d) V. Barone and M. Cossi, J. Phys. Chem. A, 1998, 102,
1973, 28, 213. 1995.

This journal is © The Royal Society of Chemistry 2008 Org. Biomol. Chem., 2008, 6, 3997-4003 | 4003






PAPER

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

N-Acyl glycinates as acyl donors in serine protease-catalyzed kinetic
resolution of amines. Improvement of selectivity and reaction ratet

Malek Nechab,*” Lahssen El Blidi,” Nicolas Vanthuyne,” Stéphane Gastaldi,** Michéle P. Bertrand** and

Gérard Gil*?

Received 15th July 2008, Accepted 18th July 2008

First published as an Advance Article on the web 2nd September 2008

DOI: 10.1039/b812089¢g

Enzymatic kinetic resolution of aliphatic and benzylic amines leading to (S)-amides was achieved by

using alkaline protease as the catalyst and N-octanoyl glycine trifluoroethyl ester as the acyl donor;

enantioselectivity ranged between 4 to 244, while reaction times were dramatically shortened and

ranged between 15 min to 6 h.

Introduction

Serine proteases constitute the most important class of com-
mercially available proteases.! In organic solvent, these proteases
accept a broad range of substrates. Besides their activity as
catalysts for peptide synthesis, subtilisins can be used for the
resolution of both alcohols and amines.>® There are rather
few examples of protease-mediated resolution of amines in the
literature.* In the kinetically controlled formation of an amide link,
an activated ester reacts with the serine residue in the active site
of the enzyme to form an acyl-enzyme complex which then reacts
with the amine to form the desired amide. The spatial arrangement
of the catalytic triad in the protease active site is the mirror image
of that in lipases. As a consequence, their enantiopreference is
opposite to that of lipases.” However, substilisins are generally less
reactive, less selective and less stable in an organic medium than
lipases.®

The search for fast and selective enzymatic kinetic resolution
(KR), compatible with thiyl radical mediated-racemization is
ongoing in our research group.® We have recently performed the
(R)-selective dynamic kinetic resolution (DKR) of amines by asso-
ciating CAL-B catalyzed-KR with in situ radical racemization.”™®
In order to broaden the scope of the reaction, we concentrated our
efforts on developing a process leading to the opposite selectivity,
i.e., (S)-selective amide synthesis. However, before investigating
any DKR protocol, it was necessary to optimize an enzymatic KR
procedure obeying first and foremost the following specifications:
the highest possible (S)-selectivity, and a reaction time inferior
or equal to 4 h in order to prevent side reactions like oxidative
degradation to occur when the KR is coupled to the fast thiyl
radical-mediated racemization process.
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We report in this communication our preliminary results
on protease-catalyzed resolution of chiral amines in which the
stereogenic center is directly adjacent to the reactive amine moiety.

Results and discussion

Optimizing the KR protocol implied the screening of a series of
acyl donors and different proteases. Phenylbutyl amine (1a) was
used as a model compound throughout the optimization studies.
The best experimental conditions were then applied to a series of
related amines.

The results obtained for the resolution of la by subtilisin
A, treated and co-lyophilized with two surfactants according to
Béckvall’s protocol,> are given in Table 1. The reactions were
performed in 3-methyl-3-pentanol.** Within 44 and 24 h, respec-
tively, low conversion and low enantioselectivity was observed
when using either trifluoroethylbutyrate or ethyl methoxyacetate
as the acyl donor (entries 1, 2).

Table 1 Influence of the acyl donor on subtilisin A-catalyzed kinetic
resolution of phenylbutylamine (1a)*

i LAcyl
NHz  Subtilisin, Acyl Donor HN
3-Methyl-3-pentanol
Ph SRS PRIl iy g~ * (R-a
1a RT, 24h 2a
Entry Acyl donor laee (%)* 2aee (%) C (%) E°
1 C;H,CO,CH,CFy 11 74 13.0 7
2 CH;0CH,CO,Et 27 86 23.9 17
3 AcNHCH,CO,Et 40 nd 35.0¢ 10
4 BzNHCH,CO,Et 23 nd 32.0¢ 3
5 C;H,;CONHCH,CO,Et 61.5 84 42.2 22
6 C,;H,;;CONHCH,CO,Et  40.5 92.6 30.4 39
7 C,;H;;CONHCH,CO,Et 46 92.5 33.2 40

“Standard procedure: reactions were performed on a 0.5 M solution of
1a (0.25 mmol) in 3-Me-3-pentanol at room temperature for 24 h, with
12 mg of coated subtilisin A (co-lyophilized in phosphate buffer 0.1 M
pH 7.2 with Brij®56 and n-octyl B-D-glycopyranoside 4 : 1 : 1 w/w/w)
and 1.5 equiv of acyl donor. ® Determined by GC after derivatization.
¢ Determined by HPLC. “ Calculated according to C = e€,mine/ (€Camine +
ee.miae)- ¢ Enantioselectivity factors were calculated according to £ = In[(1 -
O)(1 = eeumine))/In[(1 — O)(1 + ee,minc)] unless otherwise stated. S Reaction
was performed at 35 °C for 44 h. ¢ Determined by GC using an internal
reference.
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Table 2 Screening other serine proteases for the kinetic resolution of 1a
using N-octanoyl glycine ethyl ester as an acyl donor*

Table 3 Influence of the nature of the leaving group, concentration and
temperature on the KR of 1a with C,H,;; CONHCH,CO,R donors

Entry Surfactant treated enzyme laee (%) 2aee (%Y C(%) E Entry R [1a]/M Time/h 1laee (%) 2aee (%)Y C (%) E
1 Alkaline protease (4:1:1) 74.1 93 44.3 61 1 H* 0.5 24 0 nd 0 —
2 Savinase (4:1:1) 46 95.5 32.5 60 2 Et* 0.5 24 74.1 93 443 6l
3 Alkaline protease (pH 9)* 61 93 39.6 52 3 CH,CONH,* 0.16 24 49 94 342 55
4 Alkaline protease* 72.1 92 43.0 50 4 CH,CF;* 0.1 3 96 90 51.6 75
5 Alkaline protease? 60 90 40.0 32 5 CH,CF;® 0.5 0.5 92.3 89 50.7 57

6 CH,CF;® 1 0.3 >99.5 80 555 52
“Standard procedure given in Table 1, except that n-octyl B-D- 7 CH,CN? 1 0.3 ~99.5 79.5 553 50
glycopyranoside was replaced by n-octyl o,-D-glycopyranoside (reaction 8 CH,CF;* 1 5 97.5 87.3 527 65
time: 24 h)."® ® Co-lyophilized in phosphate buffer at pH 9. ¢ Reaction was 9 CH,CF,¢ 1 1 =995 83 545 65

performed at 35 °C. 4 Reaction was performed at 45 °C. ¢ Determined by
GC after derivatization. ' Determined by HPLC.

Since the reaction rate is determined mainly by the specificity of
the enzyme toward the acyl donor, the search for acyl donors better
recognized at the S, site of the enzyme channel'? led us to test
a series of glycine derivatives."”® Although the selection of glycine
esters might not be considered as the best choice according to
the enzyme order of preference,' the latter were selected because
they did not contain any stereogenic center.'® The best conversion
and the best enantioselectivity factor (E = 39-40) were registered
with N-acyl glycine ethyl esters derived from long chain linear
carboxylic acids (entries 6, 7). This might be related to subtilisin
specificity toward substrates having hydrophobic residue at the P,
site.'®

We then screened the efficiency of N-octanoyl ethyl glycinate
as an acyl donor with different proteases. The best results are
summarized in Table 2.V

The best results, regarding both the selectivity and the rate of
conversion, were obtained with alkaline protease, co-lyophilized
with Brij®56 and n-octyl o,B-D-glycopyranoside in phosphate
buffer at pH 7.2. When the enzyme was lyophilized at pH 9,
both the conversion, and the enantioselectivity were lowered
(entry 3). Increasing the temperature up to 45 °C (entries 4—
5/1) led to even worse results. It can be noted that additives like
KCL," and water'®* did not improve the KR. Even though the
enantioselectivity factor was acceptable, the time needed to reach
50% conversion was far superior to the upper limit fixed in our
specifications.

Alkaline protease was selected to further optimize the acyl
donor. The data are summarized in Table 3 (for the sake of clarity,
the results obtained with glycine ethyl ester are repeated in that
table in entry 2).

Attempts to acylate amine (1a) directly with N-protected glycine
failed (entry 1). The E factor for the carbamoylmethyl ester'® was
slightly lower than that of the ethyl ester and little acceleration
was registered (entry 3/2). Owing to its low solubility, this donor
could not be used at higher concentration. Strong acceleration was
expected with trifluoroethyl ester.*?! Indeed, with this acyl donor
the reaction time dropped down and ranged between 20 min to
3 h depending on the concentration (entries 4-6). Although the
reaction was slower at 0.1 M concentration, under these conditions
the enantioselectivity factor reached the highest value (E = 75,
entry 4). Thereby, one can alter the concentration depending on
whether E or the reaction time needs to be optimized. It can be
noted that lowering the temperature could also be used to improve
E without slowing down the reaction too much (entries 8§-9/6).

« Standard procedure given in Table 2. * 1 equiv of acyl donor. ¢ Reaction
was performed at 2 °C. ¢ Reaction was performed at 10 °C. ¢ Determined
by GC after derivatization. Determined by HPLC.

Since the results obtained with the more toxic cyanomethyl ester
were very close to those obtained for the trifluoroethyl ester under
similar conditions (entry 7/6),% the latter was selected to extend
this KR protocol to a series of non-benzylic and benzylic amines,
including some biologically active compounds (1b-m, Fig. 1). The
results obtained at 2 mmol scale are reported in Table 4.

§ /L/\/K
c- CSHH/K /\/\)\

2 OH NH2

@f.é@cﬁ
@@@é

Fig. 1 Amine structures.

As previously mentioned, enantioselectivity increased at the
expense of reaction time upon decreasing the concentration from
1 M to 0.1 M (entries 1, 3, 4, 7, 11). Amines structurally close to
1a, i.e, 1c, 1d, 1g, led to enantioselectivity factors ranging from
32 to 53 when carrying the KR on 1 M solutions; they ranged
from 57-92 when using 0.1 M solutions (entries 1, 3, 4, 7). The
highest enantioselectivity factors ranging between 185 and 244
were observed when the difference in the steric bulk of the two
substituents at the stereogenic center was at a maximum, iLe.,
for amines le, 1h, 1i, and 1m (entries 5, 8, 9, 13). The lowest
discrimination between the two enantiomers was registered for
amines 1k and 1f (entries 11 and 6). E fell to the range of 19-26
for amines 1b, 1j, and 11. In most cases, the selectivity was similar
or far superior to that reported in the literature for the same amines
and the rate of conversion was strongly accelerated.*
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Table 4 Alkaline protease catalyzed kinetic resolution of amines 1la—m

(R)-Amine (S)-Amide

Entry Amine Time/min ee (%0)° Yield (%0)* ee (%0)° Yield (%) C (%) E
1 la 40 >99.5 43 80.5 51 55.5 53
1a® 180 96 48 90 47 51.6 75
2 1b 180 90 44 73 55 55.2 19
3 lc 20 >99.5 40 78 54 56.1 40
1c 330 96 44 92 50 51.1 92
4 1d 15 99 38 74 55 58.0 32
1d° 240 >99.5 44 88 52 53.2 88
5 1le 360 90 52 99 47 48.0 244
6 1f 240 91.5 37 60 52 60.4 12
7 1g 60 >99.5 41 78 52 56.7 40
1g* 240 96 42 90 51 51.6 75
8 1h 180 96 48 96.2 49 49.9 214
9 1i 300 98/ 43 96 52 50.5 229
10 1j 360 90" 44 79 51 53.2 26
11 1k 60 95 nd 18 nd 84.0 4
1k* 180 68 45 66 50 50.7 10
12 11 15 >99.5 41 68 43 59.0 25
13 1m 90 95 45 96 43 49.7 185

“ All reactions were performed on a 1 M solution (unless otherwise stated) of amine (2 mmol) in 3-Me-3-pentanol at room temperature with 50 mg of
surfactant treated alkaline protease (co-lyophilized in phosphate buffer 0.1 M pH 7.2 with Brij®56 and o,B-D-glycopyranoside 4 : 1: 1 w/w/w) and 1 equiv
of acyl donor. 0.1 M concentration. ¢ Determined by GC after derivatization. ¢ Isolated as BOC-derivatives. ¢ Determined by HPLC. / Determined by

HPLC after derivatization.

Conclusion

Alkaline protease-catalyzed KR of chiral amines, in which the
stereogenic center is directly adjacent to the amine moiety,
with N-octanoyl glycine trifluoroethyl ester as the acyl donor
led to a good compromise regarding selectivity and reactivity.
The enantioselectivity could reach extremely high values (>200)
whereas the rate of the reaction could be as short as 20 min, and
never exceeded 6 h. These results open perspectives regarding the
possibility to achieve (S)-selective DKR by associating in situ thiyl
radical-mediated racemization to this KR protocol. The screening
of other enzymes and DKR experiments are in progress; they will
be reported in due course.

Experimental
General experimental methods

See Electronic Supplementary Information (ESI).

Immobilization of alkaline protease

Alkaline protease (120 mg) from Valley Research was dissolved
in a solution of octyl o,B-D-glycopyranoside (15 mg) and Brij 56
(polyethylene glycol hexadecyl ether, 15 mg) in a phosphate buffer
(pH 7.2 (unless otherwise stated), 6 mL) and the mixture was
rapidly frozen in liquid N, and lyophilized for 12 hours.

General procedure for the kinetic resolution of amines

To a solution of 570 mg (2 mmol) N-octanoylglycine trifluoroethyl
ester in 2 mL of 3-methyl-3-pentanol was added 50 mg of coated
alkaline protease® and 298 mg (2 mmol) of phenylbutyl amine
(1a). The resulting mixture was stirred at room temperature for
40 minutes. The amine ee was determined by GC after derivati-
zation of an aliquot of the crude mixture in trifluoroacetamide

with 1.5 equiv of N-methyl-bis-trifluoroacetamide. The enzyme
was filtered off from the solution and washed with 10 mL
of dichloromethane. Then 240 mg (1.1 mmol) of Boc,O was
added to the filtrate, and the mixture was stirred until complete
consumption of amine monitored by TLC. The solvent was
then evaporated and the crude mixture was purified on gel-silica
(pentane—diethyl ether gradient 0 to 10% to afford the Boc-amine,
then DCM-MeOH 98 : 2 to afford the amide).
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We report that a polyhedral oligomeric silsesquioxane (POSS)
core can enhance the entrapping ability of dendrimers.
Compared to the G2 PAMAM dendrimer, the G2 POSS-core
dendrimer can entrap a larger amount of guest molecules
without loss of affinity, and consequently, the water solubility
of the entrapped guest molecules can be increased. In addi-
tion, we demonstrated that a fluorophore entrapped in the
G2 POSS-core dendrimer was prevented from undergoing
fluorescence photobleaching.

Water soluble dendrimers have been used as convenient vehicles
for drug delivery, not only due to the enhancement of water
solubility of the hydrophobic molecules by packing them into
the internal space, but also due to site-selective distribution
by size tuning and peripheral modification. Poly(amidoamine)
(PAMAM) dendrimers, which are well known as typical water
soluble dendrimers, have been proposed as mimics of charged
micelles or proteins because of their unimolecular character; their
physico-chemical properties and biological behavior have been
investigated extensively.!

The inside of dendrimers can generate a distinctive space in so-
lution. Different polarities, solvations, and structures can provide
dendrimers with characteristics such as reaction fields, molecular
gates, and templates for the synthesis of nanoparticles.>* The core
of the dendrimers plays a crucial role in these properties via a pre-
dominance on the total shape and the groove between dendrons,
particularly in the early generation. From this viewpoint, the
polyhedral structure of the polyhedral oligomeric silsesquioxane
(POSS) core is very attractive because the internal space of POSS-
core dendrimers could contribute to generating new properties
because of their three-dimensional architecture (Fig. 1).°

Herein, we report that the POSS core can enhance the entrap-
ping ability of the dendrimers in aqueous media. Compared to the
G2 PAMAM dendrimer, the G2 POSS-core dendrimer can capture
a larger amount of guest molecules without loss of the affinity,
and consequently, the water solubility of the guest molecules
can be increased. In addition, we demonstrate a photochemical
application to prevent the entrapped fluorophore from undergoing
fluorescence photobleaching.
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Fig.1 Chemical structures of (a) the G2 PAMAM dendrimer and (b) the
G2 POSS-core dendrimer.

Previous reports suggested that POSS-core dendrimers have a
relatively globular conformation and few entanglements of their
branches with a high proportion of terminal functional groups
positioned on the external surface of the dendrimers even in
earlier generations.® In contrast, the early generation PAMAM
dendrimers can form an open structure.” Therefore, we expected
that the difference in the core between the G2 PAMAM and
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POSS-core dendrimer should influence the quantity, the uni-
versality, and affinity with the G2 POSS-core dendrimer in the
entrapment of the guest molecules.

In order to evaluate the entrapping ability of each dendrimer, the
enhancement solubilization factor (ESF), defined as the number
of moles of compound solubilized per number of moles of the
dendrimers, was evaluated with the G2 PAMAM and POSS-
core dendrimers in 50 mM sodium phosphate buffer (pH =
7.0) at 25 °C.2 Samples containing the guest molecules and
each dendrimer were sonicated for 30 seconds and allowed to
equilibrate in darkness overnight for complexation with the guest
molecules. The ESF values were calculated from the difference
between the solubility of the guest molecules in the presence and
absence of dendrimers with UV absorption spectra.” The results
are summarized in Table 1. The G2 POSS-core dendrimer can
capture larger amounts of the planar molecules, phenanthrene and
pyrene, than those of the G2 PAMAM dendrimer, while similar
amounts of the linear molecules, anthracene and naphthacene
were entrapped in both dendrimers. The globular structure of the
POSS-core dendrimer could generate a hydrophobic cavity for
entrapping the planar molecules.

The affinity of entrapped molecules with dendrimers was
estimated by the dissociation temperature (7'y) obtained from
variable temperature UV measurements (Table 1).!* Each guest
molecule showed different UV absorbance between the inside
and outside dendrimers. We decided the T'; values between the
guest molecules and the dendrimers from the chromism in the UV
spectra. Except for the complex with naphthacene, the traces of
the absorbance alteration of aromatic rings in the sample solutions
exhibited sigmoid curves, and the Ty values were determined from
the temperatures at the flexion points on the curves. The affinities
with anthracene, naphthacene, and pyrene were not significantly
influenced by the POSS-core substitution. Large stabilization was
observed even in the complex with phenanthrene, which was hardly
captured by the G2 PAMAM dendrimer. Including the result of
the ESF measurements, these data suggest that the water exclusive
space and less entanglement of dendrons around the POSS core
could produce favorable pockets for molecular capturing.

For investigating the heterogeneous environments of the den-
drimers by a photochemical approach, we used 6-dimethylamino-
2-naphthaldehyde (DAN), known as a micro-environment-
sensitive fluorescent probe." All DAN molecules in the solution
were entrapped into an excess of the dendrimers. The sample
containing 1 uM DAN in 50 mM sodium phosphate buffer (pH =
7.0), excited at 300 nm wavelength, gave fluorescence emission at
525 nm (Fig. 2). By complexation with both of the dendrimers
(10 uM), the new peak of fluorescence emission appeared at
440 nm. In particular, the fluorescence spectra of the complex
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Fig.2 Fluorescence spectra of 1 uM DAN in the absence (black line) and
presence of 10 uM of the dendrimers (G2 POSS-core dendrimer: dark grey
line, G2 PAMAM dendrimer: light grey line) in 50 mM sodium phosphate
buffer (pH = 7.0) at 25 °C. The excitation wavelength was 300 nm.

with the G2 POSS-core dendrimer showed a significant change
from that of the sample without dendrimer. These data suggest
that the G2 POSS-core dendrimer could interact more strongly
with the guest molecules than the G2 PAMAM dendrimer, and it is
implied that this interaction could contribute to the enhancement
of the amount of guest molecules encaptured by the G2 POSS-core
dendrimer.

For the repetitive and longitudinal measurements with mi-
croscopy or time-resolved spectroscopy, efforts have been made
to improve the fluorescence of the dyes, in regard to their stability
towards adsorption, aggregation, and photochemical decomposi-
tion, by use of additives.”*"* We demonstrate the prevention of
fluorescence photobleaching of rhodamine 6G (Rh6G), which
is the most important fluorescent dye as shown by classical
and contemporary applications, by entrapment with POSS-core
dendrimers (Fig. 3a)."'* Though the G2 PAMAM dendrimer
showed less interaction with Rh6G,'” the G2 POSS-core dendrimer
can efficiently capture Rh6G without changing the fluorescence
spectra of Rh6G after complexation. The fluorescence intensity
was monitored after UV irradiation with a low pressure mercury
lamp at 25 °C. The fluorescence emission obtained from the
aqueous solution containing 1 uM Rh6G in 50 mM sodium
phosphate buffer (pH = 7.0) was greatly reduced to 10% after 5 min
UV irradiation (Fig. 3b). In the presence of 10 uM G2 PAMAM
dendrimer, the fluorescence emission of Rh6G was reduced to
60% after irradiation. Markedly, the fluorescence emission from
the sample containing the G2 POSS-core dendrimer remained
at approximately 90% after 5 min irradiation. This significant
advantage of entrapment into POSS-core dendrimers to suppress
optical degradation should be valuable for the experimental usages
of common imaging probes as well as fluorescence dyes.

In conclusion, we described here that the POSS core can
enhance the entrapping ability of dendrimers. Compared to the G2

Table 1 The enhancement solubilization factor (ESF) and the dissociation temperature (7'4) for the polycyclic aromatic compounds

Anthracene Naphthacene Phenanthrene Pyrene
Dendrimers ESF T,/°C* ESF T,/°C* ESF T./°C* ESF T,/°Ce
G2 POSS-core 0.6 47.3 1.2 > 80° 1.4 62.5 0.8 46.5
G2 PAMAM 0.6 49.0 1.2 > 80° 0.1 53.1 0.5 47.0

“ All T4s of the complexes (10 uM) were taken in 50 mM sodium phosphate buffers (pH = 7.0). First derivatives were calculated to determine 7’4 values.

 Ts were not determined because of a too high affinity.
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Fig. 3 (a) Chemical structure of Rh6G. (b) Time-course of the decrease
of the fluorescence intensity of Rh6G (1 uM) (triangular dots) in aerated
water in the presence of 10 uM G2 POSS-core dendrimer (circular dots) or
G2 PAMAM dendrimer (square dots) followed through the decrease of the
fluorescence emission with increasing time of UV irradiation with a low
pressure mercury lamp at 25 °C. The data points represent the average of
three sets of independent experiments, and error bars represent standard
deviation.

PAMAM dendrimer, a larger amount of guest molecules such as
hydrophobic aromatic rings or fluorescence dyes can be captured
by the G2 POSS-core dendrimers. In addition, effective inhibition
of fluorescence photobleaching of the entrapped molecules was
accomplished. Though there remains room to investigate the
toxicity and the releasing ability of the POSS-core dendrimers
for practical usage as a carrier in drug delivery or in vivo imaging,
this work suggests the potential widespread application of POSS-
core dendrimers, not only for medicinal science but also for
biotechnology.
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The germene Mes,Ge=CR, (Mes = 2,4,6-trimethylphenyl, CR, = fluorenylidene) reacts with various
benzil derivatives to lead to germanium-containing bicyclic epoxides by an unexpected new type of

epoxidation reaction.

Introduction

The study of compounds containing one low-coordinate silicon,
germanium or tin element, analogous to olefins, has attracted
much attention over the past few decades. Such doubly-bonded
compounds display very high reactivity and constitute valuable
building blocks for the synthesis of unusual derivatives owing to
additions or cycloadditions onto the E=C (E = Si,! Ge,'*? Sn**) un-
saturation. For example, the high synthetic potential of germenes
is illustrated by their reaction with carbonyl compounds. Various
types of reaction have been observed depending on the structure
of the carbonyl derivatives: generally [2 + 2] cycloadditions with
saturated aldehydes and ketones,® and [2 + 4] cycloadditions
with a-ethylenic aldehydes and -ketones* or -esters® but also ene-
reactions, the germenes behaving either as ene® or enophile.® In
the special case of benzophenone, besides a [2 + 2] cycloaddition,
a [2 + 4] cycloaddition involving the phenyl group has also been
observed.” For compounds with two carbonyl functions, such as
anhydrides or 1,3-diketones, [2 + 2] cycloadditions onto one or
both carbonyl functions were reported.’

In order to learn more about the chemical behavior of germenes
toward carbonyl compounds, we investigated their reactions with
a-dicarbonyl derivatives. We have recently reported the reaction
of a-diester EtOOC-COOEt with germene 1 giving a [2 + 2]
cycloaddition onto one C=0 group.®

In this paper, we report the unexpected behavior of dime-
sitylfluorenylidene germane Mes,Ge=CR, 1 (Mes = 2.4.,6-
trimethylphenyl, CR, = fluorenylidene) towards a-diketones such
as benzil and related 3,3” and 4,4’-disubstituted benzils, a class of
carbonyl derivatives whose reactivity towards germenes has still
not yet been explored.
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Results and discussion

A [2 + 2] cycloaddition between the Ge=C double bond and
one C=0O group, or more reasonably a [2 + 4] cycloaddition
involving the two C=0 groups, was expected.*'* To our surprise,
when benzil was added to a cold solution of germene 1 in Et,0,
an unexpected reaction occurred leading quantitatively to the
germanium-containing bicyclic epoxide 2a.f The formation of 2a
is independent of the reaction conditions since either addition of
germene 1 to the diketone or the reverse procedure, and use of
either an excess of 1 or of benzil, led to the same result (Scheme 1).

99
Ar—-C—C-Ar  Mes;Ge—CR,
Mes,Ge=CR;, ——» (0]
Ar

1 Al O
2

Ar = Ph, 2a; 4-FCgH,, 2b; 3-MeOCgH,, 2¢;
4-MeOCgH,, 2d; 4-MeCgHy, 2e.

7
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10 0135

Mes = CR, =9
@

3

2

Scheme 1

To gain better insight into the formation of heterocycle 2a,
we investigated the reaction of germene 1 with various benzils
substituted in positions 3,3" and 4,4’ by electron-donor or electron-
acceptor groups such as fluorine, methyl and methoxy groups.
Similar clean reactions occurred to afford epoxides 2b—e§ analo-
gous to 2a and proved that, whatever the benzil derivative, this
epoxidation is a general reaction of this germene.

A possible mechanism for the formation of epoxides 2 is shown
in Scheme 2. The first step is probably a nucleophilic attack of
the oxygen atom of the carbonyl group on the germanium atom
to lead to intermediate 3. Ring closure leading to the strained
oxagermetane 4 did not occur for steric reasons. Compound 2
could be obtained by either stepwise epoxidation followed by ring
closure or by a single concerted step via the nucleophilic attack

1 Please see Experimental section for full procedure.
§ Please see Experimental section for selected NMR data.
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of C at the C*(=0), which causes simultaneous epoxidation
(Scheme 2).

The "H NMR spectra of heterocycles 2 showed the non-
equivalence of the mesityl groups, with extremely broad signals for
the o-methyl groups due to the hindered rotation of mesityl groups
in the NMR time scale caused by the large steric hindrance. The *C
NMR spectra revealed resonances around 78 and 91 ppm for the
carbon atoms of the oxirane ring (R,CCO and OCO respectively)
and mass spectra displayed the molecular peak. The results are
wholly consistent with the structures proposed for 2; that of 2a
was unambiguously established by an X-ray analysis (Fig. 1).

AR
)

il
\_,.4\

Fig. 1 Molecular structure of 2a (thermal ellipsoids at the 50%
probability level); H atoms are omitted for clarity; selected bond lengths
(A), angles (°) and torsion angle (°). Ge(1)-C(1) 2.034(5), Ge(l)-
O(1) 1.824(4), C(1)-C(2) 1.553(7), C(2)-C(3) 1.461(7), C(3)-O(1)
1.388(6), C(2)-O(2) 1.441(6), C(3)-O(2) 1.431(6), Ge(1)-C(37)
1.968(15), Ge(1)-C(28) 1.961(5), C(1)-Ge(1)-O(1) 90.22(18), C(1)-C(2)-
C(3) 115.1(4), Ge(1)-C(1)-C(2) 98.3(3), C(2)-C(3)-O(1) 116.2(5), C(3)-
O(1)-Ge(1) 109.1(3), C(1)-C(2)-C(3)-O(1) —0.42; between plane C(2)-
0O(2)-C(3) and mean plane C(1)-C(2)-C(3)-O(1): 75.5.

Only one couple of enantiomers was obtained for compounds 2,
with the aryl groups of the epoxide moiety in a trans disposition, as
proved by the X-ray analysis of 2a. The great steric hindrance in 2a
is confirmed by the lengthening of the intracyclic Ge—C(1) distance
(2.034(5) A) compared to the Ge—-C(Mes) bonds (1.968(15) and
1.961(5) A), which lie in the normal range (1.93-1.98 A)." The Ge—
O bond (1.824(4) A) is also elongated compared with the standard
Ge-O distance (1.73-1.79 A). By contrast, the C(2)-C(3) bond

length (1.461(7) A) is within the standard range (1.45-1.49 A) for
such a bond in epoxides.'

Such a type of reaction leading to epoxides 2 has never
been observed previously with heteroalkenes; to the best of our
knowledge, the only similar case of epoxidation from an o-
diketone occurred between the central diketone moiety of MeO,C—
COCO-CO,Me and the C=C double bond of ethoxyethylene.'*

Conclusion

In conclusion, dimesitylfluorenylidene germane gives a surprising
diastereoselective epoxidation reaction, probably due to its partic-
ular structure involving a fluorenylidene group, and thus appears
to be a very useful building block in organogermanium and hete-
rocyclic chemistry. Research is now focused on the ring opening of
these a-germylated epoxides and on the enantioselective synthesis
of such epoxides by using prochiral germenes.

Experimental
Synthesis of germene 1

Germene 1 was prepared as previously described' by the addition
of 1 molar equivalent of tert-butyllithium (1.7 M in pentane)
to a solution of the fluorogermane Mes,Ge(F)CHR, (1.00 g,
2.02 mmol) in Et,O (20 mL) cooled to =78 °C. 1 was produced
quantitatively by warming to room temperature. All reactions
were performed on the crude reaction mixture containing LiF
without isolation of 1. The yields of compounds 2 were calculated
in relation to the starting Mes,Ge(F)CHR,.

Reaction of 1 with benzil: synthesis of 2a

A solution of benzil (0.44 g, 2.1 mmol) in Et,O (10 mL) was
added by syringe to the crude solution of 1 cooled to —30 °C. The
initially orange reaction mixture turned light yellow on warming
to room temperature. After removal of LiF by filtration, Et,O was
evaporated under vacuum and replaced by pentane (20 mL); a
fractional crystallization at —20 °C afforded 1.08 g (78%) of white
crystals of 2a (mp 232 °C).

O6u (250.13 MHz): 2.21 and 2.31 (2 s, 2 x 3H, p-Me of Mes),
1.50-3.20 (extremely broad s (width at half-height 250 Hz), 12H,
0-Me of Mes), 6.33 (d, *Juy = 7.6 Hz, 2H) and 6.58 (t, *Jyy =
7.6 Hz, 2H) (arom. H of CR;), 6.82 and 6.85 (2 broad s; 2 x 2H,
arom. H of Mes), 7.10-7.46 (m, 11H, arom. H of Ph and 1H of
CR,), 7.57,7.62 and 7.72 (3d, 3Jyyy = 7.6 Hz, 3 X 1H, arom. H of
CR)).

6c (75.47 MHz): 20.93 and 21.06 (p-Me of Mes), 23.26 and 22.64
(0o-Me of Mes), 61.06 (CR,), 78.45 (R,CCO), 91.91 (GeOCO),
119.95 and 119.97 (C4CS of CR,), 125.48, 125.53, 126.64, 126.83,
126.87, 126.98, 127.10 and 128.05 (p-C of Ph and C1-8 of CR,),
126.03, 127.37, 127.60 and 128.62 (0- and m-C of Ph), 128.88 (m-
C of Mes), 132.67, 132.92, 133.49, 134.98, 139.22, 139.31, 140.98,
141.49, 143.69 and 145.11 (arom. C).

MS (DCI/NH;): 687 (M + 1, 40), 359 (M + 1 — Mes,GeO, 100).

Anal. caled for C;sHyGeO, (685.401) C, 78.86; H, 5.88%.
Found: C, 79.02; H, 6.10%.

This journal is © The Royal Society of Chemistry 2008
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Crystal data for 2a

C,sH,GeO,, M = 685.36, triclinic, a = 10.828(4), b = 11.700(4),
c=15.348(5) A, o = 75.228(8), B = 74.785(8), y = 73.428(7)°,
V = 1763.8(10) A3, T = 173(2)K, space group PI, Z = 2, 7319
reflections measured, 4524 unique (R;,, = 0.0299). The final R,
(for I > 20(1)) was 0.0558 and wR, (all data) was 0.418 with R, =
SIF,| = |FI/2 | F,| and wR, = (Sw(F,? — F.2)2 /S w(F,2)*)°5.

Data for the structure represented in this paper were collected
at low temperature by using an oil coated shock cooled crystal on
a Bruker-AXS CCD 1000 diffractometer with Mo-Ko radiation
(A=0.71073 A). The structure was solved by direct methods's and
all non-hydrogen atoms were refined anisotropically by using the
least-squares method on F2.'6

Selected NMR data

2b 6. (75.47 MHz): 60.84 (CR,), 77.90 (R,CCO), 91.62 (GeOCO),
160.48 (d, *Jcr = 98.1 Hz, CF), 164.75 (d, *Jr = 98.9 Hz, CF).

2¢ 6y (250.13 MHz): 3.26 and 3.60 (2 s, 2 X 3H, OMe); O (75.47
MHz): 54.84 and 55.09 (OMe), 61.02 (CR,), 78.46 (R,CCO), 91.90
(GeOCO), 157.56 and 158.93 (COMe).

2d 6y (250.13 MHz): 3.29 and 3.66 (2 s, 2 x 3H, OMe); O (75.47
MHz): 54.67 and 55.15 (OMe), 61.17 (CR,), 77.97 (R,CCO), 91.90
(GeOCO), 157.91 and 159.40 (COMe).

2e 8¢ (75.47 MHz): 20.89, 21.02 and 21.25 (p-Me of Mes and
p-Me of C4H,Me), 61.19 (CR,), 78.25 (R,CCO), 91.93 (GeOCO).
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The '"H NMR spectra of RNAs representing E. coli 23S rRNA
helix 69 with [1,3-"N]pseudouridine modification at specific
sites reveal unique roles for pseudouridine in stabilizing base-
stacking interactions in the hairpin loop region.

Helix 69 (H69) of E. coli 23S rRNA is an RNA hairpin motif
located at the heart of the peptidyltransferase center of the
ribosome, which is proposed to have a functional role in protein
translation initiation, translation termination, and/or ribosome
recycling.! As such, H69 has gained attention as a potential target
for the development of new anti-bacterial, anti-infective agents.
To date, several X-ray and cryo-EM structures have revealed
that H69 adopts significantly different conformations and makes
contacts with RNAs, proteins, and small molecules.’? Despite a
number of different static structures, little structural information
exists for H69 within a solution-based environment. One challenge
associated with generating models of H69 for solution studies is
the presence of a highly abundant modified residue known as
pseudouridine.?

Among the more than 100 known RNA modifications in nature,
pseudouridine (¥) is the most common.* Three conserved ¥
residues are present in H69 (Fig. 1) at positions 1911, 1915, and
1917 (E. coli numbering). Pseudouridine plays an important role
in fine tuning the stability of RNA hairpins and other structural
motifs.* The most significant effect of pseudouridylation is the
introduction of an additional imino group in the pyrimidine ring.
Because of the significance of H69 within the ribosome, a primary
goal of this work was to determine whether these imino protons
contribute to the tertiary structure of H69.

"H NMR spectroscopy is a useful starting point for RNA struc-
ture determination because the imino proton region (9-15 ppm)
is often the simplest portion of an NMR spectrum to interpret.®
Typically, the guanine and uracil imino protons that are involved
in base pairing are observed (90% H,0-10% D,0) and assigned
using 1D NOE difference spectroscopy or novel NMR techniques
with PN, C-labeled RNAs.” Non-traditional hydrogen-bonding
patterns between imino resonances can also arise in RNA due to
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unique stacking interactions and/or structures. Additional imino
proton resonances that are not associated with standard base-
pairing schemes are much more difficult to assign and often involve
complex 2D NMR techniques. Pseudouridine-containing RNAs
(Fig. 1) contain additional imino protons that do not participate in
traditional base-pairing schemes, but give rise to peaks in 'HNMR
spectra. Here, we report on the site-specific incorporation of *N-
enriched Ws at various positions of hairpin RNAs representing
H69 in order to identify imino resonances within the "H NMR
spectrum. By doing so, loop ¥ imino proton resonances in 'H
NMR spectra are assigned unambiguously, thus alleviating the
need for complex 2D techniques.

In this study, H69 RNAs with “N-labeled ¥ at three different
positions were produced (Fig. 1) by using chemical synthesis.
The generation of these RNAs first required the synthesis of '*N-
labeled ¥ (see ESIT). Previously, routes were developed for [1-°N]-
or [3-N]-enrichment of ¥ .2 Here, "N was incorporated at both
the N1 and N3 positions of ¥ in order to examine both imino
protons in 'H NMR experiments. Due to the presence of both
uridine and W residues in H69, enzymatic synthesis with T7 RNA
polymerase could not be used to produce “N-labeled RNAs.

After "N-W was generated, it was mixed with a sample of
natural abundance (*N-¥) such that the level of "N enrichment
was 50%. Therefore, any imino proton attached to W that
exchanges slowly with water (N1H and N3H) is observed as a
combination of a singlet and doublet peak. The use of a 1 : 1
mixture of "N : N was essential in the assignment of various
imino peaks, due to the presence of multiple imino peaks within
the region. The mixed-label ¥ phosphoramidite was synthesized
(see ESIT) and used to generate three RNA hairpins representing
modified H69 bearing "N-labeled ¥s at each of the three positions,
1911, 1915, and 1917 (Fig. 1).%

The stem-region proton resonances of H69 were previously
assigned using 1D NOE difference spectroscopy.® In the case
of pseudouridine, the imino resonances are typically assigned
based on the presence of an NOE from N1H to H6 (and lack of
NOE when NH3 is irradiated). The three new RNAs, "NY¥ W,
YENYY, and YWYPNY, show nearly identical 1D '"H NMR
spectra at 21 and 37 °C (data shown for "NWWW in the ESI}).
As the temperature is lowered to 3 °C, several peaks become
apparent in the imino region of the spectra (Fig. 2). Since the
level of N enrichment in labeled Ws is 50%, the imino protons
(N1H and N3H) are each observed as a combination of a singlet
and doublet peak (these peaks will be referred to as a triplet). For
the "'NWYWYW¥ RNA, "N-enrichment of ¥ 5, allows confirmation
of the previously assigned resonances of N1H and N3H at 10.3
and 13.1 ppm, respectively. Irradiation of the 10.3 ppm peak
gives rise to an NOE at 7.0 ppm, assigned to ¥, H6. In the
case of WSNWW, peaks at 10.7 and 10.4 ppm, which are broad
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Fig. 1 The structure of pseudouridine (') and secondary structures of RNA hairpins representing H69 (positions 1906-1924) of E. coli 23S rRNA are
shown. The nitrogens of ¥ are enriched with "N, and circles indicate [1,3-*N]¥ positions in the H69 hairpins.

Ul923 G1907

135  13.0
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Fig. 2 The 1D imino proton (uridine H3/guanine H1/pseudouridine H1 and H3) NMR spectra at 3 °C (500 MHz) of "N¥Y¥YWY¥ (A), Y°"N¥YV¥
(B), and Y¥*NY (C) RNAs (90% H,0-10% D,0, 0.5-1 mM) in 30 mM NaCl, 10 mM sodium phosphate, 0.5 mM Na,EDTA, pH 5.8, are shown.

singlets in "NWWYWY and unlabeled YWY spectra, are triplets,
indicating that both imino protons of ¥ o5 exchange slowly with
solvent. The resonance at 10.7 ppm is assigned to W ;s N1H, based
on the fact that it has a strong NOE to ¥,,sH6 at 7.4 ppm
(see ESIt). Therefore, the 10.4 ppm triplet peak is assigned to
W 0,sN3H. This result is confirmed by the "N HMQC spectrum

of YPNWYWY, which reveals two cross peaks (see ESIT) at 135
(N1) and 159 ppm (N3). These chemical shifts are consistent
with earlier studies in which [1-"N]-¥ had "N peaks ~132-
136 ppm and 'H peaks ~10.4-10.6 ppm.** The Y¥"N¥ RNA
spectrum has a broad triplet at 11.2 ppm, resulting from "N
labeling of W ,o;;. Irradiation of this resonance does not show any
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significant NOEs, suggesting that it corresponds to ¥ o;;N3H. In
previous NMR studies, resonances between 10.5-10.7 ppm have
been assigned to WNI1Hs.’ Thus, the assignment of the 10.4
and 11.2 ppm resonances as loop ¥,osN3H and ¥ ,,,N3H is
unique, and suggests a novel structural environment for these
imino protons.

The 1D "H NMR spectra of "NWW WY reveal slight upfield shifts
(4ppm ~ 0.1-0.2) of several imino proton peaks as the temperature
is raised from 3 to 37 °C (ESIt). In contrast, the imino resonances
of W55 and ¥ o; are no longer observed when the temperature
is increased to 15 °C. These observations are consistent with the
H69 loop region undergoing changes in stacking upon heating.

The ¥ imino protons of H69 are clearly observed in the
'H NMR spectra shown in Fig. 2. Typically, imino protons of
RNA loops are not observed, unless they are involved with
base-stacking or hydrogen-bonding interactions, due to rapid
exchange with solvent on the NMR timescale. Of the five ¥
imino proton resonances, those from W, N1H and N3H are
the most prominent. This result is consistent with the formation
of an A-¥ loop-closing base pair through N3H and a putative
water-mediated hydrogen bond between N1H and the phosphate
backbone, which contribute to H69 stability. Imino proton
resonances from W, sN1H, ¥,osN3H, and ¥ ,,,;N3H are also
observed (W ,4;N1H is the only ¥ imino proton that is not
observed), indicating a specific conformation of the H69 loop
that leads to protection of the ¥ imino protons from solvent
exchange. Previous work by Davis showed that ¥ stacks favorably
with adjacent adenines in a short AAW A oligomer, and the Y N1H
(but not N3H) resonance was observed.*® The presence of multiple
adenines in the H69 sequence surrounding ¥ ;o5 and ¥ o;; suggests
a similar type of stacking interaction as the AAWA tetramer.
However, the ¥ ;5 of H69 has unique stacking and/or hydrogen-
bonding interactions, such that both N3H and N1H are protected
from solvent. Although N3H uridine resonances have been
observed by NMR in uridine-containing RNAs,” the unmodified
H69 construct (containing U, U,g;5, Ujgj7) does not show imino
resonances from any of the N3H uridines.® Other NMR studies
have shown imino resonances in RNA loop regions, but these
typically arise from non-standard hydrogen-bonding interactions
across loops.” In the case of H69, there is no evidence for
hydrogen-bonding interactions of ¥'s with the other loop residues.

Our data reveal that the extra imino protons in the loop
region of the ¥-containing H69 RNA lead to a structure with
increased base stacking and decreased solvent accessibility. Also
of note is the fact that the unmodified, or uridine, analog of H69
does not exhibit additional imino proton resonances in 1D 'H
NMR spectra.® Therefore, the presence of ¥ residues is clearly
important for the formation of a specific tertiary structure of
H69. Within duplex regions, the effect of ¥ is well-defined, as
WN3H participates in hydrogen-bonding interactions with an
adenine partner; whereas, Y N1H has typically been observed to
participate in water-mediated hydrogen bonds with the phosphate
backbone.’!" However, ¥'s in single-stranded regions have been
shown either to destabilize or stabilize RNA structures, and this
observation depends on their specific locations and sequence
contexts.* In this case, specific conformations in the H69 loop lead
it to be inaccessible to solvent exchange on the NMR timescale
(ms). We present a model in Fig. 3 that is based on the available X-
ray crystal structures,'? in which modified nucleotides on the 3’ side

C1914
k/ (P
-...,___J

1915
A1916
A1913 PP j
w1917

A1912 7)—’ f A1918
wiot1 Sy=

A1919
Fig. 3 A schematic representation of the H69 loop region is shown with
base-stacking interactions between Cyq4 and ¥ o5 and Ao, ¥ 017, and
A5, and base-pairing interactions between ¥ o, and A)s.

—— ‘_‘,

of the H69 loop participate in significant stacking interactions with
A\o16. Evidence for this stacking model is also observed in solution
NMR studies of the YW RNA 3D structure (see ESIT for a list
of the key NOEs).> More specifically, the NOE data is consistent
with strong stacking of C,o,4 with ¥ 4,5 and tri-nucleotide stacking
with A o6, Wi017, and A g5. Such a structure may be important for
fine-tuning the biological function of H69. For example, O’Connor
and Dahlberg showed that mutations in H69 (deletion of A, and
insertion of additional adenosines after A ¢s) cause frame-shifting
and read-through of stop codons.’®

The site-specific incorporation of [1,3-"N]-enriched ¥ at
positions 1911, 1915, and 1917 of H69 has allowed for the
unambiguous assignment of the imino proton resonances in the
1D "H NMR and 1D NOE difference spectra, and determination
of non-Watson—Crick loop interactions that are dependent on
the presence of the modified nucleotide. The *N-enriched RNAs
will be used for future "N NMR experiments, including complete
structure analysis of H69, determination of ¥ pK, values in H69,
and monitoring of H69-ligand interactions.
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Consecutive thymine sequences were oxidized more efficiently
with a mixture including potassium osmate, potassium hexa-
cyanoferrate(1ir), and bipyridine than an isolated thymine,
and, in particular, osmium oxidation at the 5T of TT
progressed much more rapidly, compared with those of other
thymines.

Oxidative DNA damage has been extensively studied because of
its significant involvement in gene mutation, aging, and cancer.!
Oxidation of a nucleobase provides, for example, 8-oxoguanine®
and imidazolone derivatives® from guanine and thymine glycol*
and 5-formyluracil® from thymine. Thymine is known to be more
easily oxidized by an extracellular oxidant osmium tetroxide than
other nucleobases, and thus osmium oxidation is currently applied
for thymine-targeting DNA sequencing.® However, different band
intensities of each thymine, i.e., different reactivities with osmium
tetroxide, have been observed in gel electrophoresis analysis. The
reason for the heterogeneity of the oxidation efficiency at thymines
remains unclear; although involvement of the secondary structure
of DNA was once proposed.” We herein report the osmium oxida-
tion of single-stranded oligodeoxynucleotides (ODNs) containing
consecutive thymine sequences. Osmium oxidation of the sequence
in which two thymines were consecutive (TT) progressed more
rapidly, compared with that of the sequence containing an isolated
thymine, with the 5'T of TT showing higher reactivity than the 3T.

We prepared 5’-*P-labeled ODN sequences containing one
or more thymines (Fig. 1a), and treated them with a mixture
including potassium osmate and potassium hexacyanoferrate(1ir)
as an activator, and bipyridine as a reaction-accelerating ligand
(Fig. 1b).® The reaction products were incubated in hot piperi-
dine and then analyzed with polyacrylamide gel electrophoresis
(PAGE) (Fig. 1c). In a series of operations, an osmium-centered
heterocyclic complex was formed at a thymine base on osmium
oxidation,’ and the ODN strands were fragmented via depyrimid-
ination at the complexation site by alkaline cleavage to quantify
the product. Osmium complexation proceeds rapidly at thymines
and 5-methylcytosines in single-stranded ODNs, although the
reaction is strongly suppressed in double-stranded ODNs.* The
starting ODNSs in the reaction mixture were consumed depending
on the reaction time. Interestingly, the reaction of ODN(GTTG)
proceeded more than twice as fast as that of ODN(GTQG) in
the first 0.25 min of reaction (Fig. 1d). The half-lives (#,,,) of
ODN(GTG) and ODN(GTTG) were 86 and 13 s, respectively.
The reaction observed for ODN(GTTTG) was faster than that
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Fig. 1 Osmium oxidation of ODNs containing thymines. (a) Sequences
of ODNs used in this study. (b) Osmium complexation at thymine and
strand cleavage at the complexation site. (c) PAGE analysis of the oxidation
products of ¥P-labeled ODNs. The ODNs were incubated at 0 °C for
0.25-5 min in a solution of 5 mM potassium osmate, 0.1 M potassium
hexacyanoferrate(1ir), 0.1 M bipyridine, ] mM EDTA in 0.1 M Tris-HCI
(pH =17.7), and 10% acetonitrile, and followed by hot piperidine treatment
(90 °C, 20 min). “G + A”, a Maxam-Gilbert G + A sequencing lane.
(d) Time course of the band intensities of intact ODN:Gs.

of ODN(GTTG) (¢, = 11 s). These sequence-dependent reaction
rates suggest that consecutive thymine sequences have much higher
reactivity towards osmium oxidation than an isolated thymine. In
fact, the reaction rate of ODN(GTTG) was significantly faster
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compared with that of the ODN bearing two isolated thymine
bases, ODN(GTGGGTQG).

Another important feature observed in Fig. lc is that the
cleavage band of 5T (T,) of ODN(GTTG) was much stronger
than that of 3'T (T,). The cleavage observed for ODN(GTTTG)
also showed a 5’ selectivity similar to that of ODN(GTTG): 5'T >
centerT > 3'T." In the case of ODN(GTTG), the cleavage band
at T, appeared once, but the intensity decreased as time passed.
The band almost converged to T, after 5 min of reaction. Based on
the change in the intensities of the cleavage bands, we calculated the
ratio of the reaction rates of thymines in ODN(GTTG). Because
ODN(GTTG) used for PAGE analysis was labeled at the 5-end,
the band intensity at T, is attributed to both ODN(GT,, TG) and
doubly reacted ODN(GT,To,G), where T,, denotes a thymine
glycol-dioxoosmium(vi)-bipyridine ternary complex as a reaction
product. Therefore, the equations for complexation at T, and T,
can be set up as shown in Fig. 2a. Simulated curves correlated well
with the observed band intensities when a higher reactivity for T,
and a lower reactivity with the second osmium were assumed. The
o value as the ratio of reaction rates of thymines (k,/k,) was 2.22,
which means that the reactivity of T, is approximately twice that
of T,. On the other hand, the o value obtained by calculation for
ODN(GT,GGGT,G) was estimated as 1.09 (k, = (8.90 £ 1.40) x
107 s7'), suggesting that the reaction rate at each thymine was not
as rapid as that of a TT sequence and there is little difference in the
reactivities of two isolated thymines. The o value of ODN(GTTG)
indicates that the enhancement of the reactivity at 5'T is a unique
feature observed for the TT sequence. Higher reactivity of 5T was
also observed in the osmium oxidation for a 3’-end-labeled ODN.*
The ratio of oxidation rates at T, and T, of a 3’-end-labeled ODN
was estimated as o = 1.80, which is very close to the data of
5’-end-labeled ODN(GTTG).

(@ i
ODN(GT,T,G)
Pt

2 ODN(GT,TosG)
selectivity: a=kq/ Kk

ODN(GTosT2G) _ ks
ODN(GTosTosG)

/e

[Band intensity at Tq] = {[GTosT2G] + [GTosTosGl}/ [GT1 T2Clinital (1)
[Band intensity at T2] = [GT TosGl / [GT1 T2Clinital @

(b)

Band Intensity / %

Reaction Time / min

Fig. 2 Estimation of the rates of osmium oxidation at T, and T, of
ODN(GTTGQG). (a) The normalized band intensities at the T, and T, sites
expanded to eqn (1) and (2), respectively. (b) Change in the band intensities
at T, and T,. Closed circles show band intensities quantified from Fig. lc.
Solid lines show the predicted time-course of band intensities obtained by
simulation. &, = (3.61 £0.20) x 102 57", k, = (1.63+£0.10) X 102 57, k3 =
ky=(4.43£0.67)x 107 s, o = 2.22, r*(T,) = 0.983, r*(T,) = 0.912.

The selective oxidation enhancement at 5'T was almost in-
dependent of the nature of the neighboring base of the TT
sequences. The osmium oxidation of ODN(XTTX) (5-*P-
AAAAGAXTTXAGAAAA-3, X = G, A, or C) showed no
significant differences in 5'T-selective reaction enhancement.'
The result suggests that the 3’T of TT assists the 5T-selective
reaction enhancements. Observation of an increase in the ox-
idation efficiency at 5T of TT was not limited to osmium
oxidation. For example, the oxidation of thymine when potassium
permanganate was employed, which provides a thymine glycol in
a similar way to osmium dihydroxylation, also showed predomi-
nant oxidation at T, of ODN(GTTG).! The osmium oxidation
rate of ODN(GTTG) was higher than those of ODN(GTG)
and ODN(GTGGGTG), and the 5T of ODN(GTTG) showed
higher reactivity to osmate and permanganate than 3"T. This
heterogeneity of oxidation efficiencies would be attributable to the
accessibility of oxidants to thymines. The X-ray crystal structure
of an osmium adduct of thymine showed that the osmium complex
is located at the 3’ side of the thymine face because of formation of
(5R,6S5)-thymine glycol as a major product.® This structure shows
that the oxidant approached to the target thymine from the 3’ side,
thus the size of the base located at the 3’ side of the target thymine,
i.e., smaller thymine base or larger guanine base, would influence
the accessibility of oxidants to thymines and result in oxidation
efficiency different in each thymine.

The base located at the 3’ side of thymine affected the rate of
osmium complex formation. Therefore, the effect of a pyrimidine
base placed at the 3" side of target thymine on the reactivity
of the thymine on osmium complexation was investigated using
ODN(GTPyG) (5-?P-AAAAGAGTPYyGAGAAAA-3, Py =T,
C, S5-methylcytosine (M), or uracil (U)). The reactivity at the
thymine of ODN(GTPyG), calculated from the cleavage band
intensities on PAGE analysis (Fig. 3), greatly depended on the
pyrimidine bases located at the 3’ side; the order of the reactivity
(k at the underlined thymine) was GTTG (k = (3.61 = 0.20) x
102 s") > GTUG ((3.22+£0.23) x 107?) 2 GTMG ((2.94 £ 0.11) x
107%) > GTCG ((2.20 £ 0.66) x 10?) > GTG ((8.19 £ 1.44) x 107%).
The difference of osmium complexation rate at 5T caused by the
difference of 3'Py was not large but significant. The reason why 3T
enhanced the reactivity of 5T so much is still unclear: the methyl
group at C5 and/or the carbonyl group of C4 of 3Py might have
worked as a bridgehead for the approach of oxidants to 5'T, or the
oxidation potential of 3’Py" might have influenced the reactivity
of 5T like the 5'-selective oxidation observed at a two consecutive
guanine sequence.'?

100 ¢
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Fig. 3 Time course of the band intensities of intact ODN(GTXG).
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Having established heterogeneity of osmium oxidation effi-
ciency at consecutive thymines using model sequences, we inves-
tigated osmium oxidation of wild-type DNA sequences. Three
single-stranded DNA fragments, 1085-1124 and 1275-1335 of
pUCI19 and 518-562 of pFOSI1 were treated with the oxidant
followed by hot piperidine. The band intensity in the PAGE
analysis for strand cleavage at TT sequences was liable to be higher
than for cleavage at the isolated thymine sequences (Fig. 4). In
addition, cleavage at the 5'T of consecutive thymine sequences
was stronger than for 3'T. Heterogeneity of osmium oxidation
efficiency at consecutive thymines observed in model experiments
was reproduced in wild-type DNA sequences.

o 1 1 1o

5'-...GTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTS. . . -3

® 10 | I || I

5'—. . .GTGGCCTAACTACGGCTACACTAGAAGAACAGTATTTGGTA. . .-3"'
() I I I |1 I

5'—, .. .CTGCGGCCAACTTACTTCTGACAACGATC. . .—-3"'

Fig.4 DNA cleavage sites by osmium oxidation. (a) pUCI19 (1085-1124)
(Reaction time: 20 s); (b) pUCI19 (1275-1335) (Reaction time: 10 s);
(c) pFOSI1 (518-562). (Reaction time: 5 s). The height of the bars in the
histograms shows the relative band intensity at a given site.

We have reported in this paper the heterogeneity of the oxidation
efficiency at thymines. A TT sequence was oxidized more efficiently
than isolated thymines, and it is noteworthy that the oxidation
rate at thymine was raised by the 3’-neighboring thymine. This
research showed that consecutive thymine sequences result in
the heterogeneity of the oxidation efficiency at thymines. Such
a heterogeneous reactivity of thymines is a new class of sequence-
selective pattern in DNA damage and mutagenesis. Thymine
oxidation in a single-stranded DNA is a base conversion that
gives us chemically and biologically important information, and
also useful for structure-sensitive gene analysis. Further analysis
on sequence-dependent reactivity of thymines and its mechanism
would strongly support new designs for DNA-targeting drugs.
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A diphenyl porphyrin substituted nucleotide was incorpo-
rated site specifically into DNA, leading to helical stacked
porphyrin arrays in the major groove of the duplexes. The
porphyrins show an electronic interaction which is signif-
icantly enhanced compared to the analogous tetraphenyl
porphyrin (TPP) as shown in the large exciton coupling of
the porphyrin B-band absorbance. Analogous to the TPP-
DNA, an induced helical secondary structure is observed in
the single strand porphyrin-DNA. The modified DNA can be
hybridised to an immobilised complementary strand leading
to fluorescent beads.

DNA has recently become very attractive as a supramolecular
scaffold for creating functional molecules." The covalent attach-
ment of electronically active molecules such as metal complexes
or organic chromophores is most conveniently done at either
the nucleobase or the ribose moiety, and the substituents are
normally located in the major groove of the double helix.?
Replacement of the nucleobase, on the other hand, with aromatic
entities or metal complexes leads to arrays where the substituents
are placed in the interior of the DNA.®> We are in the course
of exploring the use of DNA as a supramolecular scaffold to
create helical multiporphyrin arrays, where the porphyrins are
attached covalently to the nucleobase deoxy-uridine via a rigid
acetylene spacer (Fig. 1).* We have recently shown that up to
eleven tetraphenyl porphyrins can be attached to the DNA, which
is the highest number of modifications with a large substituent
to date.> Other work in the field was concerned with the post-
synthetic modification of DNA with porphyrins to create bundles,®
direct replacement of the nucleobase with a porphyrin,” use of
porphyrins as chirality markers? or creation of di-porphyrin arrays
through hybridisation.” Here, we report on the synthesis and

School of Chemistry, University of Southampton, Highfield, Southampton,
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T Electronic supplementary information (ESI) available: Synthesis of 1
to 6, full spectroscopic characterisation and molecular modelling of the
DPP-DNA strands. See DOI: 10.1039/b813584c
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characterisation of oligo-deoxy nucleotides (ODNs) containing
various numbers of diphenyl porphyrins (DPP) and in different
sequences. The thus obtained DPP-DNA arrays show a strong
electronic coupling between the porphyrins due to the stacking
along the DNA backbone, which is much more pronounced than
in the analogous tetraphenyl porphyrin (TPP) counterparts.

The building block dU#"P* 1 is readily accessible via Sono-
gashira coupling' between the acetylene porphyrin and 5-DMT
protected 5-iodo deoxy-uridine and subsequent phosphitylation.t
Site specific incorporation of 1 into ODN strands 2 to 6 was
achieved using standard phosphoramidite solid phase synthesis
in a DNA synthesizer with an increased coupling time for 1 to
ten minutes; purification of the modified ODNs using fluorous
tag affinity chromatography'! yielded the pure strands. Thermal
denaturing with the corresponding unmodified complementary
strands (Table 1) were measured using both UV-vis and CD
spectroscopy. The T, values obtained from the first derivatives
of the UV-melting curve (260 nm) and of the CD-melting curve
(at 252 nm) agree well. A large destabilisation of the duplex with
AT,, =-21.1 °C was measured for one porphyrin modification in
the duplex 2-7. In the two-porphyrin duplex 3-7, the destabilisation
per porphyrin is much smaller with AT, , =—13.3 °C. When more
than two porphyrins are adjacent to each other as in 4-7, the
destabilisation is only —7.1 °C per porphyrin. It thus seems that
the hydrophobic interactions between the porphyrins compensate
significantly for the unfavourable steric effects. In fact, 4.7 has
a higher melting temperature than 3-7. A similar levelling of
the destabilisation was observed with the TPP analogues, but
there a significantly smaller destabilisation (AT, = -3.1 °C)
was measured.’ To test whether a levelling of the destabilisation
effect can be observed, strand 5 was synthesised where four
porphyrins are attached in a different sequence and separated by
an unmodified nucleotide. The drop in the melting temperature per
modification in 5-8 is indeed only AT, = —6.5 °C. In the case of
the five-porphyrin array 6-9, no actual melting temperature could
be observed, and probably no duplex is formed in this case.

The UV-vis spectra of the porphyrin-DNA strands are dis-
played in Fig. 2. It should be noted that, at ambient temperature,

5'-CCGTAGCTAGTPTCGAATCGTA-3'
5'-CCGTAGCTAGPTPCGAATCGTA-3'
5'"-CCGTAGCTAGPPPCGAATCGTA-3'
5'-CATCGTAGTAPAPAPAPATCCGTACTC-3"
S5 —TTTTTPPPPRPITTTTT=3"

3'-GGCATCGATCAAAGCTTAGCAT-5"
3'-GTAGCATCATATATATATAGGCATGAG-5"
3'-CTCAARARAARARAARAADACTC-5"

= Porphyrin-deoxyuridine

Fig. 1 Structure of the porphyrin-dU building block and ODN sequences.

3888 | Org. Biomol. Chem., 2008, 6, 3888-3891

This journal is © The Royal Society of Chemistry 2008





Table 1 Analytical data of 1 and of the porphyrin-DNA: melting points
of the DNA duplexes and spectroscopic data of the porphyrins in the
double strands

T./°C*  AT,p/°C* A, (loge)/nm*¢ Aem /DM
1 — 406 (4.95) 631, 694
2a.7 63.5
2.7 42.4 -21.1 412 (4.60) 635, 657, 694
3.7 36.9 -13.3 386 (4.00), 412 (4.45) 635, 655, 697
4.7 42.2 -7.1 376 (3.80), 416 (4.21) 636, 655, 697
52.8  65.0
58 38.9 -6.5 383 (4.22),413 (4.45) 625, 658, 697
6a-9 42.2
6-9 n.d. n.d. 367 (3.70), 418 (4.01) 655,714

“ Determined in 100 mM NacCl, 50 mM KH,PO,, pH 7.0, ¢(ODN) =
10¢ M. Strands 2a, 5a and 6a are unmodified control strands. * Decrease
in T, per porphyrin modification. ¢ Absorbance maxima and molar
extinction coefficients determined by Gauss deconvolution.

0.8+

0.6

0.41 350 400 450 500

absorbance
emission

0.24

OO_I ‘A ______ I_. , I
300 400 500 600 700 800

Alnm

Fig. 2 UV-vis and fluorescence spectra of the porphyrin-DNA single
strands. The inset shows the Gauss deconvolution of 6 as an example.
100 mM NaCl, 50 mM KH,PO,, pH 7.0, c((ODN) = 10 M.

a decrease of about 20% in the porphyrin absorbance upon duplex
formation is detectable. In 2, the porphyrin B-band absorbance
at 411 nm is broadened compared to the building block itself.
In the multi-porphyrin arrays, the porphyrin absorbance becomes
more and more broadened and can be deconvoluted into two
overlapping absorbances. In the array 6, the absorbance is actually
split into two distinguishable peaks at 367 and 418 nm. This is
characteristic of an exciton coupling between the chromophores
and of stacking of the porphyrins along the DNA-scaffold.

The Soret splitting is dependent on the sequence and the amount
of porphyrins in the array, and is 1422 cm™ in 3, 2302 cm™ in
4 and 3085 cm™ in 6 as determined by Gauss deconvolution of
the absorbances (see Fig. 2, inset, for 6 as an example). The
array 5, which has four porphyrins but a comparable sequence
to 3 in that the porphyrins are separated by one unmodified
nucleotide, shows a Soret splitting of 1688 cm™, similar to the
energy splitting in 3. The absorbances show a relatively large blue-
shift and a small red-shift in the split signals compared to the
single porphyrin absorbance itself. According to the point-dipole
approximation of the exciton coupling model, these split signals
arise from the interactions of the lower energy B, and higher energy
B, dipoles. The shifts indicate that B, are coupled as a J-aggregate
to give rise to the red-shifted Soret band, and B, are coupled as a

H-aggregate to give rise to the blue-shifted Soret band,
respectively.”? The broadening of the signals also suggests that
there is a certain freedom in orientation of the porphyrins, and
they are not in a strictly fixed position. The comparable energy
splitting in 3 and 5 indicate similar exciton interactions, thus the
separation of the porphyrins by an unmodified nucleotide reduces
the electronic coupling in the porphyrin array as compared to
the neighbouring arrangement in the arrays 4 and 6, where the
exciton interaction increases strongly with increasing amount of
porphyrins. The strength of the exciton coupling does not change
upon duplex formation with the complementary strand. This
is of importance when designing porphyrin arrays that could
potentially act as electronic wires.

With the point-dipole approximation and using the energy
splitting of the Soret bands, the centre-to-centre distance in the
porphyrins can be estimated to be 8.66 A in 3-7, 7.38 A in 4.7
and 6.69 A in 6-9.1 The distance of the porphyrins in 5-8 would
be 8.18 A, which is comparable to 3-7. However, according to the
standard DNA model, the interchromophore distance in 3-7 and
5.8 would be 13.6 A (separated porphyrins), and in 4.7 and 69
it would be 9.74 A (adjacent porphyrins). Either the point-dipole
approximation is not applicable in this case, or the chromophores
are actually much closer than would be expected by the standard
model. If the latter is the case, then this would indicate a large
distortion in the DNA structure, which would be in agreement
with the different CD spectra of the modified dSDNA compared
to natural DNA (see below).

The exciton coupling between the porphyrins also has a strong
influence on the steady state emission spectra of the arrays.
The porphyrins show a very different fluorescence spectrum as
compared to the building block 1. In 1, two emission maxima at
631 and at 694 nm with a ratio of 0.9 : 1 of the relative intensities
are observed. In the porphyrin-DNA conjugates, three maxima
at around 630, 660 and 700 nm with relative intensities of about
0.8:1:0.8 can be discerned. This is quite different to what we had
observed in the TPP-DNA arrays. However, a similar observation
between the DPP-DNA and TPP-DNA is that the fluorescence is
strongly quenched in the multiporphyrin arrays, and in 6 it is only
very weak. The difference in the shape of the spectra could arise
from the intramolecular stacking of the porphyrins on the DNA
scaffold. No intermolecular stacking is observed and the shape of
the spectra do not change in the range of 0.1 to 2 uM. At this
point it is, however, not quite clear why the emission in 2 is also
very different to 1.

The CD spectra of 2-7 to 5-8 show the characteristic B-type
DNA signature in the UV part of the spectra with a bisignate
signal having maxima at (-252)/(+277) nm (Fig. 3). Interestingly,
the signal intensity increases with increasing amount of porphyrin
modification, and the duplex 4-7 resembles the natural DNA
closest in terms of relative intensities. The porphyrin modification,
therefore, has an influence on the helical structure of the DNA
leading to local perturbance of the B-DNA, which could explain
the large drop in thermal stability of the duplexes and the
strong exciton coupling between the chromophores. Generally,
the CD signal of the porphyrin is dominated by a broad and
weak negative signal, similar to what was observed in the TPP
arrays but the signals are much less intense here. A negative
Soret band signal in non-covalent porphyrin-DNA complexes
normally is indicative of intercalation. This feature was already

This journal is © The Royal Society of Chemistry 2008
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Fig.3 CD spectra of the porphyrin-DNA duplexes. The inset shows the
magnified porphyrin Soret band region.

observed in the TPP-system and discussed in detail.> However, to
demonstrate that the porphyrins are located in the major groove
rather than being intercalated, we performed additional melting
experiments with C-T mismatches at the porphyrin site in the
array 5-8. With four mismatches, an additional drop in 7, by
—10 °C was observed, which shows that the porphyrin bearing
thymidines are still involved in Watson—Crick hydrogen bonding
to the complementary nucleobase, thus the porphyrins are stacked
in the major groove of the duplex.

Analogous to the TPP-DNA, in the DPP-DNA, a secondary
helical structure seems to be induced in the single strands. This is
concluded from the spectroscopic data obtained from the single
stranded DPP-DNA at variable temperatures. In Fig. 4a and b, the
spectral data for 5 as a single strand are shown as a representative
example. The UV-vis, luminescence and CD spectra are similar to
the spectra obtained for double stranded DPP-DNA at ambient
temperature. The formation of the duplex induces, however, some
quenching of the fluorescence intensity. The CD signals of the
porphyrins are bisignate having maxima at (+370)/(-405) nm,
but are less intense for the single stranded DNA. This indicates a
stable helical conformation of the single stranded DPP-DNA as
compared to the random coil conformation of natural DNA. The
absorbances drop by about 20% upon duplex formation, thus a
more efficient stacking seems to occur after hybridisation with the
complementary strand. After heating to 80 °C, the UV-vis spectra
show a sharpening and increase in absorbance for the porphyrin
Soret band absorption, and in the CD spectra, the Soret signal

a) 0.4,

absorbance

is greatly diminished. The spectra are consistent with a stacked
array in the single strands at room temperature, which is disrupted
at elevated temperatures. A transition can indeed be observed
when the thermal denaturing of the single strands is measured
at 415 nm where the porphyrins have their absorbance maximum
(Fig. 4c). All single strands show a transition which is consistent
with an unstacking of the porphyrin array. The transitions occur
at increasing temperatures from 36 to 58 °C with increasing
amounts of stacked porphyrins; 3 and 5 show a similar transition
temperature. The spectra obtained at 80 °C for the CD show that
the unstacking is not complete at this temperature. The covalent
linkage through the DNA thus retains a local arrangement where
the porphyrins can still interact electronically even at higher
temperatures.

We have also investigated the possibility of immobilising the
porphyrin—-DNA strands 2 to 4 on a solid phase. Synthesis of the
complementary strand on an oligo affinity support was done using
standard DNA synthesis. The porphyrin DNA indeed hybridises
reversibly to the solid phase, leading to fluorescent beads (Fig. 5).
The melting curves show a large hysteresis between the melting and
the annealing, which reveals different kinetics in both processes."®
The averaged melting temperatures are quite similar for strands 2
and 3 at 48-50 °C, and much lower for 4 at ~35 °C (see the ESI}).
The fluorescence spectra show similar features as obtained from
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Fig. 5 Reversible binding of the porphyrin-DNA to a solid phase,
performed as rapidly stirred suspensions. (a) Melting profile with sigmoidal
curve fitting (2), (b) fluorescence spectra of the immobilised strands 2—4,
(c) fluorescence microscopy of the porphyrin containing beads (2).
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Fig. 4 (a) UV-vis absorbance and emission spectra of 5 and 5-8 at various temperatures; (b) CD spectra of 5 at 20 and 80 °C, and of single stranded
DNA; (c) normalised melting profiles of the porphyrin-DNA single strands recorded at 415 nm, the temperatures indicate the reflection point of the

curves.
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the strands in solution but with blue-shifted maxima at 565, 642
and 698 nm for 2. For 3 and 4, one of the emission peaks shows
additional splitting with maxima at 631 and 658 nm. The electronic
coupling between the chromophores, therefore, is retained in the
immobilised porphyrin arrays.

In summary, we have shown that changing the structure of the
porphyrin in DNA-porphyrin arrays has a large influence on
both the thermodynamic stability of the DNA duplexes as well
as of the electronic properties of the porphyrins. The diphenyl
porphyrin, as compared to the TPP analogue, is expected to have
less steric hindrance towards neighbouring porphyrins in the array,
thus closer contacts and more efficient electronic interactions are
possible. This is clearly demonstrated in the large differences of
the absorbance and emission spectra. However, the structure of
the porphyrin-DNA arrays seems to be more disrupted than in the
TPP analogous system as seen by the CD spectra and the melting
measurements. These systems are in further evaluation for their
applicability in energy or electron transfer through the porphyrins.
DNA is indeed a very suitable scaffold to produce arrays of
electronically active molecules with tunable properties, thus the
synthesis of designer molecules will be achievable when combining
different chromophores within the same or in complementary
DNA strands.
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We describe the total synthesis of euchrestifoline featuring
an unprecedented one-pot Wacker oxidation and double
aromatic C-H bond activation.

The useful biological activities of carbozole alkaloids have
induced an increasing interest in their synthesis.”® We
have developed a highly convergent route to carbazoles via
palladium(0)-catalyzed Buchwald-Hartwig amination followed
by palladium(in)-catalyzed oxidative cyclization.> The oxidative
cyclization of the intermediate N,N-diarylamine is based on an
earlier report by Akermark er al. using stoichiometric amounts
of palladium(ir).* By application of conditions known for the
classical Wacker process (reoxidation of Pd(0) to Pd(1r) with Cu(ir)
salts),® we have shown first that the biaryl cyclization can be
induced using catalytic amounts of palladium.®’ Subsequently, the
palladium(1r)-catalyzed oxidative cyclization by double aromatic
C-H bond activation has found various applications in carbazole
synthesis."®® The present example describes for the first time a
palladium(ir)-catalyzed Wacker oxidation® of a vinylarene to an
arylketone followed by cyclization of a diarylamine to a carbazole.
Execution of both transformations as a one-pot reaction leads
to sequential activation of three C—H bonds in a palladium(1r)-
catalyzed process.

Euchrestifoline (1), our target molecule, was isolated in 1996
by Wu and coworkers from the leaves of the Chinese medicinal
plant Murraya euchrestifolia (Fig. 1).?° No total synthesis has been
reported so far for this natural product. However, compound 1 was
used as an intermediate for a synthesis of the structurally related
girinimbine (2) described in 1971 by Chakraborty and Islam."
Girinimbine (2), the first pyrano[3,2-aJcarbazole alkaloid from
natural sources, was isolated by Chakraborty and his group from
the stem bark of Murraya koenigii and by Joshi et al. from the
root bark of Clausena heptaphylla. The structural assignment of
girinimbine (2) was based on spectroscopic studies and chemical
transformations.'»*

1 Euchrestifoline 2 Girinimbine

Fig. 1 Pyrano[3,2-a]carbazole alkaloids euchrestifoline and girinimbine.

Department Chemie, Technische Universitdt Dresden, Bergstrasse 66,
01069 Dresden, Germany. E-mail: hans-joachim.knoelker@tu-dresden.de;
Fax: +49 351-463-37030
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We have developed a convergent synthesis of euchrestifoline
(1) following our retrosynthetic analysis (Scheme 1). The tetra-
cyclic ring system is assembled from bromobenzene (3) and the
aminochromene 4 via a sequence of palladium(0)-catalyzed ami-
nation and oxidative biaryl cyclization by palladium(ir)-catalyzed
double C-H bond activation. Transformation of the chromene to
the chroman-4-one can be achieved by a Wacker oxidation using
the same reaction conditions as required for oxidative cyclization.

CHj

NH,
1 Euchrestifoline 3 4

Scheme 1 Retrosynthetic analysis of euchrestifoline (1)

Preparation of the precursor starts with conversion of 2-
methyl-3-butyn-2-ol (5) to the trifluoroacetate 6 (Scheme 2)."
The resulting crude product was used for alkylation of 2-
methyl-5-nitrophenol (7) to the corresponding aryl propargyl
ether 8. Thermally induced [3,3]-sigmatropic rearrangement
followed in situ by rearomatization and cyclization afforded the
nitrochromene 9. Reduction using iron in glacial acetic acid led
quantitatively to the aminochromene 4. Using this improved
sequence, the aminochromene 4 is available in 3 steps and 70%
overall yield based on the nitrophenol 7 (previous synthesis:
3 steps, 60% overall yield).” Buchwald-Hartwig amination of
bromobenzene (3) with the aminochromene 4 provided the
diarylamine 10. §

Heating of the diarylamine 10 with catalytic amounts of
palladium(1r) acetate in a mixture of acetic acid and water (10 : 1)
in the presence of 2.5 equivalents cupric acetate at 90 °C for
5 h led to Wacker oxidation and afforded the chromanone 11
(Scheme 3).§ Extension of the reaction time to 24 h resulted in
cyclization via double aromatic C—H bond activation and afforded
euchrestifoline (1) (26% yield) along with the chromanone 11 (23%
yield). Optimized conditions (heating of the diarylamine 10 for
2 days using catalytic amounts of palladium(1r) acetate and cupric
acetate) resulted in direct conversion to euchrestifoline (1).9 The
spectroscopic data of our synthetic euchrestifoline (1) were in
good agreement with those reported for the natural product.'
Compound 1 exhibits an intense fluorescence with an emission at
501 nm and a large Stokes shift.

It was obvious that activation of the vinylic C-H bond, which
leads to Wacker oxidation, takes place first. The subsequent
activation of the aromatic C-H bonds leads to cyclization of the
initially formed chromanone 11 to euchrestifoline (1). In order
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Scheme 2 Synthesis of the diarylamine 10. Reagents and conditions:
(a) 1.0 equiv. (CF;CO),0, 1.3 equiv. DBU, MeCN, -5 °C, 70 min;
(b) 1.15 equiv. 6, 1 mol% CuCl,-2 H,O, 1.3 equiv. DBU, MeCN, 0 °C,
7 h, 71% (over 2 steps); (c) o-xylene, 140 °C, 18 h, 98%; (d) 10 equiv. Fe,
HOACc, rt, 2 h, 100%; (e) 1.0 equiv. 3, 1.2 equiv. 4, 1.4 equiv. Cs,CO;,
6 mol% Pd(OAc),, 6 mol% BINAP, toluene, 110 °C, 36 h, 93%.

2 Girinimbine

1 Euchrestifoline

Scheme 3 Pd(11)-catalyzed synthesis of euchrestifoline (1) and conversion
into girinimbine (2). Reagents and conditions: (a) 10 mol% Pd(OAc),, 2.5
equiv. Cu(OAc),, HOAc-H,O (10 : 1), 90 °C, 5 h, 57%; (b) 10 mol%
Pd(OAc),, 10 mol% Cu(OAc),, HOAc, 90 °C, 24 h, 44%; (c) 10 mol%
Pd(OAc),, 10 mol% Cu(OAc),, HOAc-H,O (10 : 1), 90 °C, 48 h, 40%;
(d) 1. 4 equiv. LiAlH,, THF, 0 °C to rt, 17 h; 2. 5% HCI, 60 °C, 1 h, 70%.

to confirm this assumption, it was shown that transformation of
the chromanone 11 to euchrestifoline (1) is achieved in one day
using the same reaction conditions. Previously, 1 was prepared
via Fries rearrangement.’ Finally, reduction of euchrestifoline
(1) followed by acidic work-up led via elimination of water
to girinimbine (2).|] This conversion of euchrestifoline (1) into
girinimbine (2) is superior to the 3-step-sequence previously

reported by Chakraborty and Islam.! Structural assignment for
girinimbine (2) was based on comparison of the spectroscopic data
with those reported for the natural product'® and the synthetic
product obtained earlier by a molybdenum-mediated approach.'

In conclusion, we have developed a highly efficient route to
the aminochromene 4 (3 steps and 70% yield based on 7), a
useful building block for the synthesis of pyrano[3,2-a]carbazole
alkaloids. Three consecutive palladium-catalyzed reactions con-
vert compound 4 into euchrestifoline (1): Buchwald—Hartwig
amination, Wacker oxidation, and subsequent oxidative biaryl
cyclization by double aromatic C-H bond activation. As both
latter transformations are palladium(ir)-catalyzed, they are most
efficiently accomplished as one-pot process to provide euchrestifo-
line (1) in two steps and 37% overall yield based on bromobenzene
(3). The pyrano[3,2-a]carbazoles are of interest because of their
potential anti-TB activity.'s

Notes and references

1 Spectroscopic data for the diarylamine (10): Yellow solid, mp 105-107 °C;
IR (ATR): v = 3389, 3046, 2977, 2925, 2851, 1637, 1594, 1578, 1506, 1477,
1408, 1378, 1315, 1257, 1204, 1172, 1123, 1057, 1025, 941, 898, 875, 787,
745, 720, 689 cm™; 'H NMR (500 MHz, CDCL;): 6 = 1.44 (s, 6 H), 2.17
(s, 3 H), 5.40 (brs, 1 H), 5.59 (d, / =9.9 Hz, 1 H), 6.46 (d, J = 9.9 Hz,
1 H), 6.67 (d, J = 8.1 Hz, 1 H), 6.82 (m, 3 H), 6.93 (d, / = 8.1 Hz, 1 H),
7.20 (m, 2 H); *C NMR and DEPT (125 MHz, CDCl;): § = 15.29 (CHj),
27.62 (2 CH;), 75.06 (C), 114.11 (CH), 115.18 (C), 115.70 (2 CH), 118.43
(CH), 119.39 (CH), 121.07 (C), 129.19 (2 CH), 129.93 (CH), 130.32 (CH),
135.82 (C), 145.54 (C), 151.62 (C); MS (EI): m/z (%) = 265 (M*, 39), 250
(100); HRMS: m/z calc. for C,sH;yNO (M*): 265.1467, found: 265.1450;
anal. calc. for C,iH,NO: C 81.47, H 7.22, N 5.28, found: C 81.22, H 7.49,
N 5.06.

§ Spectroscopic data for the chromanone (11): Yellow oil; IR (ATR): v =
3260, 3028, 2975, 2928, 1640, 1591, 1518, 1456, 1431, 1386, 1370, 1235,
1217, 1176, 1093, 1042, 912, 889, 803, 737, 692 cm™; '"H NMR (500 MHz,
CDCly): 6 =1.47 (s, 6 H), 2.08 (s, 3 H), 2.73 (s, 2 H), 6.67 (d, J = 8.5 Hz, |
H), 7.08 (d, J =8.5Hz, 1 H), 7.08 (t, J = 7.3 Hz, 1 H), 7.25 (m, 2 H), 7.33
(m, 2 H), 10.45 (br s, 1 H); *C NMR and DEPT (125 MHz, CDCl,): § =
15.15 (CH,), 26.75 (2 CHj;), 49.39 (CH,), 77.58 (C), 104.00 (CH), 105.98
(0), 113.99 (C), 122.89 (2 CH), 123.52 (CH), 129.20 (2 CH), 138.17 (CH),
140.56 (C), 146.44 (C), 158.43 (C), 195.41 (C=0); MS (EI): m/z (%) = 281
(M*, 100), 266 (68), 226 (26), 225 (17), 224 (32), 196 (12); HRMS: m/z
calc. for C;gH;,NO, (M*): 281.1416, found: 281.1403.

€ Synthesis of euchrestifoline (1): A mixture of the diarylamine 10 (56.5 mg,
0.21 mmol), palladium acetate (4.8 mg, 0.02 mmol) and cupric acetate
(3.8 mg, 0.02 mmol) in glacial acetic acid (5 mL) and water (0.5 mL) was
heated at 90 °C in air for 48 h. After cooling to rt, a small amount of silica
gel was added to the reaction mixture and the solvent was removed under
vacuum. Flash chromatography of the residue on Celite and silica gel (light
petroleum ether—EtOAc, 9 : 1) provided euchrestifoline (1), yield: 23.7 mg
(40%). Yellow crystals, mp 181 °C (ref. 10: 187-189 °C); UV (MeOH): A =
230, 256, 285, 291, 334, 386 nm; fluorescence (MeOH): A.,, = 501 (A, =
386) nm; IR (ATR): v = 3381, 2969, 2919, 2849, 1710, 1649, 1608, 1590,
1492, 1450, 1384, 1369, 1311, 1213, 1193, 1171, 1136, 1039, 1003, 930, 887,
773, 744, 690, 651, 607 cm™; '"H NMR (500 MHz, CDCl;): 6 = 1.53 (s,
6 H), 2.34 (s, 3H), 2.82 (s,2 H), 7.22 (t, J = 7.5 Hz, 1 H), 7.35 (t, J =
7.5Hz,1H),7.47(d,J =7.5Hz, 1 H),7.93(d,J =7.5Hz, 1 H),8.00 (s, 1
H), 10.14 (brs, 1 H); ®*C NMR and DEPT (125 MHz, CDCl,): 6 = 16.08
(CH,;), 26.82 (2 CHs;), 48.54 (CH,), 79.49 (C), 104.67 (C), 111.08 (CH),
116.23(C), 117.76 (C), 119.21 (CH), 119.98 (CH), 122.27(C), 124.62 (CH),
129.26 (CH), 137.00 (C), 139.40 (C), 157.65 (C), 194.33 (C=0); MS (EI):
m/z (%) =279 (M*, 100), 264 (82), 224 (35), 223 (62), 195 (15), 167 (30),
132 (15); HRMS: m/z calc. for C,xH;;NO, (M*): 279.1259; found: 279.
1261; anal. calc. for C;3sH,;NO,: C 77.40, H 6.13, N 5.01, found: C 77.43,
H 6.28, N 4.71.

|| Spectroscopic data for girinimbine (2): Colorless crystals, mp 173 °C (ref.
12a: 176 °C); "H NMR (500 MHz, acetone-d;): 6 = 1.50 (s, 6 H), 2.33 (s, 3
H),5.81(d,J=9.8Hz,1H),6.95(d,/ =9.8 Hz, | H), 7.14 (t,J = 7.5 Hz,
1H),7.29(t,J =7.5Hz, 1 H),7.43(d,J =7.5Hz,1H),7.76 (s, 1 H), 7.97
(d, J = 7.5 Hz, 1 H), 10.33 (br s, 1 H); *C NMR and DEPT (125 MHz,
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acetone-dq): 8 = 16.19 (CHs), 27.83 (2 CH), 76.48 (C), 105.36 (C), 111.29
(CH), 117.46 (C), 118.30 (C), 118.58 (CH), 119.64 (CH), 119.85 (CH),
121.70 (CH), 124.36 (C), 124.88 (CH), 129.80 (CH), 136.16 (C), 140.85
(C), 150.44 (C).
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The partial reduction of electron deficient pyrroles is an ex-
tremely versatile method that allows us to prepare substituted
pyrrolidines and pyrrolizidines with trans-diol stereochem-
istry on the five membered ring.

As part of a programme designed to explore and exploit the
partial reduction of heterocycles, we have developed a short, four
step sequence to prepare enantiopure mono-acetate 1, Scheme 1,
starting from commercially available N-Boc pyrrole.! The key steps
in this route are a diastereoselective partial reduction reaction
and a subsequent enzymatic desymmetrisation. Compound 1
has proven to be very useful in the synthesis of a wide array
of natural products and compounds with important biological
activity,” notably the pyrrolizidine alkaloids, Scheme 1. One of
the limitations of an otherwise extremely flexible route was the
requirement to incorporate cis-C3,4-diol stereochemistry, which
was installed by diastereoselective dihydroxylation of alkene 1. We
now report a solution to the problem of introducing trans-C3,4-
diol stereochemistry from a cyclic pyrroline, thus allowing access
to a widely occurring stereochemical motif.?

4 3
=\, . '
/ \ 4 steps ACO 5 J \ OH zgﬁ;;r;anhomer
N 30-60 mmol H T |f|
Boc 46% yield Boc
(+)-1>98% ee
2,5-trans series / \ 2,5-cis series

3,4-cjs series

OH HO WOH

(+)-hyacinthacine A7 (-)-2,3,7-triepialexine

Scheme 1 Synthesis of polyhydroxylated pyrrolizidines from 1.

The essence of our approach can be highlighted in the short
(6 step) synthesis of the glycosidase inhibitor (+)-2,5-dideoxy-2,5-
imino-D-glucitol (DGDP 4) Scheme 2.* Thus, compound 1 was
epoxidised with high anti-stereoselectivity (rationalised on steric
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T Electronic supplementary information (ESI) available: Details of ex-
perimental procedures, NMR data for all new compounds and X-ray
crystallographic data. CCDC reference number 695945. For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/b815332a

i Author to whom correspondence regarding the X-ray crystal structure
should be addressed.
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Scheme 2 Synthesis of DGDP 4.

grounds and confirmed by NOE analysis of 2) using a dioxirane
generated in situ.® The acetate group of 2 was then allowed to
participate in a highly regio- and stereoselective ring opening
reaction at C4 following epoxide activation with BF;-OEt,.®
Under these conditions, the N-Boc group was also cleaved and
the (putative) intermediate 3 formed; however, the addition of
methanol to the reaction mixture had the desired effect of cleaving
the acetate-derived protecting groups in situ and formed DGDP
4 directly.” The result of this approach is an exceptionally short
route to the target compound (6 steps and 34% overall yield). The
spectroscopic data exhibited by our synthetic sample matched
exactly those in the literature;® furthermore, we confirmed the
structure of our material by X-ray crystallographic analysis.’

Next we attempted to prepare one of the more complex
pyrrolizidine alkaloids that have the same trans-C3,4-diol substitu-
tion pattern around the pyrrolidine ring. The synthetic challenges
to be addressed are as follows: the protection of the free alcohol
of 1 without cleavage of the labile OAc group, acetate mediated
epoxide opening without cleavage of the N-Boc group and finally
an appropriate protecting group strategy to allow for subsequent
chain extension and formation of the second ring.

Therefore, we embarked upon a route that was related to that
described above. Following benzyl protection of 1, to allow for
discrimination between hydroxyl groups later on, the product was
reacted under the previously described epoxidation conditions to
give epoxide 5 as a single diastereoisomer and in excellent yield
over two steps, Scheme 3. The ring opening reaction of epoxide
5 was performed at =50 °C so as to prevent N-Boc removal
under the reaction conditions. The resulting mixture of mono-
acetate regioisomers was deprotected by the addition of basic
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Scheme 3 Synthesis of (—)-7-epialexine 11.

methanol, which formed triol 6.!' Protection of 6 as a tris-OTES
ether was followed by the direct and selective oxidation of the
primary OTES group by reaction under Swern conditions and
gave aldehyde 7. The addition of allylmagnesium bromide to
aldehyde 7 gave a secondary alcohol as a 6 : 1 mixture of (partially
separable) diastereoisomers. The major product had arisen from
chelation control (to the N-Boc) and our attempts to reverse
this stereoselectivity and produce the Felkin-Anh isomer were
unsuccessful.'®

Following protection of the alcohol as TES-cther 8 the alkene
was cleaved with ozone and then reduced with NaBH,. This
step could not be performed as a one-pot procedure following
ozonolysis because of TES group migration to the primary alcohol
during purification. The resulting primary hydroxyl group was
activated (Ms,0O) to furnish 9 and TESOTTf was then employed to
deprotect the N-Boc group in order to prevent facile TES-ether
deprotection under Lewis acidic conditions. Subsequent addition
of methanol to the reaction mixture resulted in cyclisation to give
pyrrolizidine 10. Finally, global deprotection of the crude benzyl
ether 10 was carried out under acidic hydrogenolysis conditions to
provide (—)-7-epialexine 11 as a colourless oil. The spectroscopic

data for our sample matched that previously reported in the
literature.™*

To conclude, this paper reports an epoxidation—intramolecular
ring opening approach to enable the trans-dihydroxylation of
pyrroline 1. The result is an extremely efficient route to trans-
C3,4-diol configured pyrrolidines. The monocyclic target DGDP
4 was synthesised in only six steps (34% overall yield). More
complex targets with trans-C3,4-diol stereochemistry, such as the
bicyclic 7-epialexine 11, can also be made via this chemistry (17
steps and 10% overall yield). As such, this work complements our
earlier studies on routes to pyrrolizidine alkaloids with cis-C2,5-
and trans-C2,5-stereochemistry, which were restricted to the cis-
C3,4-diol array. Consequently, we now have access to almost every
possible stereochemical arrangement within the pyrrolidine ring
and this leads to exciting possibilities for the flexible syntheses of
pyrrolizidines with important biological activity.
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