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Efficient routes to DOTA-monoamide ligands bearing amino, hydroxyl, aldehyde and maleimido
groups are described. These functional groups, which can be spaced at will from the coordination cage,
will readily react with suitable groups of targeting moieties. Bioconjugates obtained in this way can be

used for diagnostic imaging and therapeutic applications.

Introduction

In the last few decades many acyclic and macrocyclic compounds
have found important applications in diagnostic and therapeutic
medicine in the form of metal complexes. These chelates are used
both as contrast agents for magnetic resonance imaging (MRI)"
and as radiopharmaceuticals for the diagnosis and therapy of
tumours.? A very important goal of current research is to achieve
a precise delivery of these compounds to specific cellular targets.
The general strategy is to insert them into bioconjugates that
will bind to specific receptors that are overexpressed in certain
tissues or act as markers to visualize a cell product that is the
“signature” of a specific disease. In such conjugates the moiety
encapsulating the metal ion is a bifunctional chelating agent
(BFCA) that contains a suitable function through which it can be
covalently bound to the specific biological carrier. In this regard,
the design and development of synthetic BFCAs for connecting
these targeting vehicles to metal complexes, and improvements
in related conjugation and chelation procedures are topics of
outstanding importance in molecular medicine.

In the field of polyaminopolycarboxylic ligands a straightfor-
ward route to bifunctional chelating agents is the reaction of
DTPA anhydride with amines to form DTPA mono- and bis-amide
derivatives.>* The latter chelating moiety can readily coordinate
a number of metal ions (transition, group III or lanthanide) of
biomedical interest. Relevant examples are found in the use of In or
Ga for SPECT studies and Y and Lu for therapeutic applications.?
However, most recent work on DTPA-amide-containing agents
has dealt with the use of Gd complexes for MRI investigations.*
Evidence has emerged from in vitro studies that Gd complexes of
DTPA-amide may not have a sufficient thermodynamic/kinetic
stability for the intended purposes.’ This concern may weigh
even more when DTPA-amide BFCAs are used in molecular
imaging applications for which long contact times with biological
structures are required.
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It is therefore important to develop BFCAs whose chelating
moiety will coordinate metal ions more tightly than DTPA-amide.
In this regard, DTPA,* DOTA”™" and DOTA-monoamide!"*s
systems have been considered as good alternatives. The synthesis
of functionalised DOTA derivatives as BFCAs was a hot topic at
the end of the ’80s and beginning of the 90s. Several patents and
papers were published by the groups of Meares, Parker, Gansow
and Sherry.’®7 More recent applications to magnetic resonance
molecular imaging and nuclear medicine required the use of
new BFCAs, which entailed the development of more efficient
synthetic strategies and the optimization of previous protocols.
Thus, the commercially available triprotected DOTA-tris(tert-
butyl) ester,!* which forms DOTA-monoamide derivatives when it
reacts with amines, is one of the most frequently used bifunctional
agents."”? Conjugation to biological vectors has also been exploited
with the benzyl-protected analogue DOTA-tris(benzyl) ester,'
the isothiocyanate-functionalized p-NCS-Bz-DOTA both on the
macrocyclic backbone and on the pendant arm (C-DOTA and
PA-DOTA, respectively),” DOTAGA(z-BuO),,* which contains
an additional unprotected carboxylic group, 4-acetylphenyl-,
ethynylphenyl-® and vinyl sulfone-cysteineamido,' maleimido-
cysteinamido' DOTA derivatives containing a methyl ketone, an
alkyne, a vinyl sulfone and a maleimido group, respectively.

Herein we report the syntheses of BFCAs based on DOTA-
monoamide that display amino, alcohol, aldehyde or maleimido
functions to be eventually used for conjugation to biological
vectors of interest. Each of these functions may be spaced at will
from the chelating moiety by choosing the number of interposed
methylene carbons (Scheme 1).

Results

It is well known that DOTA-monoamide derivatives are not the
best ligands for Gd(1m) for use in MRI because of their long water
coordinated exchange time. However, this turns out not to be a
real limitation, especially in cell labeling procedures, because it
has been reported that when a Gd(i) complex is internalized
into the cell by endocytosis its relaxivity is dramatically decreased
(and its contrast-enhancing power consequently decreased),
both for fast- and slow-water-exchanging complexes. Thus
DOTA-monoamide based contrast agents can be successfully used
in molecular imaging applications.
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Scheme 1 DOTA-monoamide derivatives bearing different functional
groups.

a) Synthesis of NH,-functionalized DOTA-monoamide bifunc-
tional agents.

In the present work mono-Cbz alkyldiamino derivatives were
converted to bromoacetamido derivatives 1 and 2 by reaction with
bromoacetyl bromide. Compounds 1 and 2 were then used for
the N-alkylation of DO3A(#-BuO);, (1,4,7-tris-tert-butoxycarbo-
nylmethyl-1,4,7,10-tetraazacyclododecane) which was prepared
as the hydrobromide according to a reported procedure.” The
secondary ammonium salt of DO3A(z-BuO), is not nucleophilic
enough to react with a primary halide; indeed the reaction gave
negligible or poor yields even in the presence of K,CO;. This
hurdle was overcome by treating DO3A(z-BuO); hydrobromide
with the strongly basic ion-exchange resin Amberlite® IRA 410 in
its OH form, that easily deprotonated the ammonium salt to give
DO3A(#-BuO); as free amine. The latter, being more nucleophilic
than the hydrobromide salt, reacted better with primary halides
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in the presence of K,CO,. Alternatively, Amberlite® IRA 410 was
used as base instead of K,CO; in the N-alkylation, thus dispensing
with the preliminary treatment of DO3A(#-BuO); hydrobromide
with the ion exchange resin. In this procedure the resin, being
added directly to the reaction mixture, played a double role, both
deprotonating the ammonium salt and acting as a proton scav-
enger. As the two protocol variants approximately resulted in the
same reaction time and yield, the one-pot reaction was preferred.
After the alkylation, the Cbz protecting group was removed by
hydrogenation at room pressure (Pd/C in MeOH). When carried
out under magnetic stirring, this cleavage was unsatisfactory (still
incomplete after 24 h); it went however to completion in 5 hours
when a Venturi-effect stirrer was used. Reaction rates and yields
were further improved working under power ultrasound® (up
to 95% in about 2 h). To the best of our knowledge this is the
first report of Cbz cleavage under sonochemical conditions. The
free NH, group of bifunctional chelates 5 and 6 can be exploited
while the fert-butyl ester protecting groups are maintained on the
carboxyl groups; alternatively the latter can be deprotected with
TFA to yield ligands 7 and 8. Another synthetic strategy for the
preparation of BCFA 5 has been described by André and co-
workers.?! They started from the monoalkylation of ‘cyclen’ with
ethyl bromoacetate, then N-alkylated the remaining amino groups
with fert-butyl bromoacetate and ended with the aminolysis of
the ethyl ester with ethylendiamine; the overall yield was 45%.
Although our procedure is one step longer, it was optimized
starting from DO3A(z-BuO); and had a higher overall yield
(~ 54%) (Scheme 2).

b) Synthesis of maleimido-functionalized DOTA-monoamide
bifunctional agents.

Following the procedure reported by Ondrus ez al.,* which
entails the use of a 7-exo-Diels—Alder adduct of furan and
maleic anhydride (7-exo-oxohimic anhydride 9) and working
under microwave irradiation, we converted in good yields ligands
7 and 8 to the maleimido derivatives 10 and 11 (Scheme 3).
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c¢) Synthesis of OH-functionalized DOTA-monoamide bifunc-
tional agents.

Derivative 14, bearing a free alcohol function, was prepared with
a 42% overall yield from 6-aminohexanol; this was protected with
tetrahydropyran and converted to the bromoacetamido derivative
12. DO3A(#-BuO); alkylation with 12 and subsequent removal of
the THP group with sodium cyanoborohydride and BF;-etherate
in dry THF under power ultrasound gave the final product
(Scheme 4).

O H

In a more straightforward way, the amino alcohols were
reacted with chloroacetyl bromide in water at pH 10 to prevent
ester formation. Further alkylation of DO3A(z-BuO), gave the
derivatives containing a free OH with an overall yield of 47% and
55% for 14 and 17, respectively (Scheme 5).

d) Synthesis of CHO-functionalized DOTA-monoamide bi-
functional agents.

Swern oxidation® of 14 and 17 afforded the corresponding
aldehydes in good yields (Scheme 6).
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Scheme 5 Synthesis of bifunctional agents 14 and 17 without OH protection.
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Scheme 6 Swern oxidation of 14 and 17 to yield aldehyde-containing DOTA-monoamide bifunctional agents 18 and 19.
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Oxidation of 14 and 17 with pyridinium dichromate (PDC),
pyridinium chlorochromate (PCC) or Dess—Martin periodinane
gave very poor results. Moderate yields were only achieved using
PDC under power ultrasound.

Discussion

Thanks to their free -OH, -NH,, -CHO or maleimido groups, all
our novel DOTA-monoamide derivatives can undergo coupling
reactions with a wide range of biological vectors.

As already reported for many bifunctional agents, especially
DOTA-tris(tert-butyl) ester,’* they can be used in solid-phase
Fmoc peptide synthesis (SPPS) by exploiting the orthogonal
protecting group strategy and thus be attached to peptides. For
example,  4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)-protected
lysine (lysine-ivDde) can be joined to the DOTA-tris(tert-butyl)
ester BFCA after removal of the ‘ivDde’ group with 2% hydrazine
in DMF (solid phase reaction). Likewise, amino derivatives 5 and
6 can be coupled by a similar procedure with carboxylic groups on
the side chains of glutamic and aspartic acids. In fact, Glu and Asp,
orthogonally protected e.g. with Dmab (2-{1-[4-(hydroxymethyl)-
phenylamino]-3-methylbutylidene}-5,5-dimethyl-1,3-cyclohexan-
edione) ester, could be selectively deprotected with 2% hydrazine
in DMF and subsequently coupled with 5 and 6. Aldehydes can
also be introduced in solid-phase peptide synthesis, as they will
form secondary amines by reductive amination with primary
amino groups present in the peptide. A reductive amination
protocol for solid-phase peptide synthesis has already been
published* and works well with our BFCAs 18 and 19 (data
not shown). It should be noted that reductive amination must
be the last step before cleavage, otherwise Boc protection of the
secondary amine would be required. tert-Butyl ester protecting
groups are easily removed, together with side-chain protecting
groups, during peptide cleavage with the usual reagents.

The maleimido group of 10 and 11 is one of the most useful
linkers in bioconjugate chemistry because the Michael addition
of a thiol to the maleimide ring takes place under very mild
conditions and is highly specific.”> BFCAs 10 and 11 can work
either in Fmoc SPPS or in aqueous solution, the maleimido group
becoming attached to a cysteine thiol. Asin 10 and 11 the carboxyl
groups of the chelating moieties are unprotected, their coupling
should be the last step of the SPPS before cleavage is carried
out. Maleimide is particularly useful in aqueous solution since at
neutral or slightly acidic pH it reacts about 1000-fold faster with
thiols than with amines, which are mostly protonated.® These
conditions are most appropriate when the vector is unstable in an
organic solvent or under the acidic conditions that are required
for tert-butyl ester cleavage, a common occurrence with many
proteins, monoclonal antibodies and some peptides. It is also
possible to start the assembly right away with the metal complex
rather than the free ligand; this will avoid problems arising from
complex formation by peptides or proteins.

We reported the use of the Gd(11) complex of 7, converted to
the emisquarate derivative (4-alkylamino-3-ethoxy-3-cyclobuten-
1,2-dione), for conjugation with a polyornithine.”” Similarly, 7
and 8 can easily be converted to the emisquarate derivatives for
conjugation with any NH,-containing vector. As in the example
reported, 7 and 8 can be first complexed with the appropriate metal
ion, then conjugated to a protein or specific antibody.

The OH group present on bifunctional agents 14 and 17 could be
transformed into a sulfonyl derivative (e.g. mesyl, tosyl, nosyl), to
be subsequently reacted with a variety of nucleophilic species. Still
more interestingly, it can form a carboxylic ester. This type of ester
could be easily cleaved even in vivo by hydrolysis with esterase; this
could be an advantage in terms of detoxification and catabolism.
After target recognition has taken place, it could be advantageous
for the imaging probe to be cleaved off from its vector. In this
way each of the two moieties would follow its metabolic pathway
independently from the other, thus reducing overall toxicity.

Aldehyde derivatives 18 and 19 can easily react by reductive
amination with free amino groups present on the vector surface.
This reaction would be especially useful when the vector is a small
molecule, whose surface modification could dramatically affect
interaction with the target site. Reductive amination preserves the
overall charge of the vector, which is not the case when conjugation
is achieved through an amide bond.

Finally, it should be pointed out that for each functional group
two different BFCAs were synthesized, with spacers consisting of
either two or six methylene groups. The possibility of choosing
between different spacers affords a control of the complex—vector
distance. The distance between the DOTA coordination cage and
the vector may strongly affect both the conjugation reaction and
bioconjugate interaction with the target. In fact, the DOTA-
monoamide cage, being often bulkier than the vector itself, may
hinder the interaction very considerably. As shown in our previous
work on the glutamine vector,?® such hindrance can be minimized
by increasing the complex—vector distance.

Conclusions

In the present paper we have reported the synthesis of a series of bi-
functional building blocks to be exploited for various applications
in diagnostic and therapeutic medicine. Their chelating moieties
are based on the DOTA-monoamide cage which forms highly
stable coordination complexes with both the Gd(m) ion (used in
MRI) and several radioactive metal ions used in nuclear medicine
(PET, SPECT). They offer a wide range of reactive groups and the
possibility of choosing between two spacer lengths; these features
are useful toward optimizing BFCA conjugation to the vector and
eventually synthesizing a large library of specific molecular probes.
While most of the published BFCAs are normally prepared on a
small scale, the present protocols are well suited for multigram
preparations. Finally, conjugation of these BFCAs to targeting
vectors can be performed with different procedures: in organic
solvents with protecting groups still present on the chelating
moieties, followed by deprotection and complexation with the
desired metal ion; or alternatively in aqueous media, using the
preformed complex if this proves more convenient.

Experimental

All chemicals were purchased either from Sigma-Aldrich Co. or
Lancaster Synthesis GmbH and were used without purification
unless otherwise stated. NMR spectra were recorded on a Bruker
Avance 300 (operating at 7 Tesla) and on a JEOL Eclipse Plus
400 (operating at 9.4 Tesla). ESI mass spectra were recorded
on a Waters Micromass ZQ and elemental analyses on a Flash
EA-1112 CHNS-O Elemental Analyzer (Thermoquest Inc.).
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MW-promoted reactions were carried out in a MicroSYNTH
oven (Milestone, Bergamo). Sonochemical apparatus used in
the present work was developed in the authors’ laboratory in
collaboration with Danacamerini sas (Torino).?? DO3A(z-BuO);,
was prepared following a reported procedure.'®

General procedure for bromo-acetamidation of monoprotected
alkanediamines

In a round-bottom flask mono-Cbz-alkanediamine (10 mmol)
(Cbz = benzyloxycarbonyl) and K,CO; (20 mmol) were mixed
in 20 mL of CH,;CN. The mixture was cooled down to 0 °C,
then a solution of bromoacetyl bromide (1.1 mol eq. in 10 mL
CH;CN) was slowly added over 1 hour. After 4 hours stirring
at room temperature, the solid was removed by filtration and the
organic phase evaporated under reduced pressure. The residue was
dissolved in CH,Cl, (50 mL) and washed with 5% Na,CO; (2 x
20 mL), H,O (20 mL), 0.01 N HCI (2 x 20 mL), and finally again
with H,O (20 mL). The organic phase was dried with Na,SO,,
filtered and evaporated under reduced pressure. The residue was
then dried under vacuum to yield the product as a white solid.

General procedure for chloroacetamidation of unprotected amino
alcohols

To a solution of amino alcohol (0.20 mol) in water (50 mL),
cooled to 5-7 °C, chloroacetyl chloride (16.3 mL; 0.20 mol) was
slowly added while pH 10 was being maintained by adding 10
N NaOH. The solution was stirred for 30 min, then neutralized
with HCI and concentrated under vacuum; inorganic salt was
eliminated by adding methanol. After evaporation of the solvent,
the product was recovered as a colourless oil.

General procedure for the attachment of a bromoacetamide
pendant arm to DO3A(z-BuO); using K,CO; as base (a)

DO3A(#-BuO); free base was obtained by dripping DO3A(t-
BuO); HBr over Amberlite® IRA 410 in its basic form and eluting
it with water/ethanol 1:1. The bromoacetamide derivative (10
mmol) was dissolved in CH;CN (30 mL) and slowly dripped,
over 1 h, into a mixture of DO3A(#-BuO); free base (10 mmol)
and solid K,CO; (15 mmol) suspended in CH;CN (50 mL). The
mixture was stirred at room temperature for 4 h. After filtration,
the solvent was removed by evaporation under reduced pressure
to yield the product as a white solid.

General procedure for the attachment of a bromoacetamide
pendant arm to DO3A(#-BuO); using Amberlite® IRA 410 as
base (b)

Bromoacetamide (8 mmol) and DO3A(z-BuO); HBr (8 mmol)
were dissolved in CH;CN (150 mL); then 16 mL of Amberlite®
IR A 410, previously activated with 10% NaOH, washed with H,O
to neutral pH and finally conditioned with CH;CN, were added
to the solution. The mixture was stirred at room temperature for
4 h. After filtration, the solvent was removed by evaporation under
reduced pressure to yield the product as a colourless oil.

General procedure for the attachment of a chloroacetamide
pendant arm to DO3A(#-BuO),

DO3A(#-BuO); free base (0.1 mol) was dissolved in acetonitrile
(970 mL) and the chloroacetamido derivative (0.1 mol) was added.
After 1 hour stirring at room temperature, DIPEA (0.1 mol) was
added and the mixture was stirred for another 24 hours. The
solvent was removed under vacuum, the residue solubilized in
MeOH and purified over a XAD 1600 chromatographic column
by gradient elution (water-MeOH). After solvent evaporation a
white solid was obtained.

Hydrogenation of the Cbz group (benzyloxycarbonyl) on a mmol
scale (general)

The Cbz-protected DOTA-monoamide derivative (2 mmol) was
dissolved in MeOH (40 mL) and 10% its weight of Pd/C-10%
was added. The reaction was carried out under H, at atmospheric
pressure and room temperature for 2 hours, using a high-power
ultrasound bath operating at 21 kHz and 80 W. The mixture was
then filtered and the solvent evaporated. The residue was washed
with diethyl ether (2 x 20 mL) and dried under vacuum to yield a
white solid.

Hydrogenation of the Cbz group (benzyloxycarbonyl) on a mol
scale (general)

The Cbz-protected DOTA-monoamide derivative (0.1 mol) was
dissolved in MeOH (50 mL) and 10% its weight of Pd/C-10% was
added. Hydrogenation was carried out for 5 h at room pressure and
temperature, under stirring with a Venturi-effect stirrer (MRK1
Buddenberg) spinning at 2000 rpm. Then the mixture was filtered,
the solvent evaporated and the residue dissolved in 30 mL of 0.5 N
HCI (this concentration did not affect the terz-butyl esters, while
eliminating carbamic acid residues). After stirring under vacuum
for 10 min until the evolution of CO, had ceased, the pH was raised
to about 10 by adding NaOH 1 N at 0 °C and the product was
extracted with CH,Cl, (4 x 50 mL). The organic phase was dried
with Na,SO,, filtered and evaporated under reduced pressure. The
residue was dried under vacuum to yield the product as a white
solid.

General procedure for alcohol oxidation (Swern)

A mixture of dichloromethane (4 mL) and oxalyl chloride
(2.08 mmol, 178 pul) was placed in a 10 mL two-necked round-
bottom flask and cooled down to —60 °C. DMSO (4.16 mmol, 295
ul) was then added and the mixture was stirred for 10 min. Then
the alcohol, dissolved in DMSO-CH,Cl, (0.74 mmol, 500 ul-
500 ul), was added over 5 min and the mixture stirred for
45 min. Triethylamine (1.20 mL, 8.6 mmol) was added and the
mixture was stirred for 2 h at room temperature. It was then
washed with water (5 mL) and the aqueous layer extracted with
dichloromethane (3 x 3 mL). The organic layers were combined,
washed first with saturated NH,Cl, then with brine and dried
over anhydrous sodium sulfate. The aldehyde was collected after
solvent evaporation as a pale yellow oil.
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General procedure for zert-butyl ester deprotection

The compound protected with fert-butyl ester groups (8 mmol)
was dissolved in dichloromethane (50 mL) and the mixture
cooled down to 0-5 °C. Trifluoroacetic acid (TFA, 48 mmol) was
then slowly added under magnetic stirring and the temperature
slowly increased to RT. The mixture was concentrated, 3%
triisopropylsilane in TFA (18 mL) was added and the solution
stirred for 48 h. A white solid was collected after addition of diethyl
ether (50 mL), washed three times with diethyl ether (10 mL) and
dried under vacuum.

Synthesis of N-(6-benzyloxycarbonylaminohexyl)bromoacetamide

@

6-Benzyloxycarbonylaminohexanamine (3.0 g, 10.45 mmol),
K,CO; (2.89 g, 20.9 mmol) and bromoacetyl bromide (2.34 g,
11.5 mmol) were reacted according to the above-reported general
procedure for bromoacetamidation of monoprotected alkanedi-
amines, giving 3.52 g (9.48 mmol, 90.7% yield) of product 2. 'H
NMR (CDCl,, 300 MHz): 6 = 7.35 (s, SH), 6.51 (b, 1H), 5.08 (s,
2H), 4.75 (b, 1H), 3.87 (s, 2H), 3.26 (m, 2H), 3.18 (m, 2H), 1.50
(m, 4H), 1.34 (m, 4H). "C NMR (CDCl,;, 75 MHz): 6 = 165.6,
156.5, 136.8, 128.7, 128.3, 128.2, 66.8, 40.1, 29.9, 29.3, 29.1, 26.3,
26.1. ESI-MS (m/z): 371.30 (M + H") (calc. 371.09).

Synthesis of 1-(3,10-diaza-2,11-dioxo-11-phenyloxyundecyl)-
4,7,10-tris(zert-butyloxycarbonylmethyl)-1,4,7,10-
tetraazacyclododecane (4)

DO3A(#-BuO); free base (4.71 g, 9.15 mmol), K,CO; (1.57 g,
11.4 mmol) and 2 (3.52 g, 9.48 mmol) were reacted according to
the general procedure for the attachment of a bromoacetamide
pendant arm to DO3A(z-BuO); using K,CO; as base, and gave
7.08 g (8.8 mmol, 95% yield) of 4. The alternative method: using
Amberlite® IRA 410 as base instead of K,CO, gave 4 in 90% yield.
'"H NMR (CDCl;, 300 MHz): 6 = 7.35 (s, 5SH), 7.29 (b, 1H), 5.07
(s, 2H), 5.02 (b, 1H), 4.37-2.75 (b, 28H), 1.55 (s, 9H), 1.49 (s, 9H),
1.44 (s, 9H), 1.73 (m, 2H), 1.41 (m, 2H), 1.25 (m, 4H). "C NMR
(CDCl;, 75 MHz): 6 = 171.9, 171.7, 171.5, 156.5, 136.9, 128.4,
127.9, 66.3, 58.2, 56.8, 56.5, 53-48 (b), 40.9, 39.1, 29.2, 28.2, 26.3,
26.1, 28.1, 28.0. ESI-MS (m/z): 805.7 (M + H*), (calc. 805.5).

Synthesis of 1-(9-amino-3-aza-2-oxononyl)-4,7,10-tris(zert-
butyloxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane—
DOTAMA(#-BuO);-C,-NH, (6)

Product 4 (0.88 g, 1.09 mmol) was deprotected by hydrogenation
at room pressure, accordingly to the above-reported procedure
(mmol scale), yielding 0.68 g (1.01 mmol, yield 93%) of product 6.
Gram-scale deprotection of 4, carried out using a Venturi-effect
stirrer, gave 6 in 90% yield. 'H NMR (CDCl;, 300 MHz): 6 =
8.54 (b, 1H), 8.37 (b, 2H), 4.44 (s, 2H), 4.25 (s, 2H), 3.71 (s, 4H),
3.60-2.70 (b, 20H), 1.89 (t, 2H, J = 7.3 Hz), 1.60 (m, 2H), 1.50
(m, 2H), 1.44 (s, 27H), 1.40 (m, 2H). *C NMR (CDCl;, 75 MHz):
0=171.8,171.6,170.2, 81.9, 58.2, 56.7, 56.2, 53-48 (b), 39.8, 39.1,
28.4,26.9,25.8,25.7,28.2,28.1, 28.0. IR (V;n,s/(cm ™), liquid film):
3451, 3266, 1732, 1654, 1537, 1456, 1368, 1155.

ESI-HRMS (m/z): 671.5065 (M + H*), (caled. 671.5071).
CyyHeoN,O; (670.92) caled. C, 60.87; H, 9.92; N, 12.53; found
C, 61.18; H, 10.50; N, 12.90%.

Synthesis of 1-(9-amino-3-aza-2-oxononyl)-4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane—
DOTAMA-C-NH, (8)

Compound 6 was fully deprotected with trifluoroacetic acid (TFA)
according to the above-reported procedure. DOTAMA-C¢-NH,
(8) was obtained as trifluoroacetate salt in quantitative yield. By
acidimetric titration, and CHN analysis, 2.5 TFA molecules were
found for each DOTAMA-C,-NH, molecule. '"H NMR (DMSO-
ds, 300 MHz): 6 = 8.33 (b, 1H), 7.92 (b, 2H), 4.40 (s, 2H), 4.22
(s, 2H), 3.69 (s, 4H), 3.60-2.70 (b, 20H), 1.85 (t, 2H, J = 7.3 Hz),
1.60 (m, 2H), 1.50 (m, 2H), 1.40 (m, 2H). *C NMR (DMSO-dq,
75MHz):0 = 171.6, 171.1, 168.8, 57.9, 56.3, 55.8, 53-48 (b), 39.4,
38.7, 28.0, 26.4, 25.3, 25.1. IR (V. /(cm™), liquid film): 3443,
3250, 1729, 1654, 1463, 1425, 1202, 1138

ESI-HRMS (m/z): 503.3208 (M + H*) (caled. 503.3193).
C,,H,NO;-2.5 C,HO,F; (791.46) caled. C, 40.97; H, 5.67; N,
10.62; found C, 40.72; H, 5.38; N, 10.30%.

Synthesis of 1-(9-maleimido-3-aza-2-oxononyl)-4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane—
DOTAMA-C¢-Nmal (11)

Compound 8 (87 mg, 0.11 mmol) was dissolved in water (20 mL)
and 7-exo-oxohimic anhydride (9) (19 mg, 0.11 mmol) was added.
The mixture was placed in a two-necked round-bottom flask which
was inserted in the cavity of the professional microwave oven.
The flask was equipped with a fiber-optic thermometer and a
condenser. The mixture was irradiated with microwave for 5 min
(30 s at 600 W, 4.5 min at 350 W) the reaction temperature
remaining constant at 110 °C. The solvent was then evaporated
under vacuum and the residue triturated with diethyl ether to give
a white solid. The crude material was dissolved in water, loaded
over an Amberlite XAD 1600 column and eluted with a water—
methanol gradient (100 : 0 to 0 : 100). After solvent evaporation
product 11 was collected as a white solid (yield 60%)."H NMR
(DMSO-dg, 300 MHz): 6 = 8.33 (b, 1H), 6.90 (s, 2H), 4.40 (s,
2H), 4.22 (s, 2H), 3.69 (s, 4H), 3.60-2.70 (b, 20H), 1.85 (t, 2H,
J =7.3 Hz), 1.60 (m, 2H), 1.50 (m, 2H), 1.40 (m, 2H). "C NMR
(DMSO-dg, 75 MHz): 6 = 171.6, 171.1, 170.7, 168.8, 134.2, 57.9,
56.3, 55.8, 53-48 (b), 38.7, 32.7, 28.0, 26.4, 25.3, 25.1. ESI-HRMS
(m/z): 583.3077 (M + H*) (calc. 583.3092). C,4H,,NO, (582.64)
caled. C, 53.60; H, 7.27; N, 14.42; found C, 53.27; H, 6.90; N,
14.13.

Synthesis of N-(2-benzyloxycarbonylaminoethyl)bromoacetamide

(O]

2-(Benzyloxycarbonylamino)ethanamine (24.7 g, 0.127 mol),
K,CO; (0.150 mol, 20.7 g) and bromoacetyl bromide (0.127 mol,
25.6 g, 11.0 mL) were reacted according to the above-reported
general procedure for bromoacetamidation of monoprotected
alkanediamines, giving product 4 (29.4 g, 0.093 mol) in 73.4%
yield. "H NMR (CDCl;, 300 MHz): 6 7.34 = (s, 5H), 6.55 (b, 1H),
5.10 (s, 2H), 4.80 (b, 1H), 3.85 (s, 2H), 3.31 (m, 2H), 3.22 (m,
2H). BC NMR (CDCl;, 75 MHz): 6 = 166.2, 158.0, 136.9, 128.8,
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128.4, 128.3, 67.0, 40.1, 38.0, 29.9. ESI-MS (m/z): 315.27 (M +
H") (caled. 315.03).

Synthesis of 1-(3,6-diaza-2,7-dioxo-7-phenyloxyheptyl)-4,7,10-
tris(zert-butyloxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane
3)

14.5 g (0.028 mol) of DO3A(#-BuO), 4.64 g (0.034 mol) of
K,CO; and 8.82 g (0.028 mol) of 1 were reacted according to
the above-reported general procedure for the attachment of a
bromoacetamide pendant arm to DO3A(#-BuO); using K,CO;
as base, giving product 3 in 85% yield. The alternative method
using Amberlite® IRA 410 as base instead of K,CO; gave 3 in
80% yield. '"H NMR (CDCl;, 300 MHz): 6 = 7.30 (s, 5H), 6.80
(b, 2H), 5.05 (s, 2H), 3.50-2.55 (b, 28H), 1.45 (s, 9H), 1.41 (s,
9H), 1.38 (s, 9H). *C NMR (CDCl;, 75 MHz): 6 = 172.1, 171.8,
171.5,157.0,137.9, 128.4, 127.9, 82.9, 67.3, 59.2, 57.1, 56.5, 5348
(b), 40.9, 39.1, 29.2, 29.0. ESI-MS (m/z): 749.3 (M + H*), (calcd.
749.7).

Synthesis of 1-(5-amino-3-aza-2-oxopentyl)-4,7,10-tris(zert-
butyloxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane—
DOTAMA(#-BuO)3-en (5)

22.5 g (0.03 mol) of 3 and 2.0 g of catalyst were subjected to the
general procedure for hydrogenating the Cbz group on the molar
scale. 17.5 g(0.028 mol) of 5 were obtained, a 95% yield. '"H NMR
(CDCl;, 300 MHz): 6 = 8.80 (b, 1H), 8.71 (b, 2H), 3.60 (b, 4H),
3.40 (s, 4H), 3.21 (s, 4H), 3.20-2.70 (b, 16H), 1.44 (s, 27H). *C
NMR (CDCl;, 75 MHz): 6 = 171.8, 171.6, 170.2, 81.9, 59.2, 57.5,
56.2, 53-48 (b), 40.8, 39.7, 28.8, 28.5, 28.3. IR (V. /(cm ™), liquid
film): 3452, 3259, 1730, 1655, 1540, 1455, 1370. ESI-HRMS (m/ 2):
615.4425 (M + H") (calcd. 615.4445), C; H5xN¢O, (614.81) caled.
C, 58.61; H, 9.51; N, 13.67; found C, 58.26; H, 9.18; N, 13.50%.

Synthesis of 1-(5-amino-3-aza-2-oxopentyl)-4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraazacyclododecane—
DOTAMA-en (7)

Compound 3 was fully deprotected with trifluoroacetic acid
according to the above-reported procedure. DOTAMA-en (7)
was obtained as trifluoroacetate salt in quantitative yield. By
acidimetric titration, and CHN analysis, 2.5 TFA molecules were
found for each DOTAMA-en molecule.’H NMR (DMSO-dq,
300 MHz): 6 = 8.30 (b, 1H), 7.90 (b, 2H), 3.63 (b, 4H), 3.38
(s, 4H), 3.24 (s, 4H), 3.10-2.60 (b, 16H). "C NMR (DMSO-dq,
75 MHz):6 = 171.6, 171.0, 168.5, 57.2, 55.5, 55.2, 53-48 (b), 38.8,
37.7. IR (Vpar/(cm™"), liquid film): 3443, 3248, 1728, 1650, 1459,
1427, 1208, 1140. ESI-HRMS (m/z): 447.2585 (M + H*) (calcd.
447.2567). C\sH3,NO, 2.5 C,HO,F; (731.23) caled. C, 37.76; H,
5.03; N, 11.49; found C, 38.53; H, 5.39; N, 12.07%.

Synthesis of 1-(5-maleimido-3-aza-2-oxopentyl)-4,7,10-
tris(carboxymethyl)-1,4,7,10-tetraaza cyclododecane—
DOTAMA-en-mal (10)

Compound 7 (80 mg, 0.11 mmol) was dissolved in water (20 mL)
and 7-exo-oxohimic anhydride (9) (19 mg, 0.11 mmol) was added.
By the procedure described for product 11, product 10 was

obtained as a white solid in 65% yield.'H NMR (DMSO-dq,
300 MHz): 6 = 8.30 (b, 1H), 6.90 (s, 2H), 3.63 (b, 4H), 3.38
(s, 4H), 3.24 (s, 4H), 3.10-2.60 (b, 16H). *C NMR (DMSO-dq,
75MHz):0 =171.6,171.0, 10.7, 168.5, 134.2, 57.2, 55.5, 55.2, 53—
48 (b), 38.0, 32.7. ESI-HRMS (m/z): 527.2484 (M + H") (calcd.
527.2466). C,,H3yN¢O, (526.54) caled. C, 50.18; H, 6.51; N, 15.96;
found C, 50.45; H, 6.87; N, 16.32%.

Synthesis of 2-(6-aminohexyloxy)tetrahydropyran (12)

Dihydropyran (DHP, 25 mmol) was added to a solution of 6-
amino-1-hexanol hydrochloride (8.5 mmol) in CH,Cl, (50 mL).
The liquid was cooled down to 0 °C, p-toluenesulfonic acid (9.3
mmol) was added, and the mixture stirred at 0 °C for 1 h. After
another 8 h at room temperature the reaction was complete. Ice
was then added and the phases were separated. The organic phase
was washed with saturated NaHCO; solution (2 x 10 mL) and
dried over anhydrous Na,SO,. The solvent was removed under
reduced pressure to give the protected alcohol 12 in quantitative
yield as a colourless oil. '"H NMR (CDCl;, 300 MHz): § = 4.48 (t,
J = 4.4 Hz, 1H), 3.83 (m, 1H), 3.69 (m, 1H), 3.45 (m, 1H), 3.33
(m, 1H), 2.65 (t, J = 8 Hz, 2H), 1.32-1.69 (m, 14H). "C NMR
(CDCl;, 75 MHz) 6 165.0, 99.2, 67.1, 62.5, 40.2, 19.8, 30.8, 29.4,
29.3,26.7, 25.9, 25.5. ESI-MS (m/z): 202.10 (M + Na*), (caled.
202.17).

Synthesis of bromoacetamidohexyl tetrahydropyran-2-yl ether
(12a)

2-(6-Aminohexyloxy)tetrahydropyran (12) (14.9 mmol), K,CO;
(20.9 mmol) and bromoacetyl bromide (1.36 mL, 15.6 mmol)
were reacted under the above-reported general conditions for
bromoacetamidation of monoprotected alkanediamines. By silica-
gel column chromatography (CH,Cl, : CH;O0H 98 : 2, R; 0.32)
10.44 mmol of product were obtained (70% yield).'"H NMR
(CDCl,, 300 MHz): 6 = 6.49 (s, 1H), 4.53 (t, IH, J = 4.0 Hz),
3.85 (s, 2H), 3.83 (m, 1H), 3.71 (m, 1H), 3.28 (m, 1H), 3.24 (m,
1H), 1.34-1.57 (m-overlapped, 14H). ®C NMR (CDCl;, 75 MHz)
0 165.0, 99.2, 67.1, 62.5, 40.2, 19.8, 30.8, 29.7, 29.4, 29.3, 26.7,
25.9, 25.5. ESI-MS (m/z): 322.4 (M + Na*), (caled. 322.1).

Synthesis of 1-(tetrahydropyran-2-yloxyhexylcarbamoylmethyl)-
4,7,10-tris(tert-butyloxycarbonylmethyl)-1,4,7,10-
tetraazacyclododecane (13)

DO3A-tris-tert-butyl ester free base (3.7 mmol), K,CO; (14.8
mmol) and bromoacetamidohexyl tetrahydropyran-2-yl ether (12)
(1.19 g, 3.7 mmol) were reacted under the above-reported general
conditions (a) for substitution of DO3A(#-BuO);, giving 13 in 76%
yield. "H NMR (CDCl;, 300 MHz): 6 = 8.5 (s, 1H), 4.56 (t, 1H,
J = 4.0 Hz), 3.86 (m, 1H), 3.73 (m, 1H), 3.50 (m, 1H), 3.38 (m,
1H), 3.28 (s, 2H), 3.23 (s, 2H), 3.22 (s, 4H), 3.20 (m, 2H), 3.00 (s,
2H), 2.89-2.51 (b, 16H), 1.71-1.38 (m-overlapped, 14H), 1.45 (s,
27H). *C NMR (CDCl;, 400 MHz): 6 = 171, 98.91, 81.03, 81.00,
67.6, 62.4, 58.0, 56.7, 56.2, 54.9, 53.4, 52.7, 52,0, 39.4, 30.8, 30.0,
29.8,28.3,27.2,26.2,25.5,19.7. ESI-MS (m/z): 778.50 (M + Na*)
(calcd. 778.53).
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Synthesis of N-(6-hydroxyhexyl)chloroacetamide (15)

Product 15 was obtained in 85% yield from chloroacetyl bromide
and 6-aminohexanol following the general procedure for chloroac-
etamidation. "H NMR (CDCl;, 300 MHz): 6 = 9.95 (b, 1H), 4.50
(b, 1H), 4.05 (s, 2H), 3.50 (t, 2H, J = 7.0 Hz), 3.19 (t, 2H, J =
7.2 Hz), 1.50 (m, 4H), 1.30 (m, 4H). *C NMR (CDCl,, 75 MHz)
0 165.0, 62,0, 52.3, 40.3, 30.3, 32.1, 26.5, 25.6. ESI-MS (m/z):
194.15 (M + Na*), (calcd. 194.09).

Synthesis of 1-(6-hydroxyhexylcarbamoylmethyl)-4,7,10-tris(zert-
butyloxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane (14)

Sodium borocyanohydride (5.7 mmol) was added to a solution
of the THP ether (compound 13, 2.9 mmol) and BF;-OEt, (14.5
mmol) in dry THF (10 mL). The mixture was irradiated with
ultrasound (21 kHz, 50 W) for 2 hours, then filtered to give 14
as a white solid in 79% yield. Alternatively, 14 was obtained
in 55% yield by direct N-alkylation of DO3A(#-BuO); with
N-(6-hydroxyhexyl)chloroacetamide (15) following the general
procedure for the attachment of a chloroacetamide pendant arm.
"HNMR (CDCl;, 300 MHz): 6 = 8.5 (s, 1H), 4.27 (b, 4H), 4.13 (b,
2H), 4.0 (b, 2H), 3.61 (m, 2H), 3.67-3.40 (b, 16H), 3.21 (m, 2H),
1.55-1.27 (m-overlapped, 35H). ®C NMR (CDCl;, 75 MHz): 6 =
169.0, 166.0, 164.0, 84.8, 82.4, 68.2, 62.3, 55.4, 55.0, 54.2, 51.6,
48.9, 48.6, 39.5, 32.3, 28.9, 28.0, 27.9, 26.5, 25.2. IR (v,,/(cm™),
liquid film): 3453, 3252, 1728, 1652, 1543, 1451, 1154, 1223.
ESI-HRMS (m/z): found 672.4895 (M + H*) (caled. 672.4911).
C3,HgsN5O; (671.90) caled. C, 60.78; H, 9.75; N, 10.42; found C,
60.37; H, 9.32; N, 10.21%.

Synthesis of 1-(6-oxohexylcarbamoylmethyl)-4,7,10-tris(zert-
butyloxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane (19)

By the general procedure for alcohol oxidation, compound 14
was converted to 19 in 90% yield. 'H NMR (CDCl;, 300 MHz):
0 = 9.56 (s, 1H), 8.7 (s, 1H), 3.54-1.96 (b, 28H), 1.4-1.18 (m-
overlapped, 35H). *C NMR (CDCl;, 75 MHz): § = 203.0, 173.1,
172.2, 171.0, 81.6, 81.3, 72.9, 62.0, 56.1, 55.7, 55.6, 52.0, 46.1,
43.8,38.8,29.1,28.1,27.9,26.4,21.7. IR (Vo /(cm™"), liquid film):
3275, 3250, 1730, 1669, 1452, 1360, 1225, 1153, 1122. ESI-HRMS
(m/z): found 670.4770 (M + H*) (calcd. 670.4755). C3,H;;N;Oq
(669.89) caled. C, 60.96; H, 9.48; N, 10.45; found C, 60.71; H, 8.91;
N, 10.14%.

Synthesis of N-(2-hydroxyethyl)chloroacetamide (16)

16 was obtained in 85% yield from chloroacetyl bromide and
ethanolamine following the general procedure for chloroacetami-
dation of amino alcohols.

'H NMR (CDCl;, 400 MHz): 6 = 9.95 (b, 1H), 4.26 (b, 1H),
3.90 (s, 2H), 3.66 (t, 2H, J = 7.0 Hz), 3.26 (t, 2H, J = 7.3 Hz). °C
NMR (CDCl;, 75 MHz) 6 165.0, 60.8, 52.0, 47.5. ESI-MS (m/z):
138.35 (M + H*) (calcd. 138.02).

Synthesis of 1-(2-hydroxyethylcarbamoylmethyl)-4,7,10-tris(zerz-
butyloxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane (17)

Product 17 was obtained in 65% yield by direct N-alkylation
of DO3A(#-BuO); free base with N-(2-hydroxyethyl)chloro-
acetamide following the general procedure for the attachment of a

chloroacetamide pendant arm. '"H NMR (CDCl;, 400 MHz): 6 =
4.07 (s, IH), 3.74 (m, 2H), 3.46 (m, 2H), 3.35-3.27 (b, 8H), 3.0-2.8
(b, 16H), 1.45 (s, 27H).*C NMR (CDCl;, 400 MHz): 6 = 173.1,
170.6, 169.7, 167.1, 81.8, 81.6, 60.8, 58.0, 55.6, 51.3, 49.3, 47.4,
28.2. IR (Vo /(cm™), KBr): 5480, 1741, 1722, 1469, 1452, 1361,
1255, 1151, 1168. ESI-HRMS (m/z): 616.4300 (M + H*) (caled.
616.4285). C;,H5;N;O5 (615.80) caled. C, 58.51; H, 9.33; N, 11.37;
found C, 58.83; H, 9.84; N, 11.62%.

Synthesis of 1-(2-oxoethylcarbamoylmethyl)-4,7,10-tris(zerz-
butyloxycarbonylmethyl)-1,4,7,10-tetraazacyclododecane (18)

By the general procedure for alcohol oxidation, compound 14 was
converted to 19 in 90% yield. 'H NMR (CDCl;, 400 MHz): 6 =
4.07 (1H), 3.81 (m, 2H), 3.32-3.20 (b, 8H), 2.7-2.5 (b, 16H), 1.36
(s, 27H). "C NMR (CDCl;, 400 MHz): 6 = 201.0, 173.1, 171.1,
170.2,81.0,82.1,55.7,52.8,49.3,46.1,28.2. IR (V. /(cm "), liquid
film): 3277, 3249, 1738, 1675,1553, 1452, 1390, 1371, 1223, 1150.
ESI-HRMS (m/z): found 614.4145 (M + H*) (calcd. 614.4129).
C3H;ssN5O; (613.79) caled. C, 58.70; H, 9.03; N, 11.41; found C,
59.11; H, 9.47; N, 11.81%.
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Sulfoxides are known to be powerful directing groups for ortho-lithiation, even in competition with
other directors. This has been utilised to introduce substituents meta- to a methoxy-group by sequential
lithiation, reaction with Me tert-butylsulfinate, and a second lithiation. Electrophilic trapping of the
ensuing lithio-compound with a range of electrophiles followed by reductive removal of the sulfoxide
led to meta-substituted anisoles. Some interesting side-reactions were uncovered, including a short

synthesis of quinazolines arising from the use of PhCN in the second step.

Introduction

Directed metallation has become one of the most useful methods
for the regioselective introduction of substituents into an aromatic
ring."? A clear majority of examples involve organolithium
reagents, and ortho-substitution is achieved by stabilisation of
the new organolithium species. In the majority of cases this
involves direct lithium ligation by the substituent, but simple in-
ductive carbanion-stabilising effects can also lead to regiospecific
metallation.® The magnesium* or zinc derivatives® of hindered
secondary amines are also effective metallating agents towards
sp?-carbon. Similar results ensue in substituent-directed catalytic
CH-activations, leading to coupling reactions that occur ortho- to
the directing group.® Cases where a substituent directs metallation
to more remote sites are infrequent, but lateral metallations
from the ortho-position of a biaryl to the ortho-position of the
remote ring are well established, however.” In both ferrocene,?
and arenechromium tricarbonyl systems,” metallation can occur
meta- to an existing substituent as outlined in Fig. 1. Comparable
examples in simple arenes have only recently been demonstrated.
Mulvey and co-workers have more recently shown that the metal-
lation of aromatics with mixed organozinc—organoalkali reagents
leads to the formation of a crystallographically characterised meta-
metallated species.'

Schlosser and co-workers have demonstrated that the buttress-
ing effect of a trialkylsilyl group can redirect the metallation of
1,3-dihalo-2-silylbenzenes to the remote CH-site, provided that
potassium or mixed potassium-lithium bases were used." The
iridium-catalysed borylation of aromatic rings is strongly influ-
enced by the steric consequences of existing substituents, leading
to intrinsic preference for para-substitution of monosubstituted
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Fig. 1 Examples of meta-metallating procedures.

arenes, and for the substitution of more remote sites in polycyclic
systems.'?

The motivation behind the present work was to develop a
protocol for the introduction of a meta-substituent into an
arene by two sequential directed ortho-metallations. This principle
has recently been established for ferrocenes by two indepen-
dent groups. Weissensteiner and co-workers demonstrated that
enantiomerically pure dimethylaminoethyl-ferrocene could be
lithiated and then brominated to give a single diastereomer of
the monobromo derivative. In turn, this could be ortho-lithiated
adjacent to —Br at low temperatures without LiBr elimination,
and the resulting lithio-compound then trapped by electrophiles.'®
In the ferrocene series, elimination of ortho-halo lithium species
to form an aryne is far more difficult than for 6-ring arenes,
rendering this route possible. Reduction of C—Br led to the desired
meta-disubstituted product, Similarly acetal C-O ortho-direction
followed by sulfoxide trapping afforded a ferrocenyl sulfoxide that
could be further lithiated and the desired electrophile introduced at
the adjacent position. Removal of the “traceless” sulfoxide group
was achieved by direct reaction with rerz-butyllithium.

This journal is © The Royal Society of Chemistry 2008
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Results and discussion

Directed sulfoxide ortho-lithiations and trapping of the
intermediate

The dual characteristics of the sulfoxide group as a powerful
ortho-lithiation director, coupled with its ability to be “traceless”,
encouraged its use in the project.” Methyl tert-butylsulfinate,
1, prepared from dimethyl sulfite following the method of
Mikolajczyk and Drabowicz in 94% yield,'® was reacted with 2-
lithioanisole, to afford 1-methoxy-2-fert-butylsulfinyl benzene, 2,
in 97% yield. Treatment of the substrate with 1.2 equivalents of
n-butyllithium at —78 °C in thf for 2 h, followed by D,0O quench
gave only the desired 1,2,3-trisubstituted product 3 in 96% yield.
The *H NMR shows a single peak at 7.7 ppm.

This clearly demonstrates, as expected, that the sulfinyl group
is the predominant director of ortho-lithiation. This led us to
try a range of different electrophiles in conjunction with 2-
(tert-butylsulfinyl)-3-lithioanisole, with the outcome as reported
in Scheme 1. Thus a number of electrophiles were successfully
reacted with 2-fert-butylsulfinyl-3-lithioanisole, yielding 1,2,3-
trisubstituted benzenes, 4a—f. The dimethylamide 4a was prepared
in moderate yield from dimethylcarbamoyl chloride, whilst the
aldehyde, 4b, was prepared in 71% yield by reaction with ethyl
formate. In this case the electrophile had to be added to the
reaction at —100 °C to obtain this single trisubstituted product,
as a complex mixture of products resulted when the reaction took
place at —78 °C. Easy bromination of the aryllithium to 4¢ took
place in good yield using 1,1,2-tribromo-1,2,2-trifluoroethane.
Generation of the primary alcohol 4d proved successful using
paraformaldehyde giving the product in 52% isolated yield. '"H
NMR spectroscopy of the product showed diasterotopic benzylic
protons at 5.36 ppm and 4.24 ppm (J = 12.2 Hz). The X-ray crystal
structure indicated an intramolecular hydrogen bond between the
primary alcohol and the sulfoxide (Fig. 2). Generation of the
desired boronate occurred using B-isopropyl pinacolborate as the
electrophile. The use of one equivalent of the electrophile gave 4e
cleanly, which could then be used in subsequent steps without the
need for any purification, whereas the use of excess reactant led
to unidentified side-products. Finally, alkylation of the substrate
using iodomethane worked satisfactorily giving the product 4f
in high yield. When diisopropylcarbamoyl chloride, DMF or
acetyl chloride were employed however, the overall reaction was
unsuccessful.

OMe ﬂ OMe ﬁ
S\t—Bu n-Buli, 1.2 eq S\t—Bu
—_—
-78 °C, thf, 2h
then electrophile X
2 (ex. tBuS(O)OMe, 1) 3, X=D
4a, X = CONMey; 4d, X = CH,0H;
4b, X = CHO; 4e, X = B(OCMe,CMe,0);
4c, X = Br; 4f, X =Me.

Scheme 1  Trapping of the lithio reagent; 3 D,O —78 °C; 4a, Me,NCOCI,
—78 °C-ambient, then 16 h, 63%; 4b, EtOCHO, —100 °C, 1 h, 71%;
4c, CBrF,CFBr,, as 4a, 82%; 4d, (CH,0),, as 4a, 52%; 4e, (i-PrB
(OCH,CH,0), as 4a, 89%; 4f, Mel, as 4a, 96%.

When benzonitrile was employed as the electrophile the
expected product was not formed. Instead, 8-methoxy-2,4-

Fig. 2 X-Ray structure of 4d; ORTEP display. X-Ray structures of 4b
and 4f are also recorded in the ESI.}

diphenylquinazoline 5 was produced in 85% yield. The structure
of this product was elucidated from its '"H NMR spectrum with
two distinguishing multiplets at 8.73-8.70 ppm (2H) and 7.91-
7.87 ppm (2H) associated with ortho protons on the phenyl
rings at the 2- and 4-positions, respectively. High-resolution mass
spectrometry gave m/z = 313.1346, corresponding to [M + H]*.
A possible pathway for the formation of compound 5 is shown in
Scheme 2. Following the initial ortho-lithiation of the sulfoxide,
nucleophilic attack on benzonitrile occurs. A further nucleophilic
attack by the substrate on a second equivalent of benzonitrile
takes place, followed by intramolecular SNAr displacement of the
sulfoxide moiety. Previous observations on the double addition
of benzonitrile to an aryllithium giving a quinazoline have been
conducted with either an “OR or CI~ as leaving group. In these
previously reported examples, the yields for the quinazoline were
low.” Diverse reaction conditions were employed to try and
intercept the presumed intermediate 6. Using one equivalent of
benzonitrile gave 5 in 43% yield (50% maximum) suggesting that
addition to the second equivalent was faster than addition to
the first. Neither carrying out the reaction at —78 °C nor high
dilution proved successful. Use of 4-trifluoromethylbenzonitrile as
electrophile provided the quinazoline, 7, in 45% yield. Competition
between one equivalent of ortho-lithiated 3 and two equivalents of
benzonitrile and 4-trifluoromethylbenzonitrile gave 7 as the major

Me
Me 9
s i) nBuLli, THF, -78 °C N\\(A’
SMBU — -
ii) 2 ArCN N
2 ar SAT=Ph 43%
7 Ar = 4-CF3CgHg, 45%
1 nBuLi
Me O Me O
s (5 —tBu
“t-Bu N---Li
~
~N
— Ar
Li N
Ar
\\\\A{cN Am%
Me O
"
S
~N
Li t-Bu
N2
Ar 6
Scheme 2 Route to quinazoline formation via double addition of PhCN.
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product, but analysis of the crude '"H NMR spectrum revealed ca.
4% of 5 (0 8.75 ppm) along with two other unidentified products
(0 8.89 ppm [4%] and J 8.69 ppm [6%]). There was no evidence for
crossover products in the GC-MS of the crude reaction product.

Removal of the sulfoxide group

In initial attempts, direct nucleophilic displacement was explored.
Treatment of 2-z-butylsulfoxido-3-deuteroanisole 3 with two
equivalents of z-butyllithium in THF at —78 °C, however, did not
give the desired 1,3-disubstituted product 8 but instead yielded
the ligand coupled product 9 (Scheme 3). The structure of this
product was confirmed by NMR HMBC analysis, which showed
long range coupling between the protons of the tert-butyl group
and the carbon at the 2-position of the aromatic ring. The same
observation has been made by Clayden ez al. but in their case a
SNAr mechanism was suggested, based on the demonstration from
3C-labelling that the #-butyl group of the sulfoxide is completely
lost in the coupled product.” In our hands, however, the use of
n-BuLi leads only to ortho-lithiation. Our explanation of this is
that ligand coupling rather than SNAr is indeed the predominant
mechanism for the reaction. Attack of a nucleophile upon a
tetrahedral sulfoxide furnishes a pentacoordinate intermediate,
with the incoming nucleophile occupying an axial position. In the
case of 7-BuLi attacking the aromatic sulfoxide 3, the terz-butyl
group from z-BulLi takes the axial position in the pentacoordinate
intermediate, which is disposed at 90° to the aromatic ring.
Reductive elimination of these two groups gives rise to the ligand-
coupled product 9. If this process is faster than pseudorotation, the
two tert-butyl groups remain distinct and only the one associated
with #-BuLi appears in the product.

OMe (Ijl OMte-/Bu {BUSO- OMe
S<tgy t-Buli G E;gi-Bu 4)—. t-Bu
thf, 78 °C |
b D O D
3 9, 34%

Scheme 3 A ligand coupling mechanism for the formation of product 9.

Attempted reduction of 2-fert-butylsulfinyl-3-methoxy-N,N-
dimethylbenzamide, 4a, with methylmagnesium bromide gave no
reaction. Trying to increase the reactivity of the Grignard reagent
through addition of either lithium chloride or a lithium chloride—-
15-crown-5 mixture also proved unsuccessful.” Reduction of
4a was also attempted using lithium-naphthalene in THF at
—78 °C. Once again, no reaction was obtained, and the starting
material was recovered. In the light of these difficulties, reduction
of products 4a—f was attempted with Raney nickel (Scheme 4).
Compounds 4a, 4d, 4f were reduced cleanly to give the desired

OMe PI OMe
S a
X X
4 ad, 4f 10a, X = CONMe,, 72% ex. 4a
10b, X = CH,OH, 44% ex. 4b
(94% ex.4d)
10c, X = Me, 80% ex. 4f

Scheme 4 (a) Raney Ni, EtOH, reflux, 3 h, [MeOH for 4b].

1,3-disubstituted products 10a, 10b, 10c in good yield. In contrast,
compound 4b underwent reduction of both the carbon-sulfur
bond and the aldehyde, giving compound 10b.

When the aldehyde 4b was converted into the corresponding
dioxolane 11 prior to desulfurisation, an unusual reaction oc-
curred (Scheme 5), which can be rationalised thus. Conversion
of sulfanols into sulfinothioates with liberation of water is a
known process.” Brodnitz ef al. have also reported the thermal
decomposition of the sulfinothioate garlic extract, allicin, to its
corresponding disulfide.” Under the acidic reaction conditions, we
propose that the aryl sulfoxide is protonated and then undergoes
elimination of tert-butyl cation to give the sulfanol, 12. This can
then be protonated once again, and the resulting cation undergoes
nucleophilic attack by a second molecule of 12, eliminating water
to produce the sulfanium cation, 13. A third molecule of 12 comes
into play, reducing 13 to the disulfide, 14 and forming the sulfinic
acid, 15 concomitantly. As a result the disulfide, 14 can only be
obtained in a maximum 67% yield.

OMe O OMe O
i M g
~t-Bu HO OH ~Bu!
H pTsOH, toluene, lo)
4 A mol. sieves, \>
o] 110°C (6]
4b 1
Me' Me Me Me
o~ OH
$ A s
A" Bu! A7 Bt Ar” T OH
1 12
X Zj H*
(l),
12 S Ar
St S Ar +
A”Non f ATy T —— AT
H OH
15 14, 61% 13

Scheme 5 Indicated route to the disproportionation product 14.

Attempted reduction of pinacolboronate, 4e, was unsuccessful
and hence Suzuki coupling with iodobenzene was attempted first.
This gave a mixture of products, where the only one readily isolated
was 3-methoxy-2-phenylsulfanylbiphenyl, 16, in 14% yield. This
curious result demonstrates that the z-butylsulfinyl group is labile
under the conditions of Suzuki coupling, and the aryl sulfide so
formed can undergo heteroatom cross-coupling with PhI.?

Conclusions

The paper describes a method for the relay of lithiation from
the ortho- to the meta-position of an electron rich aromatic ring,
utilizing the superior ability of a sulfoxide in directed lithiation.
The principle is demonstrated and leads incidentally to a useful
synthesis of quinazolines. Its utility is diminished by the lack of
ease and generality in the final sulfoxide removal step. Future
publications will address this limitation.

This journal is © The Royal Society of Chemistry 2008
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Experimental
Techniques, materials and instrumentation

All reactions were conducted in oven- or flame-dried glassware.
Reactions involving air- and water-sensitive reagents were per-
formed under a dry Ar atmosphere using a standard vacuum
line and Schlenk techniques. Solvents used in chromatography
were BDH AnalaR or GPR grade and were used without further
purification. Solvents used for reactions either were distilled prior
to use: CH,Cl, (from CaH,); toluene, THF and Et,O (from
benzophenone and sodium) or dried via an alumina Grubb’s
column. All other solvents or reagents were used as commercially
supplied and were used without further purification except when
otherwise noted. Standard chromatographic and TLC procedures
were used. NMR spectra were recorded using a Bruker AV400
spectrometer, Bruker DPX400 or Bruker AMX500. FT IR spectra
were recorded as thin films on a KBr disc using a Perkin-Elmer
Paragon 1000 spectrometer. Mass spectra were recorded by the
author or Mr R. Proctor using either Micromass GCT (CI)
or V.G. Autospec spectrometers (EI and CI). Exact masses were
measured on a Waters 2790-Micromass LCT spectrometer or
a V.G. Autospec spectrometer using EI or CI.

1-Methoxy-2-tert-butylsulfinylbenzene (2). Anisole (0.55 ml,
5.0 mmol, 1 eq.) was dissolved in anhydrous THF (5 ml) under
argon and treated with TMEDA (1.14 ml, 7.5 mmol, 1.5 eq.)
and 1.6M n-BuLi in hexanes (4.69 ml, 7.5 mmol, 1.5 eq.). The
reaction was stirred at ambient temperature for two hours before
being cooled to —78 °C and being treated with methyl tert-
butyl sulfinate’ (1.02 g, 15.0 mmol, 1.5 eq.) in anhydrous THF
(5 ml). The reaction was stirred at —78 °C for two hours before
being quenched with sat. NH,Cl solution (8 ml). The two layers
were separated and the aqueous layer was washed ethyl acetate
(2 x 20 ml). The combined organic phases were washed with
2 M HCI (3 x 20 ml) and brine (2 x 20 ml) before being
dried over anhydrous magnesium sulfate, filtered and concentrated
under reduced pressure. The product was purified by flash column
chromatography (3 : 2 pentane-ethyl acetate) yielding the title
compound (1.026 g, 97%) as a colourless oil; v,,,, (KBr disc) 3068
(m, C-H[aromatic]), 2977 (s, C-HJaliphatic]), 2867 (m, O-CH;),
1586 (s, aromatic ring), 1478 (s, aromatic ring), 1031 (s, S=0), 759
(s, four adjacent aromatic C-H); oy (400 MHz; CDCl;; CHCl;)
7.73 (1 H, dd, J 1.8 and 7.7, ArH), 7.43-7.38 (1 H, m, ArH),
7.11 (1 H, m, ArH), 6.89 (1 H, dd, J 1.1 and 8.3, ArH), 3.81 (3
H,s,OCH;),1.17(9H, s, 3 x CH,);d. (100 MHz; CDCl;; CDCl;)
157.0,132.2,128.5,127.3,120.9, 110.6, 57.3, 55.4, 22.8; m/z (CI+)
213.0954 (M + H*, C,;H,,0,S requires 213.0949). Spectroscopic
data is in agreement with the literature."”

ortho-Lithiation of 1-methoxy-2-tert-butylsulfinylbenzene. 1-
Methoxy-2-tert-butylsulfinylbenzene (424 mg, 2.00 mmol, 1 eq.)
was dissolved in anhydrous THF (20 ml) under argon and cooled
to =78 °C. 1.6 M n-BuLi in hexanes (1.5 ml, 2.4 mmol, 1.2 eq.) was
added to the reaction, which was stirred at —78 °C for two hours.

1-Methoxy-2-tert-butylsulfinyl-3-deuterobenzene (3). To this
solution was added D,O (2 ml) and the two layers were separated.
The aqueous layer was extracted with ethyl acetate (2 x 10 ml).
The combined organic phases were washed with brine (3 x 10 ml)
before being dried over anhydrous magnesium sulfate, filtered and

concentrated under reduced pressure yielding the title compound
(409 mg, 96%) as a colourless oil; v, (KBr disc) 3064 (w, C-
H[aromatic]), 2964 [m, C-HJaliphatic], 2927 (m, C-H[aliphatic]),
1581 (s, aromatic ring), 1034 (s, S=0); Jy (400 MHz; CDCl;;
CHCI;) 7.41 (1 H, dd, J 8.2 and 7.4, ArH), 7.11 (1 H, dd, J 7.4
and 1.1, ArH), 6.89 (1 H, dd, J 8.3 and 1.2, ArH), 3.81 (3 H, s,
OCH;), 1.17 9 H, s, 3 x CH,); dc (100 MHz; CDCl;; CDCl;)
157.0, 132.2, 128.4, 127.3 (d), 120.8, 110.6, 57.3, 55.4, 22.8; dp
(500 MHz; CHCl;; CDCly) 7.78 (1 D, br s, ArD); m/z (CI+)
213.0942 (M*, 100%, C;,H;sDO,S requires 213.0934).

N,N-Dimethyl-2-tert-butylsulfinyl-3-methoxybenzamide  (4a).
To a solution of 1-methoxy-2-tert-butylsulfinyl-3-lithiobenzene at
—78 °C (2 mmol) was added dimethylcarbamyl chloride (0.55 ml,
6.0 mmol, 1.2 eq.) dropwise. The reaction was then warmed to
ambient temperature and stirred for 16 hours. The reaction was
quenched with sat. NH,Cl solution (10 ml) and the two layers
were separated. The aqueous layer was extracted with ethyl acetate
(3 x 10 ml). The combined organic phases were washed with
brine (3 x 10 ml) before being dried over anhydrous magnesium
sulfate, filtered and concentrated under reduced pressure. The
crude product was purified by flash column chromatography
(95 : 5 EtOAc-MeOH) yielding the title compound (898 mg,
63%): as a yellow solid; mp 110-112 °C; v,., (KBr disc) 3066
(m, C-H[aromatic]), 2962 (m, C—H[aliphatic]), 1646 (s, C=0),
1570 (m, aromatic ring), 1052 (s, S=0); dy (400 MHz; CDCl;;
CHCl;) 7.28 (1 H, m, ArH), 6.77 (1 H, dd, J 8.3 and 1.0, ArH),
6.70 (1 H, dd, J 7.6 and 1.1, ArH), 3.67 (3 H, s, OCH,), 2.85
(3 H, s, NCH;), 2.47 (3 H, s, NCH;), 1.13 9 H, s, 3 x CHy);
Jc (100 MHz; CDCl;; CDCl;) 169.7, 156.6, 138.4, 131.8, 125.3,
120.9, 110.3, 59.9, 55.1, 38.5, 34.4, 24.2; m/z (CI+) 284.1310 (M
+ H*, C,H,,NO;S requires 284.1320).

Related preparations with lithiated 2 (4a—4f, 5, 7; 2 mmol scale)
follow:

2-tert-Butylsulfinyl-3-methoxybenzaldehyde (4b). With ethyl
formate (0.323 ml, 4.00 mmol, 2 eq.) at —100 °C; was stirred
for 50 minutes before being warmed to ambient temperature and
stirred for 1 h. Workup as above and recrystallisation from 60-80
petroleum spirit—ethyl acetate to give the title compound (343 mg,
71%) as a yellow solid; mp 110-113 °C (from petroleum spirit—
ethyl acetate); v,,, (KBr disc) 3073 (m, C-—H[aromatic]), 2978 (m,
C-H]Jaliphatic]), 1692 (s, C=0), 1570 (s, aromatic ring), 1027 (s,
S=0), 807 (m, 3 adjacent aromatic C—H); dy; (400 MHz; CDCl;;
CHCIL,) 11.26 (1 H, s, CHO), 7.57 (1 H, dd, J 7.7 and 1.3, ArH),
7.51 (1 H, m, ArH), 7.10 (1 H, dd, J 8.1 and 1.3, ArH), 3.85 (3
H,s, OCH,), 1.28 O H, s, 3 x CH;);dc (100 MHz; CDCl;; CDCl,)
191.9,157.6,141.5,132.3,129.7,121.2, 115.1, 59.3, 56.1, 23.6; m/z
(CI+) 241.0898 (M + H*, C\,H,,0;S requires 241.0898).1

1-Bromo-2-tert-butylsulfinyl-3-methoxybenzene ~ (4c). With
1,1,2-tribromo-1,2,2-trifluoroethane (770 mg, 2.40 mmol, 1.2 eq)
in anhydrous THF (10 ml) at —78 °C, then warmed to ambient
temperature and stirred for 16 h. Workup as before and
purification by flash column chromatography (EtOAc) yielded the
title compound (476 mg, 82%) as a white solid; mp 104-107 °C;

1 CCDC reference numbers 665873, 672147 and 672148. For crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/b716954;
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Vamax (KBrdisc) 3071 (w, C-H[aromatic]), 2964 (m, C—H[aliphatic]),
2926 (m, C-H[aliphatic]), 2864 (w, O-CHj;), 1575 (s, aromatic
ring), 1059 (s, S=0), 776 (s, three adjacent aromatic C-H), 730
(s, C-Br); oy (400 MHz; CDCl;; CHCl;) 7.24-7.17 2 H, m, 2 x
ArH), 691 (1 H, dd, J 7.8 and 1.3, ArH), 3.84 (3 H, s, OCH,),
1.36 (O H, s, 3 x CH;); . (100 MHz; CDCl;; CDCl;) 160.7, 132.9,
129.9, 126.6, 125.3, 111.8, 60.3, 55.9, 24.9; m/z (CI+) Found:
291.0058 (M + H*, C,,H,BrO,S requires 291.0054).

2-tert-Butylsulfinyl-3-methoxyphenylmethanol (4d). With
paraformaldehyde (120 mg, 4.00 mmol, 2 eq.), in anhydrous
THF (20 ml) at —78 °C; the reaction mixture was warmed to
ambient temperature and stirred for 16 h, workup as before.
Recrystallisation from diethyl ether—methanol yielded the title
compound (121 mg, 25%) as a white solid. The supernatant liquid
was concentrated under reduced pressure and the remaining
crude product was purified by flash column chromatography
(ethyl acetate) yielding the title compound (130 mg, 27%) as a
white solid (251 mg, 52% total); mp 123-126 °C; v, (KBr disc)
3383 (br's, OH), 2962 (s, C—HJaliphatic]), 2935 (s, C-H[aliphatic]),
1574 (s, aromatic ring), 1026 (s, S=0), 760 (m, three adjacent
aromatic C-H); dy (400 MHz; CDCl,; CHCl;) 7.37 (1 H dd, J
8.4 and 7.5, ArH), 7.00 (1 H, dd, J 7.6 and 1.3, ArH), 6.87 (1 H,
dd, J 8.4 and 1.2, ArH), 5.36 (1 H, d, J 12.2, CHHOH), 4.24 (1
H, d, J 12.2, CHHOH), 3.78 3 H, s, OCH), 1.31 9 H, s, 3 x
CH.,); dc (100 MHz; CDCl;; CDCl) 158.3, 144.6, 132.5, 125.8,
125.4,111.1, 64.5, 60.1, 55.7, 24.1; m/z (CI+) 243.1057 (M + H*,
C,H,,0;S requires 243.1055).

2-|2-tert-Butylsulfinyl-3- methoxyphenyl]-4,4,5,5-tetramethyl-[1,
3,2]dioxaborolane (4e; 1 mmol scale). With 2-isopropoxy-4.,4,5,5-
tetramethyl-1,3,2-dioxoborane (0.21 ml, 1.0 mmol, 1 eq.), stirred
at —78 °C for 16 h. Standard workup yielded the title compound
(302 mg, 89%) as a yellow oil; v, (KBr disc) 3071 (w, C-
H[aromatic]), 2964 (m, C—HJaliphatic]), 2926 (m, C—H[aliphatic]),
2839 (w, O—CHs;), 1566 (s, aromatic ring), 1467 (s, aromatic ring),
1371 (s, B-0), 1032 (s, S=0), 942 (s, B-C), 782 (s, three adjacent
aromatic C-H); Jy (400 MHz; CDCl;; CHClLy) 7.37 (1 H, dd, J
7.8 and 7.4, ArH), 7.23 (1 H,dd, J 7.2 and 0.7, ArH), 6.74 (1 H,
dd, J 8.0 and 0.6, ArH), 3.73 3 H, s, OCH;), 1.26 (6 H, s, 2 x
CH;),1.22(9H,s,3 x CH;),1.20(6 H, s,2 x CH;);d¢ (100 MHz;
CDCl;; CDCly) 154.9, 133.3, 124.9, 124.1, 109.7, 80.3, 60.4, 55.0,
25.7, 24.5, 23.9; m/z (CI+) 361.1616 (M + Na*, C;;H,;BNaO,S
requires 361.1615).

2-tert-Butylsulfinyl-3-methoxytoluene (4f). With iodomethane
(0.17 ml, 2.7 mmol, 1.33 eq.) at —78 °C then warmed to
ambient temperature and stirred for 16 h. Workup yielded the
title compound (432 mg, 96%) as a white solid; mp 112-114 °C;
Vmax (KBr disc) 3074 (w, C—H[aromatic]), 2961 (m, C-HJaliphatic]),
2952 (m, C-HJaliphatic]), 1573 (s, aromatic ring), 1048 (s, S=0),
787 (s, 3 adjacent aromatic C-H); dy (400 MHz; CDCl;; CHCl;)
7.25 (1 H, dd, J 8.3 and 8.0, ArH), 6.77 (1 H, dd, J 7.7 and 0.5,
ArH), 6.74 (1 H, dd, J 8.3 and 0.5, ArH), 3.78 (3 H, s, OCH,),
2.64 3 H, s, ArCH;), 1.29 (9 H, s, 3 x CH); dc (100 MHz;
CDCl;; CDCl;) 158.8, 142.4,131.5, 125.6, 125.1, 109.0, 59.4, 55.5,
24.2, 19.4; m/z (Cl+) 227.1114 M + H*, C,,H;,0,S requires
227.1106).1

8-Methoxy-2,4-diphenylquinazoline (5). With benzonitrile
(0.205 ml, 2.00 mmol, 1 eq.) at —78 °C then ambient for

16 h. Workup and recrystallisation from 60-80 petroleum spirit—
methanol giving the title compound (266 mg, 43%-maximum 50%
yield) as a white crystalline solid; mp 150-151 °C (6080 petroleum
spirit-methanol); A, (EtOH)/nm 298 (¢/dm* mol~! cm™' 8333),
237 (¢/dm® mol~!' cm™' 3333), 222 (¢/dm® mol~' cm™ 5100); v,y
(KBr disc) 3033 (w, C-H[aromatic]), 2983 (m, C-H[aliphatic]),
2904 (m, C-HJaliphatic]), 1611 (s, conjugated cyclic imine), 1537
(s, aromatic ring), 853 (s, three adjacent aromatic C-H), 779 (s,
five adjacent aromatic C-H); dy (400 MHz; CDCl;; CHCl;) 8.73—
870 2H, m, 2 x ArH), 7.91-7.87 (2 H, m, 2 x ArH), 7.72-7.68
(1 H, m, ArH), 7.61-7.58 (3 H, m, 3 x ArH), 7.55-7.44 (4 H,
m, 4 x ArH), 7.25-7.22 (1 H, m, ArH), 4.15 (3 H, s, OCH,;);
Jc (100 MHz; CDCl;; CDCl;) 168.1, 159.6, 155.3, 144.3, 138.2,
138.0, 130.4, 130.2, 129.8, 128.8, 128.4, 122.6, 118.5, 111.5, 56.4;
m/z (CI+) 313.1346 (M + H*, C,,;H|;N,O requires 313.1341).

8-Methoxy-2,4-bis(4-(trifluoromethyl)phenyl) quinazoline (7).
With 4-trifluoromethylbenzonitrile (171 mg, 1 mmol, 2 eq.) as
for the preparation of 5. The product was purified by flash
column chromatography (9 : 1 pentane-ethyl acetate) giving
the title compound (100 mg, 45%) as a white solid; mp 174—
178 °C; Anx (EtOH)/nm 300 (¢/dm’® mol™' cm™' 8500), 220
(¢/dm’ mol~' em~" 6000); v,,., (KBr disc) 2956 (w, C—HJ[aliphatic]),
1608 (m, conjugated cyclic imine), 1539 (m, aromatic ring), 1120
(s, C-F), 855 (s, two adjacent aromatic C-H), 766 (s, three adjacent
aromatic C-H), 752 (m, C-F); dy (400 MHz; CDCl;; CHCI;) 8.80
(2H,d,J8.1,2x ArH),7.99(2H,d,J8.0,2 x ArH),7.87(2H, d,
J8.1,2 x ArH),7.77(2H,d, J 8.3,2 x ArH),7.62 (1 H, dd, J 8.4
and 1.1,ArH),7.54(1H,t,J 7.8, ArH),7.29(1 H,dd, J 7.8 and 1.0,
ArH) 4.17 (3 H, s, OCH,); ¢ (100 MHz; CDCl;; CDCl;) 167.0,
158.2, 155.5, 144.2, 141.2, 130.5, 129.0, 128.1, 125.6-125.4 (m),
122.6, 117.8, 112.0, 56.5; m/z (CI+) 448.1015 (M*, C;H,F¢N,O
requires 448.1010).

Competition reaction between two equivalents of benzonitrile and
two equivalents of 4-trifluoromethylbenzonitrile for one equivalent
of 1-methoxy-2-tert-butylsulfinyl-3-lithiobenzene. To a solution
of 1-methoxy-2-tert-butylsulfinyl-3-lithiobenzene at —78 °C pre-
pared on a 0.5 mmolscale was added 4-trifluoromethylbenzonitrile
(171 mg, 1 mmol, 2 eq.) and benzonitrile (103 pl, 1 mmol, 2 eq.)
at the same time followed by warming to ambient temperature
and stirring for 16 hours. The reaction was quenched with 2 M
aqueous NaOH solution (2 ml) and the two layers were separated.
The aqueous layer was extracted with ethyl acetate (2 x 10 ml).
The combined organic phases were washed with brine (3 x
10 ml) before being dried over anhydrous magnesium sulfate,
filtered and concentrated under reduced pressure. Analysis of
the crude product by '"H NMR showed that 8-methoxy-2,4-bis(4-
(trifluoromethyl)phenyl) quinazoline was achieved as the major
product with agreement to previously recorded spectra.

2-tert-Butyl-3-deuteroanisole (9). 1-Methoxy-2-tert-butyl-
sulfinyl-3-deutero benzene (322 mg, 1.55 mmol, 1 eq.) was
dissolved in anhydrous THF (5 ml) under argon and cooled to
—78 °C. 1.5 M t-BulLi in pentane (2.6 ml, 3.90 mmol, 2.5 eq.)
was added and the reaction stirred at —78 °C for 5 minutes.
The reaction was quenched with sat. NH,Cl solution (5 ml) and
the two layers were separated. The aqueous layer was extracted
with ethyl acetate (2 x 10 ml). The combined organic phases
were washed with brine (3 x 10 ml) before being dried over
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anhydrous magnesium sulfate, filtered and concentrated under
reduced pressure giving 325 mg of product. A 260 mg sample of
the product was purified by flash column chromatography (4 : 1
pentane—ethyl acetate) yielding the title compound (70 mg, 34%)
as a colourless oil; v,,,, (KBr disc) 3063 (w, C—H[aromatic]), 2960
(s, C—HJaliphatic]), 2836 (m, O-CHj;), 1592 (s, aromatic ring),
1574 (s, aromatic ring); 6, (400 MHz; CDCl;; CHCl,) 7.23 (1 H,
m, ArH), 6.93 2 H, m, 2 x ArH), 3.88 (3 H, s, OCH}), 1.43 (9
H, s, 3 x CH;);dc (100 MHz; CDCl;; CDCl;) 158.5, 138.1, 127.0,
126.3 (t), 120.1, 111.5, 60.3, 54.9, 29.7; m/z (CI+) 165.1238 (M*,
C,,H,sDO requires 165.1264).

N,N-Dimethyl-3-methoxybenzamide (10a)*. N,N-Dimethyl-
2-tert-butylsulfinyl-3-methoxy benzamide (400 mg, 1.40 mmol,
1 eq.) was dissolved in ethanol (30 ml) and treated with Raney
nickel. The reaction was heated at reflux for 3 h. The reaction was
cooled and filtered through celite before being concentrated under
reduced pressure yielding the title compound (180 mg, 72%) as a
colourless oil; dy (400 MHz; CDCl;; CHCl;) 7.29-7.25 (1 H, m,
ArH), 6.95-6.89 3 H, m, 3 x ArH), 3.78 3 H, s, OCH;), 3.07 (3
H, s, NCH;), 2.94 (3 H, s, NCH;); d. (100 MHz; CDCl;; CDCl;)
171.2,159.4,137.5,129.3,119.0, 115.2,112.2,55.2,39.4,35.2; m/z
(CI+) 180.1 (M + H*, 100%).

3-Methoxybenzyl alcohol (10b)*. 2-tert-Butylsulfinyl-3-me-
thoxyphenylmethanol (66 mg, 0.27 mmol, 1 eq.) as 10a gave 10b
(35 mg, 94%) as a colourless oil; oy (400 MHz; CDCl;; CHCl;)
7.25(1 H,t,J8.1, ArH), 6.93-6.91 2 H, m, 2 x ArH), 6.83-6.80
(1 H, m, ArH), 4.63 (2 H, s, CH,0H), 3.79 (3 H, s, OCH;); Jc
(100 MHz; CDCl;; CDCl,) 159.7, 142.5,129.5,119.0, 113.1, 112.1,
65.0, 55.1; m/z (CI+) 138.1 (M*, 100%).

3-Methoxytoluene  (10c)*. 2-fert-Butylsulfinyl-3-methoxy-
toluene (113 mg, 0.50 mmol, 1 eq.) as 10a (8 h, reflux) gave 10c
(49 mg, 80%) as a colourless oil; J,; (400 MHz; CDCl;; CHCl;)
7.18 (1 H, t, J 7.6, ArH), 6.80-6.70 (3 H, m, 3 x ArH), 3.80 (3
H, s, OCH,),2.34 (3H, s, ArCH;); d. (400 MHz; CDCl;; CDCl;)
159.5, 139.5, 129.2, 121.5, 114.7, 110.7, 55.1, 21.5; m/z (CI+)
122.1 (M*, 100%).

1,2-Bis-(2-(1,3-dioxolan-2-yl)-6-methoxyphenyl)disulfane (14).
2-tert-Butylsulfinyl-3-methoxybenzaldehyde (120mg, 0.5 mmol, 1
eq.) was dissolved in toluene (10 ml) and treated with ethane diol
(0.11 ml, 2 mmol, 4 eq.), para-toluenesulfonic acid monohydrate
(9.5 mg, 0.05 mmol, 10 mol%) and 4 A molecular sieves. The
mixture was heated at reflux for four hours before being cooled
and filtered. The solvent was removed under reduced pressure and
the residue was purified by flash column chromatography (3 : 2
pentane—ethyl acetate) yielding the title compound (64 mg, 61%)
as a yellow oil; v, (KBr disc) 3071 (m, C-H[aromatic]), 2947 (s,
C-HJaliphatic]), 2888 (s, C-HJ[aliphatic]), 2839 (s, O-CH;), 1575 (s,
aromatic ring), 779 (s, three adjacent aromatic C-H); dy; (400 MHz;
CDCl;; CHCl;) 7.34 2 H, t, J 8.0,2 x ArH),7.19 (2H,dd, J 7.8
and 1.1, 2 x ArH), 6.89 (2 H, dd, J 8.2 and 1.1, 2 x ArH), 6.01
(2 H,s,2 x ArCH), 4.04-4.00 (4 H, m, 2 x CH,), 3.90-3.87 (4
H, m, 2 x CH,), 3.68 (6 H, s, 2 x OCH); §- (100 MHz; CDCl;;
CDCl;) 160.1, 141.4, 130.4, 124.7, 118.0, 111.6, 101.3, 65.3, 55.9;
m/z (CI+) 423.0932 (M + H*, C,,H,;O,S, requires 423.0936).

3-Methoxy-2-phenylsulfanylbiphenyl (16). 2-[2-tert-Butylsul-
finyl-3-methoxyphenyl]-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane
(408 mg, 1.2 mmol, 1 eq.) was dissolved in THF (5 ml)
and treated with iodobenzene (0.40 ml, 3.6 mmol, 3 eq.),
tetrakis(triphenylphosphine) palladium (0) (69 mg, 0.06 mmol, 5
mol%) and 2 M aqueous potassium carbonate solution (5.7 ml,
11.4 mmol, 9.5 eq.). The reaction was heated at reflux for 22 hours
before being cooled and the two layers were separated. The
aqueous phase was extracted with ethyl acetate (2 x 10 ml)
and the combined organic phases were washed with brine (2 x
10 ml), before being dried over anhydrous MgSQO,, filtered and
concentrated under reduced pressure. The residue was purified by
flash column chromatography yielding the title compound (40 mg,
14%) as a yellow oil; vy, (KBr disc) 3064 (m, C-H[aromatic]),
2953 (s, C-HJaliphatic]), 2890 (s, O—CHj;), 1598 (s, aromatic ring),
779 (s, three adjacent aromatic C-H); Jy (400 MHz; CDCl;;
CHCl,) 7.47 (1 H, t, J 7.8, ArH), 7.35-7.30 (S H, m, 5 x ArH),
7.20-6.95 (7 H, m, 7 x ArH), 3.75 (3 H, s, OCH;); d- (100 MHz;
CDCl;; CDCly) 159.2, 141.3, 137.6, 136.9, 131.0, 129.1, 128.9,
127.1,126.8, 125.2, 123.7, 121.7, 111.7, 54.9; m/z (CI+) 293.0990
(M + H*, CyH;0S requires 293.0995).
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Indolyl and nitrophenyl 5-O-hydroxycinnamoyl-a-L-arabinofuranosides were prepared by
chemo-enzymatic syntheses. These probes were designed as substrates to be used in assays of feruloyl
esterase activity (EC 3.1.1.77). Color development in the assays only occurs when feruloyl esterase
activity releases an intermediate chromogenic arabinoside that is a suitable substrate for
a-L-arabinofuranosidase (EC 3.2.1.55), which in turn releases the free chromogenic group. The
usefulness of these compounds was evaluated in both qualitative solid media-based assays and
quantitative liquid assays that can be performed in microtiter plates using feruloyl esterases and

arabinofuranosidases from various origins.

Introduction

Plant cell walls are mainly composed of cellulose microfibrils
embedded in a matrix of hemicelluloses, pectins and lignins.
Xylans are the most abundant hemicelluloses in cereal and
hardwood, accounting for as much as 35% of the dry weight of
higher plants. Their repeating xylosyl units are generally linked
through B(1—4) glycosidic bonds and can be mainly substituted at
0-2 or O-3 positions by esters such as acetyl, feruloyl, p-coumaroyl
and D-galactosyl, L-arabinosyl or D-glucuronic acid residues.! In
arabinoxylans, some L-arabinofuranosyl residues can be esterified
at O-5 by phenolic acids.>®* Among these, trans-ferulic acid is
particularly important because it participates in cross-linking
between hemicelluloses, pectins and lignins via ester and ether
bonds.* The resulting network enhances the mechanical strength
of cell walls and increases their resistance towards cellulases and
xylanases. To counter this cross-linking, many lignocellulolytic
microorganisms produce feruloyl esterases (FAE) that catalyze
the cleavage of ester linkages between ferulic acid and sugars.
Likewise, FAE act in synergy with other debranching enzymes
and depolymerizing cellulases and xylanases in order to bring
about complete degradation of biomass.’ Presently, the growing
interest in the development of industrial bioprocessing strategies
using engineered lignocellulolytic microorganisms is providing an
impetus to research aimed at improving the intrinsic properties of
FAE. Most FAE from eukaryotic and prokaryotic sources belong
to family 1 of the carbohydrate esterase classification.® Recently,
on the basis of substrate specificities and growth requirements
of the producer microorganisms, this family has been divided
into four functional classes A-D. So far, FAE activity has been
monitored using a variety of natural and synthetic compounds.”

“Centre de Recherches sur les Macromolécules Végétales (CERMAV-
CNRS), BP53,38041, Grenoble cedex 9, France. E-mail: Hugues. Driguez(@
cermav.cnrs.fr; Fax: +33 476 547 203; Tel: +33 476 037 664
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IFR86-BAIM. Universités de Provence et de la Méditerranée, ESIL, 163
avenue de Luminy, CP 965, 13288, Marseille Cedex 09, France
‘INSA/INRA UMR 792, 135 avenue de Rangueil, 31077, Toulouse cedex
04, France

Recently, the synthesis of 4-nitrophenyl 2- and 5-O-trans-feruloyl-
a-L-arabinofuranosides was reported.® The use of this substrate
relies on a tandem reaction involving the splitting of the ester bond
and almost concomitant release of 4-nitrophenol through addition
of o-L-arabinofuranosidase, which is added in large quantity.
However, for routine use the addition of a detergent is required
to improve solubility and assays are necessarily discontinuous, be-
cause basic pH conditions are required for accurate measurement
of 4-nitrophenolate absorbance. Therefore, 4-nitrophenyl 2- and 5-
O-trans-feruloyl-a-L-arabinofuranosides are not particularly con-
venient substrates for high-throughput screening assays, where it
is desirable to minimize the number of steps.

In the 1990s, numerous chromogenic and fluorogenic com-
pounds were synthesized for the detection of hydrolytic activities of
enzymes acting in large range of pH. For instance, Claeyssens ef al.
demonstrated that 2-chloro-4-nitrophenyl and 4-methylumbel-
liferyl B-cello-oligosaccharides offer good sensitivity and stability
for continuous assays of various cellulases.” Similarly, 2-chloro-
4-nitrophenyl B-maltoheptaoside was prepared and included in a
commercial kit for o-amylase determination.'® The advantage of
these substrates resides in the fact that, unlike 4-nitrophenol whose
molar extinction coefficient is halved at pH 7 compared to that at
pH 9, the molar extinction coefficient of 2-chloro-4-nitrophenol
is almost pH-independent. Consequently, the sensitivity of ab-
sorbance measurements at neutral pH is increased and continuous
absorbance measurements are possible. Another important step
was the development of 5-bromo-4-chloro-3-indolyl glycosides
for assays in solid media. The well known 5-bromo-4-chloro-3-
indolyl B-galactoside (X-Gal) has proved to be an essential tool
in molecular biology for the detection of B-gal* microrganisms
grown on solid agar media. This glycoside is colorless, but the
free aglycon is rapidly air-oxidized to form an indigo blue colored
dimer. Likewise, microorganisms expressing -galactosidase grow
as indigo-blue-colored colonies on agar plates.™

In the present work, we have designed new chromogenic
substrates that provide assays for feruloyl esterase activity either
on solid agar plate media or in continuous liquid-based reactions.
Because fluorogenic substrates require equipment that is not
always available in laboratories, especially on high-throughput
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platforms, we have concentrated on more universally applicable
substrates based on indolyl and 2-chloro-4-nitrophenyl moieties.

Results and discussion

Our first target molecules were the 5-bromo-4-chloro-3-indolyl
5-O-trans-feruloyl-a-L-arabinofuranoside 1a and the 5-bromo-4-
chloro-3-indolyl 5-O-trans-coumaroyl-o-L-arabinofuranoside 1b
(Scheme 1)

N
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2 cl Br
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HO Ac R’ OAc
OAc 6a R'=0Me
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Scheme 1 Reagents and conditions: 1) 1-acetyl-5-bromo-4-chloroindoxyl-
3-ol 3, NIS, Sn(OTf),, CH,Cl,, 4 58%; ii) lipase Novozym 435, i-PrOH, 5
75%,; iii) pyridine, DM AP, 4-acetoxyferuloyl chloride, 6a 82%, 4-acetoxy-
coumaroyl chloride, 6b 80%; iv) NaOMe, MeOH, 1a 74%, 1b 86%.

The synthesis of 5-bromo-3-indolyl o-L-arabinofuranoside in
48% yield was previously described by Berlin and Sauer starting
from benzoylated arabinosyl bromide as donor.’* Due to the
known instability of furanosyl halides, we decided to investigate
the glycosyl donor property of the acetylated thiophenyl arabi-
nofuranoside 2, a compound recently described as an efficient
glycoside donor*® (Scheme 1).

Coupling of the thiosugar 2 with l-acetyl-5-bromo-4-
chloroindoxyl-3-ol 3 was achieved in the presence of thiophilic
promoter system NIS/Sn(OTf), in DCM at —10 °C. The expected
compound 4 was obtained in 58% yield. Compound 5, prepared
in high yield from 4 by selective O-deacetylation of its primary hy-
droxyl group using the Candida antarcticalipase Novozym 435 was
esterified with 4-acetoxyferuloyl chloride' or acetoxycoumaroyl
chloride® to give 6a or 6b in 82 and 80% yield respectively.
Catalytic O-deacetylation afforded the target compounds 1a and
1b, which are potentially useful substrates for assaying FAE and,
perhaps, for differentiating between enzymes that are more specific
towards methoxylated or hydroxylated hydroxycinnamic acids.

Compounds 1a and 1b were evaluated as substrates for FAEA
and FAEB from Aspergillus niger. First, a spectrophotometric
qualitative assay was developed using commercially available o-
L-arabinofuranosidase from Aspergillus niger (AN-ABF) and o-
L-arabinofuranosidase from Bifidobacterium longum (BL-ABF)
(Fig. 1). Both substrates were readily soluble in methanol or
DMSO and were stable for several hours in the assay conditions.
Moreover, controls indicated that in the absence of FAE, o-L-
arabinofuranosidase was not able to cleave 1a or 1b, although
a yellow coloration was observed (Fig. 1, well 2). This artifact
was caused by the pH of the reaction medium used for the a-L-

arabinofuranosidases, which was fixed at a value of 5.5. Raising
the pH to 6 (pH of buffer for FAEA, Fig. 1, well 3) diminished this
effect. Nevertheless, a very clear positive blue/indigo coloration
was obtained when substrates 1a or 1b were incubated with FAE
and AN-ABF or BL-ABF (Fig. 1, well 4). This visual change was
correlated with a substantial increase in absorbance at 620 nm,
an effect that was totally absent when only FAEA was deployed
(Fig. 1, well 3).

=S
Fig. 1 Detection of combined action of o-L-arabinofuranosidase and
FAEA activities in the presence of substrate. Only reactions using BL-ABF

are shown. 1a. Well 1, substrate 1a alone; Well 2, substrate 1a +BL-ABF;
Well 3, substrate 1a + FAEA; Well 4, substrate 1a + BL-ABF + FAEA.

In a further test, the suitability of 1a for use in solid media for
the detection FAEA* microorganisms was studied. Fig. 2 shows
that when BL-ABF is applied to solid LB agar medium containing
substrate 1a, upon which Escherichia coli FAEA* cells have been
grown, a blue color is developed in the vicinity of the application
zone. This blue coloration is the result of three successive reactions:
i) the FAEA-catalyzed cleavage of the ester bond and the liberation
of the 5-bromo-4-chloroindoxyl a-L-arabinofuranoside, ii) the BL-
ABF-catalyzed cleavage of the pseudo-glycosidic bond and the
release of 5-bromo-4-chloroindoxyl-3-ol, and iii) the spontaneous
oxidation of the 5-bromo-4-chloroindoxyl-3-ol. It is important to
note that in Fig. 2 the blue color is quite diffuse. This is because
BL-ABF was applied as a liquid sample after bacterial growth and
expression of FAEA. In order to obtain single colony coloration it
would probably be necessary to create a tandem expression system
that would provide simultaneous intracellular production of both
a-L-arabinofuranosidase and FAEA or more simply to use a sterile
top agar containing a-L-arabinofuranosidase.

Fig. 2 Detection of FAEA activity on solid LB agar medium using the
chromogenic substrate 1a. The FAE* microorganism was Escherichia coli
bearing a plasmid that expresses a thioredoxin—-FAEA fusion protein.

In a second series of experiments, a structural analogue of
1a/1b in which the indolyl aglycon was replaced by 2-chloro-
4-nitrophenol was prepared. Unfortunately, we were unable to
condense the thioglycoside 2 with 2-chloro-4-nitrophenol, despite
the use of several promoters. Therefore, the synthesis of 7
(Scheme 2) was carried out essentially as recently described for
the preparation of 4-nitrophenyl o-L-arabinofuranoside.'

Glycosylation of acylated furanose 8 with 2-chloro-4-
nitrophenol was catalyzed by Lewis acid and gave benzoylated
glycoside 9 in 48% yield. O-Debenzoylation with 1 M NaOMe
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Scheme 2 Reagents and conditions: 1) BF;-Et,0, CH,Cl,, 2-chloro-4-
nitrophenol, 61%; ii)) NaOMe, MeOH, 72%; iii) Ac,O, pyridine, 93%;
iv) lipase Novozym 435, i-PrOH, 96%; v) Et;N, DMAP, 4-acetylferuloyl
chloride, CH,Cl,, 66%; vi) K,CO;, DCM-MeOH, 64%.

in MeOH afforded the expected compound 10 in 72% yield
after column chromatography on silica. O-Acetylation gave the
fully acetylated derivative 11, which was treated by the Candida
antarctica lipase to selectively remove the primary acetate. The
deprotected derivative 12 was obtained in 89% overall yield.
Esterification of the primary hydroxyl using 4-acetoxyferuloyl
chloride was achieved in 66% yield. De-O-acetylation of 13 was
a delicate issue, and several attempts were needed before the
isolation of the target molecule 7 in reasonably good yield (64%).

Compound 7 proved to be a suitable substrate for continuous
monitoring of FAE activity. This procedure involved a two-
step enzymatic process: first the enzymatic splitting of the ester
function by FAE, followed by the liberation of the 2-chloro-4-
nitrophenol through the action of an o-L-arabinofuranosidase. To
ascertain the usefulness of 7, the combined hydrolytic activity of
FAE and AN-ABF were evaluated by monitoring the evolution
of the substrate’s absorption spectra over time. At the end of
the reaction period, the spectra clearly indicated characteristic
adsorption peaks for free ferulic acid at 288 nm and 310 nm’ and
a peak at 405 nm, corresponding to free 2-chloro-4-nitrophenol
(Fig. 3). Importantly, because the absorbance of 2-chloro-4-
nitrophenol at 405 nm is sufficiently high at neutral pH, direct
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Fig. 3 Changes in absorption spectra during hydrolysis of compound 7
by FAEA from A. niger according to time. FAEA (33 nM) 32 mU ml™!
(using MFA as substrate) was incubated with compound 7 (41.5 pM) in
100 mM MOPS Buffer pH 6.0 and AN-ABF (250 mU ml~"). Spectra were
recorded according to time every 2 minutes. A—A 0 min; 2 min; A-A
4 min; @-@ 6 min; --- 8 min; [J-[J 10 min.

measurement without alkalinization of the medium is possible.
Therefore 7 presents at least two clear advantages: i) it can be
employed in a continuous high-throughput assay using routine
equipment, and ii) it avoids interference with the spectrum of
ferulic acid that absorbs strongly at alkaline pH. In addition, only
reasonable amounts of L-arabinofuranosidase are required since
the release of the 2-chloro-4-nitrophenol by this enzyme should
not be rate-limiting. Using an excess of L-arabinofuranosidase, a
linear relationship could be obtained between the rate of 2-chloro-
4-nitrophenol release and the amount of FAE (Fig. 4).

Catalytic parameters for FAEA and FAEB have been deter-
mined using 7, 14 (methyl ferulate) and 15 5-O-trans-feruloyl-a-L-
Araf as substrates. Both enzymes display higher catalytic efficien-
cies on the natural substrate 15 and the synthetic one 7 than on
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Fig.4 Time course of hydrolysis of compound 7 by FAEA followed by the release of chloronitrophenol at 405 nm. A: Kinetics were followed at different
FAEA concentrations: O-O (0.1 mU ml™"), A-A (0.2 mU ml~"); ll-H (0.4 mU ml™") in MOPS buffer pH 6.0 with 20 uM substrate and AN-ABF
250 mU ml-' at 37 °C. B: Kinetics were followed in the same conditions but with FAEA (0.1 nM) using AN-ABF at different concentrations: (-]

(250 mU ml™"); A—a4 (500 mU ml"); O-O (1 U ml™).
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Table 1 Kinetic parameters for the hydrolysis of the synthesized substrate
7 (2-chloro-4-nitrophenyl 5-O-feruloyl-o-L-arabinofuranoside) compared
to 14 (methyl ferulate) and 15 (5-O-trans-feruloyl-o-L-Araf) by the two
feruloyl esterases FAEA and FAEB from A. niger

Catalytic efficiencies (ke /K)/M ™' 57!

Substrate

FAEA FAEB
14 0.52 x 10° 0.25 x 10°
15 2 x 10¢ 2.1 x 10°
7 5 x 10¢ 3.5 x 10°

I o o
H
o Aot
MeO. MeO OH
HO 14 HO 15

the methyl ester derivative 14, thus confirming the importance of
the L-arabinofuranosyl moiety substrate recognition.!” Moreover,
no significant differences could be observed between 15 and 7,
indicating that the presence of the nitrophenyl aglycon on the
sugar does not have an inhibitory effect (Table 1). These results
are coherent with structural data that indicate that the xylosyl
moieties of natural arabinoxylans do not interact with active site
elements of FAEs.

Various strains of Aspergillus niger belonging to the CIRM-
BRFM Collection (Centre International de Ressources Micro-
biennes, Banque de Ressources Fongiques de Marseille, France)
chosen for their ability to produce different types of feruloyl es-
terases (FAEA and FAEB) were cultivated in previously described
conditions.” The culture medium was analyzed using a TECAN
Freedom Evo automated platform. Both substrates 1a and 7 were
checked in these conditions and it was shown that they were
completely adaptable in microplate screening. Positives responses
were obtained with FAE-producing strains with both substrates.
Moreover, using compound 7 kinetics could be monitored in order
to deduce relative activity levels (results not shown).

Conclusions

Over the last ten years, the areas of enzyme discovery and
enzyme engineering using molecular evolution technology have
strongly been developed. Likewise, high-throughput methods have
been vitally important for the screening of vast natural and
artificially generated biodiversity. Therefore, it is increasingly
important to devise enzyme assays that are both specific and simple
to implement. In this regard, soluble and stable chromogenic
substrates are highly desirable, because they are generally reliable
and quite simple to use.

Indolyl and 2-chloro-4-nitrophenyl are already present as the
aglycon group in several valuable substrates that have been widely
used in enzyme assays and various screens. In this work, we
have used these two familiar aglycons in order to design new
chromogenic compounds with great potential for the screening
of FAE activities. The syntheses that are described are quite
straightforward and employ enzymatic de- O-acetylation catalyzed
by Candida antarctica lipase. These probes are more water-soluble
than the corresponding 4-nitrophenyl derivatives, allowing their
use in a microtiter plate format without any use of detergent.
According to our evaluations, the indolyl-based compounds are
unsuitable for comparative activity assays, but are actually very

useful for assays in solid medium where only the endpoint of the
reaction is observed. With regard to the 2-chloro-4-nitrophenyl
based substrates, these are particularly useful for one-step liquid
assays that can provide quite accurate data concerning reaction
rates. Together, these substrates will be valuable tools for a variety
of high throughput screening applications, for example for a two-
stage screening strategy involving initial agar plate screening to
eliminate inactive clones, followed by liquid screening in 96-well
microplate format to detect improved activity.

Experimental
General methods

Reactions were monitored by TLC using silica gel 60 F254
precoated plates (E. Merck, Darmstadt) and detection by charring
with sulfuric acid solution (H,SO,/MeOH/H,0 3:45:45). For
flash chromatography, Merck silica gel 60 was used. NMR spectra
were recorded on Bruker AC 300 or Bruker Avance 400 at
298 K. Proton chemical shifts are reported in ppm relative to
internal SiMe, (0 ppm). Low-resolution FAB mass spectra were
recorded in the positive mode of an R1010C quadripolar mass
spectrometer (model 2000, Nermag, Reuil-Malmaison, France).
MALDI-TOF measurements were performed on a Bruker Dal-
tonics Autoflex apparatus. ES experiments were performed on
a Waters Micromass ZQ spectrometer. The spectrophotometric
measurements were recorded on UVIKON XS spectrometer
equipped with a thermostated cuvette holder.

Enzymes and standard assays

Pure feruloyl esterases FAEA and FAEB from Aspergillus niger
were obtained according to the procedures described respectively
by Record et al.*® and Levasseur et al.*® Methyl ferulate (MFA) was
purchased from Apin Chemicals and the feruloylated oligosaccha-
ride FA, 5-O-trans-feruloyl-o-L-Araf was purified according to a
known procedure.?® Esterase activities using MFA and FA were
assayed by a continuous spectrophotometric method as previously
described.” The o-arabinofuranosidase from Aspergillus niger
was obtained from Megazyme (Bray, Ireland), whereas the o-
arabinofuranosidase from Bifidobacterium longum NCC2705 (BL-
ABF)isarecombinant His-tagged enzyme produced in-house. The
sequence encoding this enzyme was fused to the 6 x His tag in
pET28a. The resulting plasmid was used to transform Escherichia
coli BL21 DE3 cells and protein expression via the pT7 promoter
was performed according to established procedures. Likewise,
His-tagged BL-ABF was purified using His-trap chromatography
(GE Healthcare) following the manufacturer’s recommendations.
Activities of BL-ABF and AN-ABF were determined using
5 mM 4-nitrophenyl arabinofuranoside and 50 mM acetate buffer
(pH 5.8) at 37 °C.2 Activities were expressed in units (U), where
one unit is the amount of enzyme needed to liberate one pumol of
pNP per minute.

Detection of FAE activity using synthetic substrates

For the evaluation of the usefulness of substrate la for the
detection of FAE activity on solid media, Escherichia coli TOP10
cells bearing a plasmid derived from pBAD-Thio (Invitrogen, NL)
were used. In this plasmid, the FAEA coding sequence was fused
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to that of thioredoxin. After plating on LB agar plates containing
ampicillin (100 pg ml~") and substrate 1a (60 pg ml~") bacterial
colonies were allowed to develop overnight at 30 °C. After, a
10 pL aliquot (3 U) of BL-ABF was carefully applied to the agar
plate, which was incubated at 37 °C for 1 h in order to allow color
development.

For 2-chloro-4-nitrophenyl 5-O-feruloyl-o-L-arabinofurano-
side, a stock solution of the substrate (20 mM) was prepared
in methanol. The incubation mixture contained 100 mM MOPS
buffer pH 6.0, 0.25 U o-L-arabinofuranosidase, substrate concen-
trations ranging from 1 to 50 uM and appropriate amounts of
FAEA or FAEB. Activities were followed at 37 °C by the release
of 2-chloro-4-nitrophenol at 405 nm according to time.

Assays using a high-throughput screening platform were per-
formed in 96-well microtiter plates using experimental conditions
identical to those previously described, but using a 200 pL
final volume. Additionally, culture supernatants were used as the
enzyme source for screening in the place of pure FAE.

Phenyl 2,3,5-tri-O-acetyl-1-thio-a-L-arabinofuranoside 2

The title compound was prepared as recently described.'®

N-Acetyl-5-bromo-4-chloro-3-indolyl 2,3,5-tri-O-acetyl-a-L-
arabinofuranoside 4

The compounds 2 (225 mg, 0.60 mmol) and 3 (210 mg, 0.73 mmol)
were stirred in dry CH,Cl, (4 mL) under Ar at —10 °C in presence
of activated 4 A molecular sieves (200 mg) for 10 min. Then
N-iodosuccinimide (165 mg, 0.73 mmol) and Sn(OTf), (50 mg,
0.122 mmol) were successively added to the reaction. After 20 min
the reaction was neutralized with Et;N. The mixture was filtered
through Celite and the filtrate was diluted with CH,Cl, and
washed successively with a Na,S,0; solution, then with water,
the organic phase was dried over Na,SO,. The crude product was
purified by flash column chromatography (toluene—cthyl acetate,
9:1—-8:2 v/v) to give the title compound 4 as an amorphous
solid (204 mg 58%); m.p. 158-160 °C (MeOH); [a], —49 (c
0.5 in CHCL;); 'H NMR (400 MHz, CDCl;): ¢ 7.17-8.29 (3H,
m, H-indoxyl), 5.65 (1H, s, J,, <1 Hz, H-1), 5.44 (1H, d, J,;
0.7 Hz, H-2), 5.11 (1H, d, J5, 4 Hz, H-3), 4.31-4.50 (3H, m, H-
4, H-5a, H-5b), 2.59 (3H, s, N-CH,C=0), 2.13, 2.15, 2.17 (9H,
3 x s, CH;C=0); “C NMR (75 MHz, CDCI;): § 170.70, 170.4,
169.7, 168.4 (CH;C=0), 139.7-109.2 (C-indolyl), 105.5 (C-1),
82.7, 81.0, 76.8 (C-2, C-3, C-4), 63.2 (C-5), 24.1 (N-CH,C=0),
20.9 (3 x CH;C=0); m/z (FAB) 568 [M + Na]*; HRMS calcd for
C, H,NO,CIBrNa* 567.9985; found 567.9972.

N-Acetyl-5-bromo-4-chloro-3-indolyl 2,3-di-O-acetyl-o-L-
arabinofuranoside 5

To compound 4 (150 mg, 0.27 mmol) suspended in isopropanol
(10 mL) was added lipase Novozym 435 (1.5 g). The reaction was
slowly agitated at 40 °C for 8 h. The mixture was filtered, the solu-
tion was evaporated and the crude product was purified by column
chromatography (petroleum ether—ethyl acetate, 1:1—3:7 v/v) to
give the title compound 6 as a white foam (134 mg, 98%); [a]p, —51
(¢ 0.45 in CHCL,); 'H NMR (300 MHz, CDCl,): § 8.25-7,16 (3
H, m, H-indolyl), 5.64 (1H, s, J,, <1 Hz, H-1), 5.47 (1H, d, J,;
<1 Hz, H-2), 5.15 (1H, d, J5, 4 Hz, H-3), 4.37-3.86 (3H, m, H-4,

H-5a, H-5b), 2.58 (3H, s, N-CH,C=0), 2.15, 2.14 (6H, 2 x s,
CH,C=0); * C NMR (75 MHz, CDCl): 6 170.9, 169.8, 168.4,
(CH;C=0), 139.6-109.2-139 (C-indoxyl), 105.4 (C-1), 85.2, 81.0,
76.8 (C-2, C-3, C-4), 62.0 (C-5), 24.0 (N-CH,C=0), 20.95, 20.9,
(2 x CH,C=0); m/z(ES) 521 [M + NH,]*, 526 [M + Na]*; HRMS
caled for CoH;,NO;CIBrNa* 525.9880; found 525.9874.

N-Acetyl-5-bromo-4-chloro-3-indolyl 5-O-(4-acetoxyferuloyl)-
2,3-di- O-acetyl-a-L-arabinofuranoside 6a

To a solution of 5 (108 mg, 0.21 mmol) in pyridine (5 mL) were
added DMAP (5 mg, 0.04 mmol) and 4-acetoxyferuloyl chloride
(216 mg, 0.85 mmol). The reaction was stirred for 4 h at room
temperature and diluted with CH,Cl,, washed with H,O and the
organic phase was dried over Na,SO,. The crude product was
purified by flash column chromatography (toluene—ethyl acetate,
9:1—-85:15 v/v) to give the title compound 6a as a white foam
(102 mg, 67%); [a]lo —23 (¢ 0.5 in CHCL;); '"H NMR (400 MHz,
CDCL): ¢ 8.25 (1H, d, J 8 Hz, H-Ar), 7.68 (1H, d, J 16 Hz,
HC=CH), 7.02-7.55 (SH, m, H-Ar), 6.40 (1H, d, J 14 Hz,
HC=CH), 5.65(1H,s,J,, <1 Hz,H-1),5.43 (1H, J,; <1 Hz, H-2),
5.16 (1H, d, J,; 4 Hz, H-3), 4.58 (1H, dd, J,5, 3.5 Hz, J5, 5, 11 Hz,
H-5b), 4.53 (1H, m, H-4), 4.51 (1H, dd, J,5, 5.3 Hz, J5,5 11 Hz,
H-5a), 3.84 (3H, OMe), 2.55 (3H, s, CH,C=0), 2.30 (3H, s, N-
CH,;C=0),2.13,2.12 (6H, 2 x s, CH;C=0); "C NMR (75 MHz,
CDCl): 0 170.4, 169.6, 168.8, 168.3, 166.4 (C=0), 151.6-109.2
(C-ferulate, C-indolyl), 105.4 (C-1), 82.7, 80.7, 76.9 (C-2, C-3, C-
4), 63.3 (C-5), 56.0 (OMe), 24.0 (N-CH,C=0), 20.9 (2x), 20.8,
(CH,C=0); m/z (MALDI) 744.02 [M + NaJ*; HRMS calcd for
C;;HyNO,,CIBrNa* 744.0459; found 744.0476.

N-Acetyl-5-bromo-4-chloro-3-indolyl 5-O-(4-acetoxycoumaroyl)-
2,3-di-O-acetyl-a-L-arabinofuranoside 6b

To a solution of 5 (115 mg, 0.23 mmol) and DMAP (5 mg,
0.04 mmol) in pyridine (5 mL), 4-acetoxy-coumaryl chloride
(160 mg, 0.69 mmol) was added portionwise. The reaction was
stirred for 2.5 h, diluted with CH,Cl,, washed with sat. aq.
NaHCO; solution and H,O, and dried over Na,SO,. The crude
product was purified by flash column chromatography (toluene—
ethyl acetate, 9:1 v/v) to give the title compound 6b as a white
foam (130 mg, 80%); [a]lp —28 (¢ 0.53 in CHCl;); 'H NMR
(300 MHz, CDCl;): § 8.24 (1H, d, J 8.8 Hz, H-Ar), 7.72 (1H, d, J
16 Hz, HC=CH), 7.54-7.11 (6H, m, H-Ar), 6.42 (1H, d, J 16 Hz,
HC=CH), 5.67 (1H, s, J,, <1 Hz, H-1), 5.45 (1H, s, J,; <1 Hz,
H-2),5.19 (1H, d, J,; 4 Hz H-3), 4.49-4.63 (3H, m, H-4, H-5a, H-
5b), 2.56 (3H, s, N-CH;C=0), 2.30, 2.15 (6H, 2 x s, CH;C=0); "
C NMR (75 MHz, CDCl;): 6 170.3, 169.6, 169.1, 168.3, 166.3
(C=0), 152.4-109.2 (C-ferulate, C-indolyl), 105.4 (C-1), 82.7,
80.7, 76.8 (C-2, C-3, C-4), 63.2 (C-5), 24.0 (N-CH;C=0), 21.2,
20.9(x2) (CH;C=0); m/z(ESI): 714.1 [M + Na*], 730.0[M + K*];
HRMS calcd for C;,H,;NO,,CIBrNa* 714.0353; found 714.0370.

5-Bromo-4-chloro-3-indolyl 5-O-feruloyl a-L-arabinofuranoside 1a

The compound 6a (100 mg, 0.14 mmol) was suspended in dry
MeOH (2 mL). The mixture was cooled with an ice-water bath
and 1 M NaOMe (150 pL) was added. After 2 h, the reaction was
neutralized with Amberlite H* and filtered. The crude product
was purified by flash column chromatography (CH,Cl,-MeOH,
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95:5v/v) to give the title compound 1a as a yellowish foam (57 mg,
74%); [a]p —85 (¢ 0.54 in CH;0H); "H NMR (400 MHz, CD,0OD):
0 7.65 (1H, d, J 16 Hz, HC=CH), 7.28 (1H, d, J 8 Hz, H-Ar),
7.17-7.05 (4H, m, H-Ar), 6.80 (1H, d, J 8 Hz, H-Ar), 6.40 (1H,
d, J 16 Hz, HC=CH), 5.37 (1H, s, J,, <1 Hz, H-1), 4.48 (1H,
dd, J,s, 2.8 Hz, J5,5 11.4 Hz, H-5b), 4.41-4.32 (3H, m, H-2, H-4,
H-5), 4.03 (1H, dd, J 3.7 Hz, J 6.2 Hz, H-3), 3.87 (3H, s, OMe);
3 CNMR (75 MHz, CD;0D): 6 169.0 (C=0), 150.5-111.4 (C-1,
C-ferulate, C-indolyl), 83.6, 83.3, 79.5, 64.9 (C-2, C-3, C-4, C-
5), 56.4 (OMe); m/z (ESI): 576.0 (M + Na*); HRMS calcd for
C,;H, NO;CIBrNa* 576.0036; found 576.0036.

5-Bromo-4-chloro-3-indolyl 5-O-coumaroyl a-L-arabinofuranoside
1b

The compound 6b (110 mg, 0.16 mmol) was suspended in MeOH
(3 mL). The mixture was cooled with an ice-water bath and 1 M
NaOMe (170 pL) was added. After 90 min, the reaction was
neutralized with Amberlite H* and filtered. The crude product
was purified by flash column chromatography (CH,Cl,-MeOH,
95:5 v/v) to give the title compound 1b as a yellowish foam
(72 mg, 86%); 'H NMR (300 MHz, CD,OD): ¢ 7.58 (1H, d, J
16 Hz, HC=CH), 6.73-7.37 (7H, m, H-Ar), 6.28 (1H, d, J 16 Hz,
HC=CH), 5.32 (1H, s, J,, <1 Hz, H-1), 4.44-4.25 (4H, m, H-2,
H-4, H-5a, H-5b), 3.97 (1H, dd, J 3.4 Hz, J 5.8 Hz, H-3), *C
NMR (75 MHz, CD;0D): 6 169.0 (C=0), 161.3-111.4 (C-1, C-
ferulate, C-indolyl), 83.7, 83.4, 79.6, 65.04 (C-2, C-3, C-4, C-5);
m/z (ESI): 546.0 [M + Na*], 562.0 [M + K*]; HRMS calcd for
C,,H,,CIBrNa* 545.9931; found 545.9928.

2-Chloro-4-nitrophenyl 2,3,5-tri-O-benzoyl-o-L-arabinofuranoside
9

To a solution of 8 (2.6 g, 5.17 mmol) in dry CH,Cl, (35 mL)
containing activated 4 A molecular sieves (2.5 g) was added 2-
chloro-4-nitrophenol (1.80 g, 5.17 mmol). The reaction was then
cooled to —5 °C and BF;-Et,0O (3.2 mL, 25.85 mmol) was added
dropwise to the mixture. After 45 min the reaction was warmed up
to room temperature and stirred for 6 h. The mixture was filtered
through Celite, and the solution was diluted with CH,Cl,, washed
successively with sat. aq. NaHCO; solution and H,0, and dried
with Na,SO,. The crude product was purified by flash column
chromatography (petroleum ether—ethyl acetate, 8:2 v/v) to give
the title compound 9 as a white foam (1.56 g, 49%); [a]p —46 (c
0.5in CHCl;); "H NMR (300 MHz, CDCl;): 0 7.58-8.64 (18H, m,
H-Ar), 6.56 (1H, s, H-1), 6.22 (1H, s, H-2), 6.06 (1H, d, J5, 2.9 Hz,
H-3), 5.18-5.04 (3H, m, H-5, H-5, H-4); "C NMR (75 MHz,
CDCl): 0 166.1, 165.6, 165.3 (C=0), 156.5-115.3 (C-Ar), 104.3
(C-1),83.7(C-4), 81.6 (C-2), 77.1 (C-3), 63.3 (C-5); m/z (DCI) 635
[M + NH,]*; HRMS calcd for C;,H,,NO,,CINa* 640.0986; found
640.0993.

2-Chloro-4-nitrophenyl a-L-arabinofuranoside 10

Compound 9 (1.0 g, 1.62 mmol) was suspended in dry MeOH
(25 mL), the reaction was cooled with an ice-water bath and 1 M
NaOMe (350 uL) was added to the mixture. After 2 h, the reaction
was complete and was neutralized with silica. The crude product
was evaporated and purified by flash column chromatography
(CH,C1,-MeOH, 10:0—98:2 v/v) to give the title compound 10

as a yellowish solid (360 g, 72%); [a]p —201 (¢ 0.2 in CH;OH); 'H
NMR (300 MHz, CD;0D): 6 8.23 (1H, d, J 2.9 Hz, H-Ar), 8.12
(1H, dd, J 9.3 Hz, J 2.9 Hz, H-Ar), 7.4 (1 H, d, J 9.3 Hz, H-Ar),
4.39(1H, dd, J,, 1.5Hz, J,5; 3.9 Hz, H-2), 5.70 (1 H, d, J,,, H-1),
4.01-4.12 (2H, m, H-3, H-4), 3.79 (1H, dd, J5, 2.9 Hz, H-5b), 3.67
(1H, dd, Js, 4.8 Hz, Js,5 12.2 Hz, H-5a); *C NMR (75 MHz,
CD;0D): 6 117.1-159.2 (C-Ar), 108.8 (C-1), 87.0, 83.8, 78.2 (C-2,
C-3, C-4), 62.6 (C-5); m/z (ES) 328 [M + Na]*; HRMS calcd for
C,;H;,NO,CINa* 328.0200; found 328.0106.

2-Chloro-4-nitrophenyl 2,3,5-tri- O-acetyl-a-L-arabinofuranoside
11

2-Chloro-4-nitrophenyl a-L-arabinofuranoside 10 (360 mg,
1.18 mmol) was dissolved in pyridine (5 mL). The reaction was ice-
cooled and acetic anhydride (1 mL) was added to the mixture. After
addition, the reaction was stirred for 3 h at room temperature.
After concentration in vacuo and coevaporation with toluene,
the residue was purified by silica gel chromatography (petroleum
ether—ethyl acetate, 8:2 v/v) to afford the title compound 11 as
a syrup (470 mg, 93%); [alp —121 (¢ 0.5 in CHCL;); '"H NMR
(300 MHz, CDCl,): 0 8.24 (1H, d, J 2.4 Hz, H-Ar), 8.08 (1H, dd, J
9.3 Hz, J 2.4 Hz, H-Ar), 7.23 (1H, d, J 9.3 Hz, H-Ar), 5.83 (1H, s,
H-1), 5.41 (1H, d, J,5, H-2), 5.07 (1H, dd, J,; | Hz, J;, 3.8 Hz,
H-3),4.37-4.40 2H, m, H-4, H-5b), 4.23 (1H, dd, J,5 6.8 Hz, J5, 5,
12.1 Hz, H-5a), 2.12, 2.11,2.06 (12 H, 3 x s, 3 x CH;C=0); “C
NMR (75 MHz, CDCl;): 6 170.3, 170.0, 169.4 (3 x CH;C=0),
156.4-115.2 (C-Ar), 103.9 (C-1), 82.8, 80.5, 76.4 (C-2, C-3, C-4),
62.7 (C-5), 20.56 (x3) (CH,C=0); m/z (ES) 453.9 [M + Nal*;
HRMS calcd for C,;H;3NO,,CINa* 454.0517; found 454.0524.

2-Chloro-4-nitrophenyl 2,3-di-O-acetyl-o-L-arabinofuranoside 12

The compound 11 (470 mg, 1.09 mmol) was dissolved in iso-
propanol (25 mL) and lipase Novozym 435 (4.7 g) was added.
The reaction mixture was agitated at 120 rpm and at 37 °C for
48 h. The crude product was purified by column chromatography
(petroleum ether—ethyl acetate, 3:2 v/v) to give the title compound
12 as a syrup (410 mg, 96%); [alp —77 (¢ 0.53 in CHCl;); 'H
NMR (300 MHz, CDCl,): 6 8.24 (1H, d, J 2.4 Hz, H-Ar), 8.07
(1H, dd, J 9.3 Hz, J 2.4 Hz, H-Ar), 7.23 (1H, d, J' 9.3 Hz, H-
Ar), 5.82 (1H, s, H-1), 5.44 (1H, d, J,;, H-2), 5.12 (1H, dd, J,;
1.5 Hz, J5,, H-3), 4.25 (1H, dd, J;, 44 Hz, J,5 8.3 Hz, H-4),
3.77-3.89 (2H, m, H-5a, H-5b), 2.11 (6H, s, CH;C=0); "C NMR
(75 MHz, CDCl;): 6 170.5, 169.5 (2 x CH;C=0), 156.5-115.3
(C-Ar), 103.9 (C-1), 85.3, 81.0, 76.3 (C-2, C-3, C-4), 61.6 (C-5),
20.6, 20.5 (2 x CH;C=0); m/z (ES) 411.9 [M + Na]*; HRMS
caled for C;sH (NO,CINa* 412.0411; found 412.0409.

2-Chloro-4-nitrophenyl 5-O-(4-acetoxyferuloyl)-2,3-di-O-acetyl-
a-L-arabinofuranoside 13

To a solution of 12 (395 mg, 1.01 mmol) and DMAP (14 mg,
0.12 mmol) in pyridine (5 mL), 4-acetoxyferuloyl chloride®
(200 mg, 0.77 mmol) was added portionwise. The reaction was
stirred at room temperature. for 3.5 h then coevaporated with
toluene. Then the residue was diluted with CH,Cl, (100 mL) and
washed successively with HCl (1M), sat. aq. NaHCO; solution,
H,O and dried with NaSO,. The crude product was purified by
column chromatography (petroleum ether— ethyl acetate, 6:4 v/v)
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to give the title compound 13 as a white foam (240 mg, 66%); [a]p
—42 (¢ 0.52 in CHCL;); "H NMR (300 MHz, CDCl;): 6 8.27 (1H,
d,J 2.4 Hz, H-Ar), 8.10 (1H, dd, J 9.3 Hz, J 2.4 Hz, H-Ar), 2.11,
2.13,2.28(OH, 3 x 5,3 x CH;C=0),3.82(3H, s, OMe), 4.37-4.56
(3H, m, H-4, H-5a, H-5b), 5.17 (1H, d, J5, 3.4 Hz, H-3), 7.65 (1H,
d, J 16 Hz, HC=CH), 7.25 (1H, d, J 9.3 Hz, H-Ar), 7.00-7.01
(3H, m, H-Ar), 6.36 (1H, d, J 16 Hz, HC=CH), 5.85 (1H, s, H-1),
5.44 (1H, d, J,5 1 Hz, H-2); ®*C NMR (75 MHz, CDCl;): § 170.1,
169.4, 168.7, 166.2 (3 x CH;C=0, C=0), 156.5-111.3 (C-Ar, 2 x
HC=CH), 104.0 (C-1), 82.98, 80.65, 77.4 (C-2, C-3, C-4), 62.9
(C-5), 55.9 (OMe), 29.7, 20.7, 20.6 (CH;C=0); m/z (ES) 630.1
[M + Na]*. HRMS calcd for C,,H,sNO,;CINa* 630.0990; found
630.0993.

2-Chloro-4-nitrophenyl 5-O-feruloyl-a-L-arabinofuranoside 7

Compound 13 (160 mg, 0.26 mmol) was dissolved in CH,Cl,—
MeOH (4 mL) (1:1, v:v). The reaction was ice-cooled and K,CO;
(75 mg, 0.54 mmol) was added to the mixture. The reaction was
allowed to warm up to room temperature. After 6.5 h the reaction
was complete and neutralized with silica. The crude product was
purified by two flash columns chromatography (hexane-acetone,
8:2—7:3 v/v) and (CH,Cl,-MeOH, 98:2 v/v) to give the title
compound 7 as a yellowish solid (80 mg, 64%); [a], —55 (¢ 1.2
in MeOH); 'H NMR (300 MHz, CD;0D): §), 8.23 (1H, d, J 2.9,
H-Ar), 8.1 (1H, dd, J 9.3 Hz, J 2.9 Hz, H-Ar), 7.70 (1H, d, J
16 Hz, HC=CH), 7.36 (1H, d, J 9.3, H-Ar), 7.11 (1H, d, J 2 Hz,
H-Ar), 6.99 (1H, dd, J 2 Hz, J' 8 Hz, H-Ar), 6.75 (1H, d, J 8 Hz,
H-Ar), 6.32 (1H, d, J 16 Hz, HC=CH), 5.72 (1H, d, J,, 1.3 Hz,
H-1), 4.43-4.03 (5 H, m, H-2, H-3, H-4, H-5a, H-5b), 3.83 (3H, s,
OMe); "CNMR (75 MHz, CD;0D): 6 169.1 (C=0), 159.2-108.9
(C-1, C-Ar, HC=CH), 84.3, 84.0, 79.0 (C-2, C-3, C-4), 64.9 (C-
5), 56.7 (OMe); m/z (ES) 504.08 [M + Na]*. HRMS calcd for
C, H,NO,,CINa* 504.0673; found 504.0674.
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To create organic molecules that are highly fluorescent at a longer wavelength region, we investigated
the synthesis (using Pd-catalyzed cross-coupling) and photophysical properties (@, Ao, T, Aans> and &) of
the following © conjugated molecular rods consisting of p-phenyleneethynylene units modified by donor
(OMe) and/or acceptor (CN) groups: (1) side-donor modification systems (SD systems), (2)
side-acceptor modification systems (SA systems), and (3) systems consisting of a donor block and an
acceptor block (BL systems). As a consequence, very high @, values (>0.95) were obtained for BL
systems. Bathochromic shifts of A, for the same © conjugation length were largest for BL systems. Thus
we succeeded in creating highly efficient light emitters at a longer wavelength region by block
modification (e.g., @; = 0.97, 4., = 464 nm for BL-9). Considerably intense solid emission (@; ~ 0.5) at
a longer wavelength region (500-560 nm) was also found for BL systems. It has been found that BL-6

and BL-8 exhibit interesting two photon absorption characteristics.

Introduction

Recent progress in biological,' chemical,> and materials® science
utilizing organic fluorescent materials has resulted in a great need
for highly efficient fluorophores. However, general concepts or
methods for the creation of highly fluorescent materials at the
desired wavelength regions have not yet been established, even
though various attempts at achieving this goal have been made.*
Thus the development of methods for the creation of highly fluo-
rescent materials should be an urgent and significant subject. For
this purpose we considered © conjugated molecular rods consisting
of p-phenyleneethynylene units, because a marked increase in
both the emission efficiency and emission wavelength should be
expected by side modification with appropriate groups. Here, we

DDD D D
(1) SD systems

A A A A A
(2) SA systems

DDA A A
(3) BL systems

S : side, D : donor group, A : acceptor group
I : ~-conjugated molecular rod

Chart 1
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to donor units (1-3 and 9-11) and acceptor units (4, 5, and 13), UV-vis
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report the synthesis and fluorescence emission characteristics of
the following rod-shaped & conjugated carbon frameworks mod-
ified by donor and acceptor groups: (1) side-donor modification
systems (SD systems),’ (2) side-acceptor modification systems (SA
systems),* and (3) side-donor and acceptor modification systems
of block type (BL systems),® which are outlined in Chart 1.

Results and discussion

Molecular design and synthesis

With regard to the n-conjugated backbone of SD, SA, and BL
systems, we considered oligophenyleneethynylenes that contain
two to six benzene rings respectively, as shown in Fig. 1. As
for the side modification groups, a methoxy (MeO) group was
selected as an electron donating group, and a cyano (CN) group
as an electron withdrawing group, because of their stability to the
various synthetic processes employed and the photostability of the
final products.

The synthesis of the oligophenyleneethynylenes was carried out
by repeating the Sonogashira cross-coupling reaction,” in which
the reactivity difference between iodine and bromine on the same
benzene ring is key to obtaining the desired arrangement of the
donor and acceptor units. The combination of Pd(PPh;),Cl, and
Cul in Et;N-THF was appropriate as the catalytic system for
synthesis of the SD, SA, and BL systems.

The synthesis of SD systems is shown in Scheme 1. Firstly,
five kinds of donor units (1-5) were prepared. SD-1 and SD-
2, containing two and three benzene rings, were synthesized by
the cross-coupling of 2-iodoanisole with donor units 2 and 4,
respectively. SD-3, containing four benzene rings, was obtained
in good yields by the same procedure using 5 as a donor unit.
Donor unit 5 was reacted at the more reactive iodo-substituted
position of 5-bromo-2-iodoanisole to give 6, followed by a second
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BL-7:n=2(I=2,m=1), BL8:n=3(I=2,m=2), BL-9:n=4(I=2, m=3)

* m: Total number of substituted phenyleneethynylene units
{rn=(f + m) -1 for the block modification system)

Fig. 1 Structures of side-donor- and/or acceptor-modified phenyleneethynylene molecular rods.
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Scheme 1 Synthesis of SD systems.

cross-coupling with donor units 1 and 3 at the remaining bromo-
substituted position, providing SD-4 and SD-5, respectively.

The synthesis of SA systems is shown in Scheme 2. SA-1, con-
taining two benzene rings, was synthesized by the cross-coupling
of acceptor unit 7 with 3-bromobenzonitrile. Synthesis of SA-2,
containing three benzene rings, was realized by the cross-coupling
of acceptor unit 9 with 2-bromobenzonitrile. Acceptor unit 9
was first reacted at the more reactive iodo-substituted position
of 5-bromo-2-iodobenzonitrile to give 10, followed by a second
cross-coupling with acceptor unit 7 at the remaining bromo-
substituted position, providing SA-3. The bromo-derivative 10
was converted into the new acceptor unit 11 by cross-coupling
with trimethylsilylacetylene, followed by alkaline hydrolysis. Then
11 was coupled at the more reactive iodo-substituted position
of 5-bromo-2-iodobenzonitrile to give 12, followed by a second
cross-coupling with acceptor units 7 and 8 at the remaining bromo-
substituted position, providing SA-4 and SA-5, respectively.

Block modification systems (BL-1-BL-9) were synthesized by
way of (1) preparation of donor units (1, 3, and 13), (2) preparation
of acceptor units (7 and 8), and (3) cross-coupling between
donor units and acceptor units, utilizing the reactivity difference
between aryl iodides and aryl bromides as shown in Scheme 3.
BL-1 and BL-2, containing two and three benzene rings, were
synthesized by the cross-coupling of acceptor units 7 and 8
with 2-iodoanisole, respectively. BL-4 and BL-7, containing three
and four benzene rings, were synthesized by the cross-coupling
of 2-bromobenzonitrile with donor units 3 and 13, respectively.
Donor units 1, 3, and 13 were reacted at the more reactive iodo-
substituted position of 5-bromo-2-iodobenzonitrile to give 14, 15,
and 16, followed by a second cross-coupling with acceptor units
7 and 8 at the remaining bromo-substituted position, providing
BL-3, BL-5, BL-6, BL-8, and BL-9, respectively.

The structures of SD, SA, and BL systems were confirmed by
spectral data ("H and *C NMR spectroscopy and HR-FAB MS).?
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Photophysical properties

The photophysical properties of SD, SA, and BL systems and the
parent systems (PR)® are summarized in Table 1. So far we have
reported* the fluorescence quantum yield values using quinine
sulfate as the fluorescence standard and the lifetime () values
obtained from the absorption spectra (¢). Strictly speaking, the
emission characteristics should be discussed on the basis of the
absolute quantum yield (&;) values and the directly measured
lifetime () values, which are shown in Table 1.

Measurement of 7 values was made for the efficiently fluorescent
compounds (n: 2-4, @; > ca. 0.9) in each system. This is because
our particular attention is focused on the emission characteristics
of highly efficient fluorophores at longer wavelength regions. From
7 values and @, values in Table 1, it is shown that the emission is
typical fluorescence, and the intersystem crossing (ISC) to the
triplet state is negligible for the compounds (n >2). It is worth
noting that the emission characteristics, in particular the quantum
yield of SD, SA, BL and PR, change strikingly between the
n = 0 and n = 1 systems, suggesting that diphenylacetylenes
(n = 0) have different m systems from oligophenyleneethynylenes
(n >1) with respect to emission characteristics. A similar phe-
nomenon is observed for trans-stilbene (&, 0.04, n = 0) and p-
distyrylbenzene (®@; 0.87, n = 1) by Saltiel et al.*® and Sandros
et al" Interestingly, while @, values essentially increase with
the m conjugation length of the parent systems, donor/acceptor
modification also effectively increases the @, values. Thus very high
@, values (>0.95) are observed for donor/acceptor modification

systems such as SD-4 (n = 3), SD-5 (n = 4), SA-5 (n =
4), BL-3 (n = 2), BL-7 (n = 2), BL-8 (n = 3), and BL-9
(n=4).

Although the parent systems (PR-1-PR-4) only emit in the UV
region, this problem was overcome by donor and/or acceptor
modification. Among them, the block modification was most
effective for the bathochromic shift of the fluorescence maximum
(4em) for the same © conjugation length (for example, in the case
of n = 2: BL-5 (434 nm) > BL-3 (419 nm) > BL-7 (407 nm) >
SD-3 (397 nm) > PR-3 (389 nm) > SA-3 (388 nm)). Thus we
succeeded in the creation of highly efficient light-emitters in a
longer wavelength region, by the block modification of the longer
n conjugated backbones (e.g., &; = 0.97, A, = 464 nm for BL-
9 (n =4) and &; = 0.94, 1., = 455 nm for BL-6 (n = 3), see
Fig. 2). The superiority in emission wavelength of BL-9 and BL-
6 over others can be explained by the smallest HOMO-LUMO
gap (Table 2) and the biggest Stokes shift (Table 1). It should be
noted that BL-9 and BL-6 have such high &; values (close to unity)
despite having possible decreases in @; values due to the twisted
intramolecular charge transfer (TICT), which is well known for
donor/acceptor-substituted m conjugated systems.'?

We examined the solvent effect on the photophysical properties
of BL-6 and BL-8. The results are summarized in Table 3. It is
noted that an increase in solvent polarity does not appreciably af-
fect A, but considerably affects /.., (increases) and @ (decreases)
for BL-6 and BL-8.

Interestingly 4., for BL systems in the solid state was remarkably
shifted to longer wavelengths. On the other hand, the @, value

Table 1 The photophysical properties of SD, SA, and BL systems and the parent systems (PR) in chloroform*
Compound n [P /18 Aem/TIM loge Aabs/TIM Stokes shift/nm
SD-1 0 0.23 331 4.31 311 20
SD-2 1 0.83 371 4.65 344 27
SD-3 2 0.94 4.14 397 4.75 360 37
SD-4 3 0.96 5.43 412 4.95 371 41
SD-5 4 0.97 4.55 420 5.13 380 40
SA-1 0 0.35 328 4.32 317 11
SA-2 1 0.83 363 4.69 339 24
SA-3 2 0.88 5.70 388 4.89 354 34
SA-4 3 0.90 4.59 402 4.94 371 31
SA-5 4 0.95 6.17 410 5.14 373 37
BL-1 0 0.44 374 4.40 326 47
BL-2 1 0.86 403 4.61 358 45
BL-3 2 0.95 493 419 4.87 370 49
BL-4 1 0.84 392 4.66 352 40
BL-5 2 0.93 5.36 434 4.81 380 54
BL-6 3 0.94 5.02 455 4.92 386 69
BL-7 2 0.95 4.73 407 4.90 365 42
BL-8 3 0.95 5.51 443 4.96 387 56
BL-9 4 0.97 5.31 464 4.99 392 72
PR-1 0 0.01 320 4.41 299 21
PR-2 1 0.83 348 4.59 328 20
PR-3 2 0.87 6.01 389 4.77 343 46
PR-4 3 0.93 6.29 389 5.13 354 35

@ All spectra were measured at 295 K. * Absolute quantum yield (&;) values were determined with a Hamamatsu C9920-01 calibrated integrating sphere

system. ¢ Parent systems (PR):

==y

PR1:n=0, PR-3:n=2
PR-2:n=1, PR4:n=3
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Table2 HOMO-LUMO gaps of BL systems calculated by the DFT method

Calcd (DFT and TD-DFT)

Compound n HOMO/eV LUMO/eV HOMO-LUMO gap/eV
BL-1 0 —6.79 —0.75 6.04
BL-2 1 —6.73 —1.44 5.30
BL-3 2 —6.72 —1.80 4.92
BL-4 1 —6.36 —0.98 5.38
BL-5 2 —6.37 —1.49 4.88
BL-6 3 —6.37 —1.81 4.56
BL-7 2 —6.17 —1.09 5.08
BL-8 3 —6.18 —1.51 4.67
BL-9 4 —6.19 —1.80 4.38

“ Functional: BHandHLYP. Basis set: cc-pVDZ.

Absorbance

Fluorescence Intensity (a. u.}

Wavelength (nm)

Fig. 2 Absorption (left) and fluorescence (right) spectra of BL-6 (grey)
and BL-9 (black) in chloroform.

Table 3 Effect of solvent on absorption and fluorescence spectra of BL-6
and BL-8*

Compound Solvent (oA Aem/ DM loge Aaps/TIM

BL-6 Benzene 0.99 437 4.86 388
THF 0.88 459 4.90 383
CH;CN 0.67 482 491 375
DMF 0.61 493 4.85 379

BL-8 Benzene 0.99 432 4.89 387
THF 0.95 446 492 385
CH,CN 0.83 464 491 384
DMF 0.72 468 4.85 379

@ All spectra were measured at 295 K. ® For examination of solvent effect
on quantum yield, we calculated the quantum yield relative to quinine
(@;=0.551in 0.1 M H,SO,)

tends to decrease compared with that for systems in solution.
However, it is noted that BL-3, BL-4, BL-6 and BL-8 are still
intense (&, >0.5) fluorophores even in the solid state (Table 4).
The design and synthesis of highly emissive organic materials
that can fluoresce even in the solid state is a fundamental and
important requirement for various optoelectronic applications,
such as two photon absorption (TPA), two photon fluorescence,
blue-emitting electroluminescence, and organic thin film transistor
(TFT).” In particular, with respect to the TPA of © conjugated
molecular rods consisting of p-phenyleneethynylene units, only
a few papers appear in the literature’ in contrast with that of

Table 4 The photophysical properties of BL systems in chloroform
solution and in the solid state®

Compound (o1 Jem/IM Alem/M ©

BL-1 CHCl, 0.44 374 4
Solid 0.02 378

BL-2 CHCl, 0.86 403 74
Solid 0.02 477

BL-3 CHCl, 0.95 419 30
Solid 0.51 499

BL-4 CHCl, 0.84 392 123
Solid 0.49 515

BL-5 CHCl, 0.93 434 93
Solid 0.16 527

BL-6 CHCl, 0.94 455 107
Solid 0.48 562

BL-7 CHCl, 0.95 407 105
Solid 0.33 512

BL-8 CHCl, 0.95 443 89
Solid 0.46 532

BL-9 CHCl, 0.97 464 121
Solid 0.11 585

« All spectra were measured at 295 K. * Absolute quantum yield (®;) values
were determined with a Hamamatsu C9920-01 calibrated integrating
sphere system. ¢ Al,,/nm = 4, (Solid) — 4., (CHCL).

p-phenylenevinylene units.”* Thus we have investigated the TPA
for BL-6 and BL-8.

Asshown in Fig. 3, we have found that BL-6 and BL-8 exhibit an
interesting two photon absorption. The real TPA maximum peak
for BL-6 and BL-8 appeared at 760 nm (13 157 cm™") with values

1600

1200

c/GM
8
B -

400 L AL
i I"E'I---I ------ I
0 I I 1
720 740 760 780 800 820

Wavelength (nm)

Fig. 3 Two photon absorption spectra of BL-6 (squares) and BL-8
(triangles) in pyridine (7 mM).
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of 1108 + 222 GM and 357 £ 71 GM respectively. The effective
@ values obtained herein are clearly large compared with those of
other donor/acceptor © conjugated systems (1.3-116 GM)* and
meso-tetraphenylporphyrin (H,TPP) (29 GM)" obtained by using
the same nanosecond pulses. Therefore, BL systems could also be
valuable for wavelength convertors.

Conclusions

In conclusion, we synthesized many novel © conjugated molecular
rods modified by donor and/or acceptor groups (SD-1-SD-5, SA-
1-SA-5, and BL-1-BL-9) by devising reaction conditions, and
disclosed their fluorescence emission characteristics in solution
and in solid form. Consequently, it has been demonstrated that
the block modification is most effective for the enhancement of
fluorescence emission characteristics (increases in @, and the
bathochromic shift of /.,) of rod-shaped m conjugated carbon
frameworks. Considerably intense emissions (@, ~ 0.5) in a longer
wavelength region (500-560 nm) were observed from solids. It
is worth noting that very interesting two photon absorption
characteristics have been found for BL systems.

Experimental
General

UV-vis absorption spectra and fluorescence spectra measure-
ments in spectral grade solvents were performed with a Shimadzu
UV-3100PC spectrometer and a Hitachi F-4500 spectrometer,
respectively. Absolute quantum yields (@) were determined by
the Hamamatsu C9920-01 calibrated integrating sphere system.
Time-resolved fluorescence spectra were measured by a Photon
Technology International GL-3300 with a Photon Technology
International GL-302 and a nitrogen laser—pumped dye laser
system equipped with a four-channel digital delay—pulse generator
(Stanford Research Systems Inc. DG535) and a motor driver
(Photon Technology International MD-5020). The excitation
wavelength was 337 nm from a nitrogen laser without laser dye.
The fluorescence lifetimes t were fitted by a single-exponential
curve using a microcomputer. 10-Methylacridinium perchlorate,
newly prepared, was used to check the reliability of the measured
7 value.® To avoid oxygen quenching, the bubbling of argon
in the solution and/or the freeze-pump-thaw were performed
immediately before the measurement of @; and 7. The effective
TPA cross sections ¢ of 7.0 mM solutions of BL-6 and BL-8
in pyridine were determined by single-beam, open-aperture Z-
scan measurements, conducted by using an optical parametric
oscillator (Continuum Surelight OPO) pumped with a Q-switched
Nd:YAG laser (Continuum Surelight I-10), frequency tripled
(2 =355 nm) from the fundamental wavelength of 1064 nm to give
5 ns pulses (FWHM) with a repetition rate of 10 Hz. The laser
intensities were attenuated with a filter to give a peak power of 24
GW cm~2. The laser beam was focused by using a plano-convex
lens with a focal length of 100 nm. The samples were placed in a
2 mm quartz cuvette and scanned at a range of 60 mm around the
focal point. '"H and »C NMR spectra were recorded on a Varian
Mercury 300 spectrometer in CDCI; (300 MHz for 'H, 75 MHz for
13C). The method for the determination of the molecular formula
from a HR MS spectrum is described in the literature.” Needless

to say, our HR MS data are based on the results obtained by the
analysis of molecular ion peaks observed in the LR MS spectra.
Thin layer chromatography (TLC) was performed on aluminium
plates precoated with 0.25 mm thick silica-gel 60 F,5, (Merck).
Column chromatography was performed using silica gel (PSQ
100B, Fuji Silysia).

Synthetic procedures

General procedure for the Sonogashira cross-coupling reaction.
A Schlenk flask charged with the halogen-derivative (1.0 equiv.),
Pd(Ph;P),Cl, (0.1 equiv.) and Cul (0.05 equiv.) was evacuated and
back-filled with Ar three times. Then dry Et;N and THF (2 : 1,
v/v) was added to the flask. The mixture was stirred under an
Ar atmosphere at ambient temperature, then a solution of the
acetylene-derivative (1.2 equiv.) in dry THF was added slowly. The
reaction mixtures were stirred or refluxed under an Ar atmosphere.
The reaction was monitored by TLC. After the reaction was
complete, the solvent was removed by rotary evaporation, and the
crude product was purified by column chromatography followed
by recrystallization.

2-Methoxy-1-[(3-methoxyphenyl)-ethynyl]-benzene (SD-1). By
the general procedure the reaction of 2 (243 mg, 1.84 mmol)
with 2-iodoanisole (358 mg, 1.53 mmol) was completed after
0.5 h at ambient temperature. The crude product was purified
by column chromatography (hexane-benzene, 2 : 1) followed by
recrystallization from hexane to provide SD-1 (335 mg, 92%) as
colorless crystals. M.p. 39-40 °C. '"H NMR (300 MHz, CDCl,):
0 3.82 (s, 3H), 3.92 (s, 3H), 6.88 (ddd, J = 1.2, 2.7, 7.8 Hz, 1H),
6.90 (dd, J =1.2,8.1 Hz, 1H), 6.95(dd, J = 1.5, 7.5 Hz, 1H), 7.09
(dd, J = 1.5, 2.4 Hz, 1H), 7.16 (ddd, J = 2.4, 2.7, 7.8 Hz, 1H),
7.23(d,J =8.4Hz, 1H),7.31 (ddd, J = 1.8, 7.2, 8.4 Hz, 1H), 7.50
(dd, J = 1.8, 7.5 Hz, IH). *C NMR (75.4 MHz, CDCl;): 6 55.26,
55.80, 85.48,93.30, 110.63, 114.84, 114.84, 116.23, 120.44, 124.24,
124.47, 129.24, 129.78, 133.56, 159.21, 159.87. HR MS (FAB,
positive ion mode) caled for C(H,,0, 238.0994, found 238.0988.

2-Methoxy-4- [(2-methoxyphenyl)-ethynyl]-1- [(3-methoxyphe-
nyl)ethynyl]-benzene (SD-2). By the general procedure the re-
action of 4 (245 mg, 0.93 mmol) with 2-iodoanisole (183 mg,
0.78 mmol) was completed after 1 h at ambient temperature. The
crude product was purified by column chromatography (hexane—
benzene, 1 : 1) to provide SD-2 (258 mg, 90%) as a yellow oil. 'H
NMR (300 MHz, CDCl;): 0 3.82 (s, 3H), 3.93 (s, 3H), 3.94 (s, 3H),
6.89 (dd, J =1.2,2.7, 8.1 Hz, 1H), 6.91 (d, J = 8.7 Hz, 1H), 6.95
(ddd, J = 1.2, 7.2, 7.2 Hz, 1H), 7.09 (m, 2H), 7.16 (ddd, J = 1.5,
2.4,7.2 Hz, 2H), 7.25 (dd, J = 7.5, 7.8 Hz, 1H), 7.33 (ddd, J =
1.8,7.5,8.4 Hz, 1H), 7.46 (d, J = 8.1 Hz, 1H), 7.51 (dd, J = 1.5,
7.5 Hz, 1H). "C NMR (75.4 MHz, CDCl;): § 55.28, 55.82, 55.94,
85.39, 87.39, 93.21, 94.85, 110.65, 112.03, 112.47, 113.58, 115.02,
116.24, 120.51, 124.09, 124.26, 124.31, 124.69, 129.30, 130.05,
133.27, 133.60, 159.25, 159.51, 159.92. HR MS (FAB, positive
ion mode) caled for C,sH,,O;5 368.1412, found 368.1421.

2-Methoxy-4- [[2-methoxy-4- [(2-methoxyphenyl)-ethynyl]-phe-
nyl]-ethynyl]-1-[(3-methoxyphenyl)-ethynyl]-benzene (SD-3). By
the general procedure the reaction of 5 (478 mg, 1.22 mmol) with
2-iodoanisole (236 mg, 1.01 mmol) was completed after 1 h at
ambient temperature. The crude product was purified by column
chromatography (hexane-benzene, 1 : 2) followed by recrystalliza-
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tion from hexane—benzene to provide SD-3 (455 mg, 90%) as pale
yellow crystals. M.p. 151-152 °C. "H NMR (300 MHz, CDCl;):
0 3.83 (s, 3H), 3.94 (s, 3H), 3.95 (s, 3H), 3.96 (s, 3H), 6.89 (ddd,
J =12,27, 8.1 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 6.96 (ddd,
J=12,75,75Hz 1H),7.08 (d, J = 1.5 Hz, 1H), 7.09 (d, J =
1.5Hz,2H), 7.16 (dd, J = 1.5,8.1 Hz, 1H), 7.16 (ddd, J = 1.5, 1.5,
7.8 Hz, 1H), 7.26 (dd, J = 7.8, 7.8 Hz, 2H), 7.34 (ddd, J = 1.8, 7.5,
8.1 Hz, 1H), 7.46 (d, J = 8.1 Hz, 2H), 7.51 (dd, J = 1.8, 7.5 Hz,
1H). *C NMR (75.4 MHz, CDCl;): 6 55.29, 55.83, 55.96, 55.96,
85.37, 87.28, 87.61, 93.15, 94.74, 94.98, 110.65, 111.98, 112.17,
112.66, 113.55, 114.19, 115.05, 116.24, 120.52, 124.09, 124.13,
124.28, 124.47, 124.98, 129.31, 130.11, 133.30, 133.45, 133.61,
133.61, 159.25, 159.51, 159.51, 159.93. HR MS (FAB, positive
ion mode) calcd for C;,H,,0, 498.1831, found 498.1826.

2-Methoxy-4-[|2-methoxy-4-|[2-methoxy-4-|(2-methoxyphenyl)-
ethynyl]- phenyl]-ethynyl]- phenyl]-ethynyl]-1- [(3-methoxyphenyl)-
ethynyl]-benzene (SD-4). The reaction of 5 (825 mg, 2.10 mmol)
with 5-bromo-2-iodoanisole (543 mg, 1.74 mmol) for 1 h at
ambient temperature provided bromide 6 (711 mg, 1.23 mmol,
71%). By the general procedure the reaction of 1 (65 mg, 0.49
mmol) with the obtained bromide 6 (237 mg, 0.41 mmol) was
completed after 12 h under reflux. The crude product was
purified by column chromatography (benzene) followed by
recrystallization from benzene to provide SD-4 (128 mg, 50%) as
yellow crystals. M.p. 212-213 °C. '"H NMR (300 MHz, CDCl;):
0 3.83 (s, 3H), 3.94 (s, 3H), 3.95 (s, 3H), 3.96 (s, 6H), 6.89 (ddd,
J=12,24,78 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 6.96 (ddd,
J=12,78,78 Hz, 1H), 7.08 (d, J/ = 1.5 Hz, 1H), 7.09 (d, J =
1.5 Hz, 1H), 7.10 (d, J = 1.8 Hz, 2H), 7.16 (dd, J = 1.5, 7.8 Hz,
1H), 7.15-7.19 (m, 3H), 7.26 (dd, J = 7.8, 7.8 Hz, 1H), 7.34
(ddd, J = 1.8, 7.8, 8.4 Hz, 1H), 7.46 (d, J = 7.8 Hz, 2H), 7.47
(d, J = 7.8 Hz, 1H), 7.51 (dd, J = 1.8, 7.8 Hz, 1H). "C NMR
(75.4 MHz, CDCl;): § 55.30, 55.84, 55.98, 55.98, 55.98, 85.37,
87.26, 87.51, 87.66, 93.15, 94.68, 94.87, 95.00, 110.66, 111.98,
112.12, 112.36, 112.69, 113.56, 113.56, 113.56, 115.07, 116.26,
120.53, 124.11, 124.15, 124.15, 124.28, 124.28, 124.46, 124.78,
125.05, 129.31, 130.13, 133.32, 133.32, 133.62, 133.62, 159.26,
159.54, 159.54, 159.54, 159.94. HR MS (FAB, positive ion mode)
caled for C,;H3,O5 628.2250, found 628.2246.

2-Methoxy-4-[[2-methoxy-4-[[2-methoxy-4- [[2-methoxy-4-[(2-
methoxyphenyl)- ethynyl]-phenyl]- ethynyl]-phenyl]- ethynyl]-phe-
nyl]-ethynyl]-1-[(3-methoxyphenyl)-ethynyl]-benzene (SD-5). By
the general procedure the reaction of 3 (210 mg, 0.80 mmol)
with bromide 6 (386 mg, 0.67 mmol) was completed after 12 h
(reflux). The crude product was purified by column chromatog-
raphy (benzene-EtOAc, 9 : 1) followed by recrystallization from
benzene—chloroform to provide SD-5 (152 mg, 30%) as yellow
crystals. M.p. 257-258 °C. '"H NMR (300 MHz, CDCl,): § 3.83
(s, 3H), 3.94 (s, 3H), 3.95 (s, 3H), 3.96 (s, 9H), 6.90 (ddd, J = 1.2,
2.7, 8.1 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 6.96 (ddd, J = 1.2,
7.8,7.8 Hz, 1H), 7.08 (d, / = 1.2 Hz, 1H), 7.10 (bs, 4H), 7.16 (dd,
J=1.2,7.8 Hz, 1H), 7.15-7.20 (m, 4H), 7.26 (dd, / = 7.8, 7.8 Hz,
1H), 7.34 (ddd, J = 2.1, 7.8, 8.4 Hz, 1H), 7.46 (d, / = 8.1 Hz, 1H),
7.47(d, J =7.8 Hz, 2H), 7.51 (dd, J = 1.5, 7.5 Hz, 1H), 7.55 (dd,
J =2.1,5.7 Hz, 1H). HR MS (FAB, positive ion mode) calcd for
C5,H5; 04 758.2668, found 758.2676.

2-|(3-Cyanophenyl)-ethynyl]-benzonitrile (SA-1). By the gen-
eral procedure the reaction of 7 (219 mg, 1.72 mmol) with 3-
bromobenzonitrile (260 mg, 1.43 mmol) was completed after
12 h under reflux. The crude product was purified by column
chromatography (benzene) followed by recrystallization from
hexane-benzene to provide SA-1 (261 mg, 80%) as colorless
crystals. M.p. 117-118 °C. '"H NMR (300 MHz, CDCl;): § 7.50
(ddd, J =1.5,6.9,7.5Hz, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.62 (dd,
J =1.2,7.5 Hz, 1H), 7.65 (s, 1H), 7.67 (m, 1H), 7.73 (bd, J =
7.5 Hz, 1H), 7.84 (ddd, J = 1.5, 1.5, 7.8 Hz, 1H), 7.88 (m, 1H).
BC NMR (75.4 MHz, CDCl;): 6 87.61, 93.02, 113.04, 117.30,
117.82, 123.63, 126.14, 129.01, 129.44, 132.25, 132.33, 132.53,
132.74, 133.68, 135.07, 136.04. HR MS (FAB, positive ion mode)
caled for C,sHgN, 228.0687, found 228.0665.

5-[(2-Cyanophenyl)-ethynyl]-2-[(3-cyanophenyl)-ethynyl]-benzo-
nitrile (SA-2). By the general procedure the reaction of 9
(359 mg, 1.42 mmol) with 2-bromobenzonitrile (215 mg, 1.18
mmol) was completed after 12 h (reflux). The crude product
was purified by column chromatography (benzene) followed by
recrystallization from benzene to provide SA-2 (335 mg, 80%)
as colorless crystals. M.p. 196-197 °C. '"H NMR (300 MHz,
CDCl;): 6 7.50 (ddd, J = 1.5, 6.9, 7.8 Hz, 1H), 7.53 (dd, J = 7.8,
7.8 Hz, 1H), 7.62 (dd, J = 1.2, 7.8 Hz, 1H), 7.65 (s, 1H), 7.67 (s,
1H), 7.69 (ddd, J = 1.5, 1.5, 8.1 Hz, 1H), 7.73 (bd, J = 8.1 Hz,
1H), 7.83 (dd, J = 1.8, 8.4 Hz, 1H), 7.84 (m, 1H), 7.88 (ddd,
J =1.5,1.5,8.4 Hz, 1H), 7.92 (bd, J = 1.5 Hz, 1H). *C NMR
(75.4 MHz, CDCl,): ¢ 87.40, 89.51, 92.73, 95.20, 113.15, 115.62,
116.09, 116.41, 117.25, 117.75, 123.32, 123.37, 125.90, 126.22,
129.25, 129.52, 132.29, 132.36, 132.59, 132.59, 132.80, 135.15,
135.60, 135.64, 136.11. HR MS (FAB, positive ion mode) caled
for C,sH, N5 353.0953, found 353.0942.

5-[[2-Cyano-4- [(2-cyanophenyl)-ethynyl|-phenyl]-ethynyl]-2- [(3-
cyanophenyl)-ethynyl]-benzonitrile (SA-3). The reaction of 9
(820 mg, 3.25 mmol) with 5-bromo-2-iodobenzonitrile (832 mg,
2.40 mmol) for 1 h at ambient temperature provided bromide 10
(933 mg, 2.16 mmol, 80%). By the general procedure described
the reaction of 7 (83 mg, 0.65 mmol) with bromide 10 (233 mg,
0.54 mmol) was completed after 12 h (reflux). The crude product
was purified by column chromatography (benzene) followed
by recrystallization from benzene-chloroform to provide SA-3
(233 mg, 90%)) as pale yellow crystals. M.p. 284-285 °C. '"H NMR
(300 MHz, CDCl;):6 7.50 (ddd, J = 1.5, 6.3, 7.2 Hz, 1H), 7.53 (dd,
J=1.5,7.5Hz, 1H), 7.61 (dd, J = 1.5, 7.8 Hz, 1H), 7.66 (m, 2H),
7.68 (m, 1H), 7.69 (ddd, J = 1.5, 1.5, 7.2 Hz, 1H), 7.73 (bd, J =
7.5Hz, 1H), 7.83 (dd, J = 1.5, 8.4 Hz, 2H), 7.88 (ddd, J = 1.5, 1.5,
8.4 Hz, 1H), 7.90 (bs, 1H), 7.92 (bd, J = 1.5 Hz, 2H). *C NMR
(75.4 MHz, CDCl;): ¢ 87.38, 89.28, 89.71, 92.69, 94.88, 95.43,
113.17, 115.65, 116.14, 116.37, 117.24, 117.74, 123.01, 123.34,
123.58, 125.86, 125.93, 126.51, 129.29, 129.52, 132.29, 132.39,
132.42, 132.59, 132.59, 132.63, 132.81, 135.16, 135.63, 135.63,
135.68, 135.68, 135.68, 136.13. HR MS (FAB, positive ion mode)
caled for C;,H 4N, 478.1219, found 478.1224.

5-[[2-Cyano-4-||2-cyano-4-[(2-cyanophenyl)-ethynyl]-phenyl]-
ethynyl]-phenyl]-ethynyl]-2-[(3-cyanophenyl)-ethynyl]-benzonitrile
(SA-4). The reaction of trimethylsilylacetylene (191 mg, 1.94
mmol) with bromide 10 (700 mg, 1.62 mmol) for 12 h under
reflux, followed by alkaline hydrolysis (2 M aq. KOH 2 ml,
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MeOH 3 ml, CHCl; 5 ml) for 1 h at ambient temperature
provided 11 (460 mg, 1.22 mmol, 75%). The reaction of 11 with
5-bromo-2-iodobenzonitrile (314 mg, 1.02 mmol) for 1 h at
ambient temperature provided bromide 12 (457 mg, 0.82 mmol,
80%). By the general procedure described the reaction of 7 (70 mg,
0.55 mmol) with bromide 12 (256 mg, 0.46 mmol) was completed
after 12 h (reflux). The crude product was purified by column
chromatography (chloroform) followed by recrystallization from
chloroform to provide SA-4 (110 mg, 40%) as yellow crystals. M.p.
>300 °C. '"H NMR (300 MHz, CDCl;): ¢ 7.50 (ddd, J = 1.5,
6.3, 7.5 Hz, 1H), 7.53 (dd, J = 7.5, 7.5 Hz, 1H), 7.58-7.63 (m,
1H), 7.66 (bs, 2H), 7.68 (bs, 1H), 7.68 (ddd, J = 1.2, 1.5, 7.5 Hz,
1H), 7.74 (bd, J = 7.2 Hz, 1H), 7.78 (dd, J = 1.5, 7.5 Hz, 1H),
7.82-7.86 (m, 1H), 7.83 (dd, J = 1.2, 8.4 Hz, 2H), 7.89 (ddd, J =
1.2, 1.2, 8.4 Hz, 1H), 7.90 (bs, 1H), 7.93 (bs, 3H). HR MS (FAB,
positive ion mode) calcd for C,;;H,;N; 603.1484, found 603.1489.

5-[[2-Cyano-4-[|2-cyano-4-||2-cyano-4-|(2-cyanophenyl)-ethy-

nyl]-phenyl]-ethynyl]-phenyl]-ethynyl]-phenyl}-ethynyl]-2-[(3-cyano-
phenyl)-ethynyl]-benzonitrile (SA-5). By the general procedure
the reaction of 8 (87 mg, 0.35 mmol) with bromide 12 (162 mg,
0.29 mmol) was completed after 12 h (reflux). The crude product
was purified by column chromatography (chloroform) to provide
SA-5 (42 mg, 20%) as a yellow solid. M.p. >300 °C. 'H NMR
(300 MHz, CDCl,): ¢ 7.50 (ddd, J = 1.5, 6.9, 7.5 Hz, 1H), 7.53
(dd, J = 7.5, 7.5 Hz, 1H), 7.58-7.63 (m, 2H), 7.66 (bs, 2H), 7.68
(bs, 1H), 7.68 (ddd, J = 1.5, 1.5, 7.5 Hz, 1H), 7.75 (bd, J = 7.5 Hz,
1H), 7.78 (dd, J = 1.5, 7.5 Hz, 1H), 7.82-7.88 (m, 2H), 7.83 (dd,
J =1.5, 8.4 Hz, 2H), 7.89 (ddd, J = 1.2, 1.2, 8.4 Hz, 1H), 7.90
(bs, 1H), 7.93 (bs, 4H). HR MS (FAB, positive ion mode) calcd
for C5,H, N, 728.1749, found 728.1755.

2-[(2-Methoxyphenyl)-ethynyl]-benzonitrile (BL-1). By the
general procedure the reaction of 7 (261 mg, 2.05 mmol) with
2-iodoanisole (400 mg, 1.71 mmol) was completed after 0.5 h
at ambient temperature. The crude product was purified by
column chromatography (hexane-benzene, 2 : 1) followed by
recrystallization from EtOH to provide BL-1 (263 mg, 66%) as
colorless crystals. M.p. 82-83 °C. '"H NMR (300 MHz, CDCl;):
0 3.94 (s, 3H), 6.92 (d, / = 8.1 Hz, 1H), 6.97 (ddd, J = 1.5, 7.5,
7.5 Hz, 1H), 7.34 (dd, J = 1.8, 7.8 Hz, 1H), 7.38 (ddd, J = 1.5,
7.8, 7.8 Hz, 1H), 7.54 (dd, J = 1.5, 8.1 Hz, 1H), 7.58 (ddd, J =
1.8, 7.5, 7.5 Hz, 1H), 7.65 (ddd, J = 0.9, 1.5, 8.1 Hz, 1H), 7.67
(ddd, J = 0.9, 1.5, 7.8 Hz, 1H). "C NMR (75.4 MHz, CDCl,): ¢
55.83,89.51,92.63,110.73, 111.32, 115.15, 117.62, 120.52, 127.55,
127.95, 130.79, 132.11, 132.23, 132.62, 133.95, 160.32. HR MS
(FAB, positive ion mode) calcd for C,¢H;,NO 233.0841, found
233.0858.

5-[(2-Cyanophenyl)-ethynyl]-2-[(2-methoxyphenyl)-ethynyl]-ben-
zonitrile (BL-2). By the general procedure the reaction of 8
(433 mg, 1.72 mmol) with 2-iodoanisole (335 mg, 1.43 mmol) was
completed after 1 h at ambient temperature. The crude product
was purified by column chromatography (hexane-benzene, 1
: 1) followed by recrystallization from hexane-benzene (1 :
1) to provide BL-2 (322 mg, 63%) as colorless crystals. M.p.
168-169 °C. '"H NMR (300 MHz, CDCl,): 6 3.95 (s, 3H), 6.93 (d,
J =8.1 Hz, 1H), 6.98 (ddd, J = 1.2, 7.5, 7.5 Hz, 1H), 7.38 (ddd,
J =18,7.5, 7.5 Hz, 1H), 7.48 (ddd, J = 1.8, 7.2, 7.5 Hz, 1H),
7.59 (dd, J = 1.8, 7.5 Hz, 1H), 7.61 (ddd, J = 0.9, 7.5, 7.5 Hz,

1H), 7.65 (d, J = 8.1 Hz, 2H), 7.71 (ddd, J = 0.9, 1.8, 7.5 Hz,
1H), 7.77 (dd, J = 1.5, 8.1 Hz, 1H), 7.88 (d, J = 1.5 Hz, 1H). °C
NMR (75.4 MHz, CDCl,): & 55.82, 88.84, 89.49, 93.21, 95.22,
110.70, 110.77, 111.07, 115.66, 116.73, 117.31, 120.62, 122.09,
126.15, 127.87, 131.30, 131.80, 132.07, 133.21, 133.77, 134.56,
135.00, 136.38, 136.63, 160.49. HR MS (FAB, positive ion mode)
caled for CosH,4N,O 358.1106, found 358.1140.

5-[[2-Cyano-4- [(2-cyanophenyl)-ethynyl]-phenyl]-ethynyl]-2-[(2-
methoxyphenyl)-ethynyl]-benzonitrile (BL-3). The reaction of 1
(141 mg, 1.07 mmol) with 5-bromo-2-iodobenzonitrile (274 mg,
0.89 mmol) for 1 h at ambient temperature provided bromide
14 (256 mg, 0.82 mmol, 92%). By the general procedure the
reaction of 8 (227 mg, 0.90 mmol) with bromide 14 (234 mg, 0.75
mmol) was completed after 12 h under reflux. The crude product
was purified by column chromatography (benzene) followed by
recrystallization from benzene to provide BL-3 (153 mg, 42%)
as pale yellow crystals. M.p. 218-219 °C. '"H NMR (300 MHz,
CDCl): 6 3.95 (s, 3H), 6.94 (d, J = 8.1 Hz, 1H), 6.98 (ddd, J =
1.2,7.5,7.5 Hz, 1H), 7.30-7.38 (m, 1H), 7.38 (ddd, J = 1.8, 7.5,
7.8 Hz, 1H), 7.49 (ddd, J = 1.8, 7.5, 7.8 Hz, 1H), 7.59 (dd, J =
1.8, 7.5 Hz, 1H), 7.62-7.67 (m, 1H), 7.66 (d, J = 8.1 Hz, 2H),
7.72 (m, 1H), 7.78 (dd, J = 1.8, 7.8 Hz, 1H), 7.81 (dd, J = 1.8,
8.1 Hz, 1H), 7.89 (d, J = 1.2 Hz, 1H), 791 (d, J = 1.2 Hz,
1H). *C NMR (75.4 MHz, CDCl,): 6 55.82, 88.64, 89.50, 89.50,
92.76,95.38,95.50, 110.76, 111.03, 112.16, 115.72, 116.02, 116.44,
116.66, 117.24, 120.62, 121.75, 123.34, 125.90, 126.25, 128.15,
128.58, 130.27, 131.32, 131.79, 132.16, 133.29, 133.78, 134.62,
135.01, 136.10, 136.48, 136.68, 160.50. HR MS (FAB, positive
ion mode) caled for C;,H;;N;0 483.1372, found 483.1367.

2-[|2-Methoxy-4- [(2-methoxyphenyl)-ethynyl]-phenyl]-ethynyl]-
benzonitrile (BL-4). By the general procedure the reaction of
3 (500 mg, 1.91 mmol) with 2-bromobenzonitrile (290 mg, 1.59
mmol) was completed after 12 h (reflux). The crude product
was purified by column chromatography (hexane—benzene, 1 : 2)
followed by recrystallization from hexane-benzene to provide BL-
4 (365 mg, 63%) as yellow crystals. M.p. 109-110 °C. '"H NMR
(300 MHz, CDCl;): 0 3.94 (s, 3H), 3.97 (s, 3H), 6.92 (d, / = 8.1 Hz,
1H), 6.97 (ddd, J = 0.9, 7.5, 7.5 Hz, 1H), 7.10 (d, / = 1.5 Hz, 1H),
7.17(dd,J =1.5,8.1 Hz, 1H), 7.34 (ddd, J/ = 1.5, 7.5, 8.1 Hz, 1H),
7.40 (ddd, J = 1.2, 7.5, 7.5 Hz, 1H), 7.51 (dd, J = 1.8, 7.5 Hz,
1H), 7.54 (d, J = 8.1 Hz, 1H), 7.56 (ddd, J = 1.2, 7.5, 8.1 Hz,
1H), 7.65 (ddd, J = 0.9, 1.2, 6.0 Hz, 1H), 7.67 (ddd, J = 0.9, 1.5,
6.0 Hz, 1H). "C NMR (75.4 MHz, CDCl;): § 55.80, 55.97, 87.89,
90.91,92.41,93.12,110.58, 110.64, 111.43,111.93, 113.90, 115.18,
117.59, 120.53, 124.50, 125.75, 125.83, 127.41, 131.35, 132.66,
133.21, 133.60, 134.58, 159.91, 159.96. HR MS (FAB, positive
ion mode) caled for C,sH;;NO, 363.1259, found 363.1267.

5-[(2-Cyanophenyl)-ethynyl]-2- [[2-methoxy-4-[(2-methoxyphe-
nyl)-ethynyl]-phenyl]-ethynyl]-benzonitrile (BL-5). The reaction
of 3 (627 mg, 2.39 mmol) with 5-bromo-2-iodobenzonitrile
(613 mg, 1.99 mmol) for 1 h at ambient temperature provided
bromide 15 (871 mg, 1.97 mmol, 99%). By the general procedure
the reaction of 7 (153 mg, 1.20 mmol) with bromide 15 (442 mg,
1.00 mmol) was completed after 12 h (reflux). The crude product
was purified by column chromatography (hexane-benzene, 1 :
2) followed by recrystallization from benzene to provide BL-5
(210 mg, 43%) as deep yellow crystals. M.p. 186-187 °C. "H NMR
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(300 MHz, CDCl,): 6 3.94 (s, 3H), 3.97 (s, 3H), 6.92 (d, J = 7.8 Hz,
1H), 6.96 (ddd, J =1.2,7.5,7.5Hz, 1H), 7.10 (d, J = 1.2 Hz, 1H),
7.17(dd,J=1.2,7.8 Hz, 1H), 7.33 (ddd, / = 1.8, 7.8, 8.1 Hz, 1H),
7.47(ddd, J = 1.5,7.2, 7.5 Hz, 1H), 7.51 (dd, J = 1.2, 7.2 Hz, 1 H)
7.54(d,J =8.1Hz, 1H), 7.61 (ddd, J = 1.2, 7.8, 7.8 Hz, 1H), 7.64
(d, J = 7.8 Hz, 1H), 7.65 (dd, J = 0.3, 8.4 Hz, 1H), 7.71 (ddd,
J=0.3,1.5,7.8 Hz, 1H), 7.77 (dd, J = 1.5, 8.4 Hz, 1H), 7.88 (d,
J = 1.5 Hz, 1H). "C NMR (75.4 MHz, CDCl,): 6 55.95, 56.11,
88.20, 88.95, 90.89, 93.09, 93.15, 95.01, 110.58, 110.73, 111.09,
111.89, 113.86, 113.88, 115.50, 115.54, 115.61, 116.66, 116.69,
117.29, 122.21, 126.12, 126.17, 126.22, 127.60, 127.63, 132.13,
132.74, 133.18, 133.46, 134.60, 135.89, 159.96, 160.06. HR MS
(FAB, positive ion mode) calcd for C;,H,N,O, 488.1525, found
488.1520.

5-[[2-Cyano-4- [(2-cyanophenyl)-ethynyl]-phenyl]-ethynyl]-2-[[2-
methoxy-4-  [(2-methoxyphenyl)-ethynyl]-phenyl]-ethynyl]-benzo-
nitrile (BL-6). By the general procedure the reaction of 8
(293 mg, 1.16 mmol) with bromide 15 (429 mg, 0.97 mmol)
was completed after 12 h (reflux). The crude product was
purified by column chromatography (benzene) followed by
recrystallization from benzene to provide BL-6 (386 mg, 65%) as
yellow crystals. M.p. 221-222 °C. '"H NMR (300 MHz, CDCl;):
0 3.94 (s, 3H), 3.98 (s, 3H), 6.92 (d, J = 7.5 Hz, 1H), 6.96 (ddd,
J =12,75,7.5 Hz, 1H), 7.10 (d, J = 1.2 Hz, 1H), 7.17 (dd,
J =1.2,75Hz 1H), 7.34 (ddd, J = 1.8, 7.8, 8.4 Hz, 1H), 7.49
(ddd, J = 1.5, 7.2, 7.5 Hz, 1H), 7.51 (dd, J = 1.2, 7.2 Hz, 1H),
7.53 (d, J = 7.8 Hz, 1H), 7.62 (ddd, J = 1.2, 7.8, 7.8 Hz, 1H),
7.65 (dd, J = 1.2, 8.1 Hz, 1H), 7.66 (dd, J = 0.9, 8.4, Hz, 1H),
7.66 (d, J = 8.1 Hz, 1H), 7.72 (ddd, J = 0.9, 1.5, 7.2 Hz, 1H),
7.77 (dd, J = 1.5, 8.1 Hz, 1H), 7.81 (dd, J = 1.5, 8.4 Hz, 1H),
7.88 (d, J = 1.5 Hz, 1H), 7.90 (d, J = 1.5 Hz, 1H). “C NMR
(75.4 MHz, CDCl;): 6 55.83, 56.12, 88.26, 88.76, 89.57, 90.91,
92.77, 93.09, 95.31, 95.36, 110.79, 111.04, 111.89, 113.44, 113.87,
115.67, 115.67, 116.02, 116.43, 116.63, 117.25, 120.65, 121.87,
123.32, 123.90, 125.91, 126.23, 126.27, 127.92, 131.36, 132.20,
132.27, 132.45, 132.81, 133.26, 133.53, 133.93, 134.67, 135.58,
135.95, 136.70, 159.96, 160.13. HR MS (FAB, positive ion mode)
calcd for C,;;H,;N;0O, 613.1790, found 613.1783.

2-[[2-Methoxy-4- [[2-methoxy-4- [(2-methoxyphenyl)-ethynyl]-
phenyl]-ethynyl]-phenyl]-ethynyl]-benzonitrile (BL-7). By the gen-
eral procedure the reaction of 13 (372 mg, 0.95 mmol) with 2-
bromobenzonitrile (144 mg, 0.79 mmol) was completed after 12 h
(reflux). The crude product was purified by column chromatog-
raphy (benzene) followed by recrystallization from benzene to
provide BL-7 (121 mg, 31%) as yellow crystals. M.p. 127-128 °C.
'"H NMR (300 MHz, CDCl;): 6 3.93 (s, 3H), 3.96 (s, 3H), 3.97 (s,
3H), 6.92 (d, J = 7.5 Hz, 1H), 6.96 (ddd, J = 1.2, 7.5, 7.5 Hz,
1H), 7.09 (d, J = 1.2 Hz, 2H), 7.16 (dd, J = 1.5, 8.1 Hz, 2H), 7.34
(ddd, J = 1.5, 7.8, 8.1 Hz, 1H), 7.40 (ddd, J = 1.5, 7.8, 7.8 Hz,
1H), 7.47 (d, J = 7.8 Hz, 1H), 7.51 (dd, J = 1.5, 7.5 Hz, 1H), 7.55
(d, J = 7.8 Hz, 1H), 7.56 (ddd, J = 1.2, 7.2, 7.2 Hz, 1H), 7.65
(ddd, J = 0.9, 1.2, 6.0 Hz, 1H), 7.68 (ddd, J = 0.9, 1.5, 6.0 Hz,
1H). "C NMR (75.4 MHz, CDCl;): ¢ 55.85, 55.96, 56.12, 87.69,
87.81, 91.04, 92.41, 93.15, 94.62, 110.73, 111.57, 111.97, 112.06,
113.38, 113.81, 113.81, 115.14, 115.18, 117.59, 120.65, 123.87,
124.40, 125.07, 125.12, 125.56, 127.36, 132.08, 132.70, 133.06,
133.59, 133.87, 159.94, 159.94, 159.97. HR MS (FAB, positive
ion mode) caled for C;,H,;NO; 493.1678, found 493.1682.

5-[(2-Cyanophenyl)-ethynyl]-2- [[2-methoxy-4- [[2-methoxy-4-
[(2-methoxyphenyl)-ethynyl]- phenyl]-ethynyl]- phenyl]- ethynyl]-
benzonitrile (BL-8). The reaction of 13 (797 mg, 2.03 mmol)
with 5-bromo-2-iodobenzonitrile (520 mg, 1.69 mmol) for 1 h at
ambient temperature provided bromide 16 (842 mg, 1.47 mmol,
87%). By the general procedure the reaction of 7 (140 mg, 1.10
mmol) with bromide 16 (527 mg, 0.92 mmol) was completed
after 12 h (reflux). The crude product was purified by column
chromatography (benzene) followed by recrystallization from
benzene to provide BL-8 (455 mg, 80%) as yellow crystals. M.p.
194-195 °C. "H NMR (300 MHz, CDCl;): 6 3.94 (s, 3H), 3.96 (s,
3H), 3.98 (s, 3H), 6.92 (d, J = 7.5 Hz, 1H), 6.96 (ddd, J = 1.2, 7.8,
7.8 Hz, 1H), 7.10 (bs, 2H), 7.17 (ddd, J = 1.5, 1.5, 7.8 Hz, 2H),
7.34 (ddd, J = 1.8, 7.2, 7.5 Hz, 1H), 7.46 (dd, J = 1.8, 7.2 Hz,
1H), 7.47 (d, J = 8.1 Hz, 1H), 7.50 (ddd, J = 1.8, 7.2, 7.2 Hz, 1H),
7.55(d,J =7.8Hz, 1H), 7.61 (ddd, J = 1.5, 8.1, 8.1 Hz, 1H), 7.65
(ddd,J=0.9,1.2,8.1 Hz, 1H), 7.66 (d, J = 8.1 Hz, 1H), 7.72 (ddd,
J=0.9,1.5,7.2Hz, 1H), 7.77 (dd, J = 1.8, 8.1 Hz, 1H), 7.88 (d,
J = 1.2 Hz, 1H). *C NMR (75.4 MHz, CDCl;): § 55.85, 56.13,
56.13,87.71,88.08, 88.97,91.00,93.15,93.15, 94.59, 94.98, 110.54,
111.24, 111.96, 113.37, 113.81, 113.81, 113.81, 115.50, 115.63,
116.69, 117.30, 120.63, 122.24, 123.90, 124.43, 125.16, 125.99,
126.12, 127.60, 131.32, 132.17, 132.41, 132.78, 133.59, 134.42,
134.60, 135.54, 135.88, 136.64, 159.59, 159.93, 160.07. HR MS
(FAB, positive ion mode) caled for C,;;Hy,N,O; 618.1943, found
618.1941.

5-[[2-Cyano-4- [(2-cyanophenyl)-ethynyl]-phenyl]-ethynyl]-2-[[2-
methoxy-4- [[2-methoxy-4- [(2-methoxyphenyl)- ethynyl]-phenyl]-
ethynyl]-phenyl]-ethynyl]-benzonitrile (BL-9). By the general pro-
cedure the reaction of 8 (166 mg, 0.66 mmol) with bromide 16
(315 mg, 0.55 mmol) was completed after 12 h (reflux). The
crude product was purified by column chromatography (benzene—
EtOAc, 9: 1) followed by recrystallization from benzene to provide
BL-9 (229 mg, 56%) as yellowish orange crystals. M.p. 270-271 °C.
"H NMR (300 MHz, CDCl;): 0 3.94 (s, 3H), 3.96 (s, 3H), 3.98 (s,
3H), 6.92 (d, J = 7.8 Hz, 1H), 6.96 (ddd, J = 1.2, 7.2, 7.8 Hz,
1H), 7.10 (bs, 2H), 7.17 (ddd, J = 1.5, 1.5, 7.5 Hz, 2H), 7.34
(ddd, J = 1.5, 7.2, 7.5 Hz, 1H), 7.47 (d, J = 8.1 Hz, 1H), 7.51
(d, J = 7.5 Hz, 1H), 7.51 (ddd, J = 1.8, 1.8, 7.5 Hz, 1H), 7.55
(d, J = 7.5 Hz, 1H), 7.62 (ddd, J = 1.5, 8.1, 8.1 Hz, 1H), 7.65
(dd, J = 0.9, 8.1 Hz, 1H), 7.67 (d, J = 8.1 Hz, 2H), 7.73 (ddd,
J =09, 1.5, 7.5 Hz, IH), 7.78 (dd, J = 1.8, 8.1 Hz, 1H), 7.82
(dd, J =1.5,8.1 Hz, 1H), 7.90 (d, J = 1.8 Hz, 1H), 791 (d, J =
1.2 Hz, 1H). "C NMR (75.4 MHz, CDCl;): § 55.85, 56.13, 56.13,
87.70, 88.11, 88.76, 89.56, 91.01, 91.01, 92.76, 93.14, 94.60, 95.25,
110.51, 111.24, 111.93, 111.96, 113.35, 113.37, 113.79, 113.81,
115.50, 115.63, 115.67, 115.67, 115.99, 116.00, 116.03, 116.61,
117.27, 120.64, 121.90, 122.00, 122.24, 123.32, 123.90, 124.41,
125.15, 125.89, 126.12, 127.60, 131.32, 132.23, 133.94, 134.42,
134.60, 134.66, 135.93, 136.72, 159.57, 160.07, 160.07. HR MS
(FAB, positive ion mode) calcd for Cs;H,0N;O; 743.2209, found
743.2215.
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A peptide hydroxamate library for enrichment of metalloproteinases: towards
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A compound library of 96 enantiopure N-terminal succinyl hydroxamate functionalized peptides was
synthesized on solid phase. All compounds were tested for their inhibitory potential towards MMP-9,
MMP-12 and ADAM-17, which led to the identification of both broad spectrum inhibitors and
metalloproteinase-selective ones. Eight potent and less potent inhibitors were immobilized on
Sepharose beads and evaluated in solid-phase enrichment of active MMP-9, MMP-12 and ADAM-17.
In addition, one of these inhibitors was used for solid-phase enrichment of endogenous ADAM-17
from a complex proteome (a lysate prepared from cultured A549 cells).

Introduction

Matrix metalloproteinases (MMPs) are involved in numerous
biological processes such as cell migration, wound repair and
tissue remodeling. MMPs exert their role by the processing
of extracellular matrix proteins including gelatin, elastin, and
collagen and the release of growth factors. ADAM:s (a disintegrin
and metalloproteinase) are metalloproteinases that contain a
membrane-spanning and a disintegrin (integrin-binding) domain.
These membrane-bound enzymes are involved in membrane
fusion, cytokine and growth factor shedding, cell migration,
muscle development, fertilization, cellular differentiation, cell-
cell interactions and cell-matrix interactions.”” The best known
ADAM is ADAM-17, also known as TACE or tumor necrosis
factor a (TNFa) converting enzyme, which was discovered based
on its sheddase activity with respect to membrane-bound TNFo.**
The expression of MMPs and ADAMs is regulated by transcrip-
tion factors and activity is controlled by natural inhibitors, the
tissue inhibitors of metalloproteinases (TIMPs). Disturbances
in these regulatory mechanisms are believed to cause, or be
involved in, a wide range of pathological states. These include
cancer metastasis, rheumatoid arthritis and autoimmune diseases.
Deregulation of ADAM expression or activity has also been
linked to asthma, Alzheimer’s disease, bacterial lung infections and
allergies of the airways."*'' MMPs and ADAMs contain a Zn*
ion in their active site, which forms a complex with the carbonyl
group of the scissile amide bond, thereby enhancing its reactivity
towards nucleophilic attack of the water molecule that is present
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in the active site.”'? As a result, a requirement for potent MMP
or ADAM inhibitors is that they contain a good zinc binding
group. A large number of MMP and ADAM inhibitors that have
appeared in the literature consist of an oligopeptide sequence that
is equipped with a hydroxamate moiety at either the C- or the
N-terminus. In these structures the oligopeptide portion ensures
recognition by the metalloproteinases, whereas the hydroxamate
acts as a zinc chelator.

C-terminal peptide hydroxamic acids are readily avail-
able through modified solid-phase peptide synthesis (SPPS)
protocols.’*"® In contrast, there are very few synthetic procedures
towards N-terminal peptide hydroxamates,'”*' which obviate a
non-SPPS step during synthesis.”?® The preparation of compound
libraries containing N-terminal peptide hydroxamates would be
greatly facilitated by the existence of suitable, complete SPPS
methods. With this aim in mind, we recently reported the
synthesis of an enantiomerically pure N,O-diprotected succinyl
hydroxamate building block 1 (Fig. 1) and demonstrated that N-
terminal peptide hydroxamates can be prepared by SPPS using
compound 1 in the penultimate step, prior to acid cleavage and
deprotection.”” Here we report the application of building block 1
in the preparation of a library containing 96 enantiopure peptide
hydroxamates 2 (Fig. 1). We further demonstrate the use of several
members of our library in the solid-phase extraction of active
metalloproteinases from complex biological samples.?*

P3
7N\

O (0] H O R H O
TBso.N OPFP HO. N\;)L,\I,VYN\i)L,\IH2
Boc O H O R, H O =

1 N
NH,

Fig. 1 Structure of the chiral succinylhydroxamate building block 1
for SPPS of a library of 96 compounds with the general structure 2.
P1’, P2 and P3 refer to the binding pockets in the metalloproteinase.
Boc: tert-butyloxycarbonyl, TBS: fert-butyldimethylsilyl, PFP: pentafluo-
rophenyl. R, and R, represent amino acid side chains.
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Scheme 1  Solid-phase synthesis of a succinylhydroxamate library containing 96 compounds. Reagents and conditions: (a) 20% piperidine-DMF, 15 min.;
(b) Fmoc-Aa,-OH (5 equiv.), HCTU (5 equiv.), DIPEA (10 equiv.), NMP, 1 h; (c) 20% piperidine-DMF, 15 min.; (d) Fmoc-Aa,-OH (5 equiv.), HCTU
(5 equiv.), DIPEA (10 equiv.), NMP, 1 h; (e) 20% piperidine-DMF, 15 min.; (f) compound 1 (5 equiv.), DIPEA (2 equiv.), NMP, 2 h; (g) 95% TFA-H,O0,
1h(2.5h for Aa;, = Arg(Pmc)). Aa, =D,E,FH,L,P,Q,R, S, T, WorY; Aa,=A,D,FH,L,V,Wor Y.

Results and discussion

The preparation of the target compound library (see Scheme 1)
commenced with e-NHFmoc-, e-NHBoc-protected lysine on Rink
amide resin 3. After removal of the Fmoc protecting group, the
first set of amino acids (Aa,) was coupled in a parallel fashion
under standard SPPS coupling conditions giving 12 different
peptides. These resin bound peptides were divided into 8 equal
portions. Removal of the next Fmoc group and coupling of the
second amino acid (Aa,) gave 96 immobilized peptides with the
general structure 4. Final Fmoc deprotection and condensation
with building block 1 (see Fig. 1) in the presence of 2 equivalents
of DIPEA resulted in the immobilized and fully protected peptide
hydroxamates 5. Acidic cleavage from the resin and concomitant
deprotection of the TBS and Boc protecting groups resulted in a
96-membered library of crude compounds 2, which were purified
by HPLC. The yields of the pure peptides based on 3 (purity
>95% as determined by LC-MS analysis) varied between 3% and

MMP-12

P QR STWY
Aa'

MMP-9

Aa'

40%. The amount of side products formed differed considerably
between the compounds. Hydrolysis of the hydroxamic acid to
the carboxylic acid in the final step appeared in most cases to be
the major side reaction. The formation of this side product was
apparent from the LC-MS analyses of the crude mixtures by a
15 Da decrease in molecular weight. In some cases condensation
with the activated hydroxamate ester was incomplete. In general,
the best results in terms of yield and side product formation
were obtained for compounds containing an amino acid with
an aliphatic side chain at the Aa, position. Representative LC-
MS analyses of crude peptides with and without high levels of
side products together with their HPLC-purified counterparts are
shown in the supporting information.}

The results of the inhibitory potential of the 96 compounds
against MMP-9, MMP-12 and ADAM-17 are depicted in Fig. 2
(heat map representation, the compounds were screened at
100 nM). We performed this initial screen to obtain qualitative
insight into the difference in inhibitory potential of the 96 peptide

ADAM-17

100 c) 100

D EF HL P R § TWY
AS

Fig. 2 Remaining enzymatic activity of three recombinant metalloproteinases (5 ng) at 100 nM of inhibitor (black: no inhibition; white: complete
inhibition). Each value is the average of three individual experiments: (a) MMP-12 (0.25 pmol); (b) MMP-9 (0.25 pmol); (c) ADAM-17 (66 fmol).
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hydroxamates. It is apparent that the efficacy of the inhibitors
towards MMP-12 is generally higher than for the other two
enzymes. Introduction of a proline residue at the Aa,-position
greatly decreases the activity of the inhibitor with respect to
both MMPs. This effect appears to be strongest for MMP-12
but inhibition of ADAM-17 appears to be less affected. This
observation can be explained by the fact that MMPs contain a
straight horizontal cleft and therefore a proline would result in a
large steric hindrance within the active site. ADAMs, however,
do not contain such a rigid cleft and the inhibitor activity
is thus less affected by proline.3*! It is also obvious that the
presence of acidic residues (D and E) in either position greatly
reduces the efficacy of the inhibitors for MMP-9 and ADAM-
17 and to a somewhat lesser extent for MMP-12. The inhibitors
with the highest efficacy towards MMP-12 are those with the
aromatic amino acids phenylalanine, tryptophan or tyrosine in
either position. These results are in line with earlier observations
by Lang and co-workers.?!

The beneficial effect of incorporating aromatic moieties also
holds true for MMP-9, especially if both positions are occupied
by phenylalanine, tryptophan or tyrosine. Interestingly, a serine
residue in the Aa, position yields very active MMP-9 inhibitors,
whereas threonine at Aa, has a much weaker beneficial effect.
MMP-12 and ADAM-17 show a similar, albeit not so strong
tendency. The presence of an aliphatic amino acid (A, L or
V) in the Aa, position decreases the efficacy against MMP-9
in a more pronounced way than for the other two enzymes.
Netzel-Arnett and co-workers reported an extensive study on the
substrate preference of MMP-9 towards a set of oligopeptides.®
Their findings corroborate our results with respect to a positive
effect of aromatic moieties in both positions (Aa, and Aa,) or
a serine residue at Aa, on inhibitory potential towards MMP-9.
Interestingly, our results are in disagreement with their findings
that leucine, and to a lesser extent alanine, at Aa, have a beneficial
effect on inhibitory potential, since we observe a detrimental effect
for both residues at this position. Incorporation of arginine in
position Aa, improves efficacy towards MMP-12 and ADAM-17
but highly reduces the efficacy towards MMP-9, as was also shown
by Netzel-Arnett and co-workers.* The positive effect of aromatic
amino acids also holds true for ADAM-17 but to a lesser extent
than for the tested MMPs. In addition it is found that heteroaryl
moieties (His and Trp) or a serine at the Aa, position improves the
potency towards ADAM-17. These observations are consistent
with reports in the literature.”*

To assess the applicability of the novel inhibitors for activity-
based extraction** eight inhibitors were selected for further
experiments. The IC, values (see Table 1) of these inhibitors for
the target enzymes span the entire range from sub-nanomolar
to over 10 uM (see for instance FF and PD) and some of
them show considerable selectivity towards one or two of the
three tested enzymes (for example YW towards both MMPs and
PL towards ADAM-17). Activity-based extraction of the three
metalloproteinases was performed at both 5 and 0.5 nM enzyme
concentrations.®® Especially at lower concentrations of active
enzyme, highly efficient interaction of the immobilized ligand
with metalloproteinases in the sample is likely to be critical for
efficient extraction. Next to achieving high affinity, it is important
to minimize non-specific binding to the carrier material, especially
at low enzyme concentrations. Since finding a carrier material that

Table 1 1C,, values (nM) of eight selected inhibitors for MMP-9, MMP-
12 and ADAM-17. Each value represents the mean of three independent
inhibition curves (standard deviation in parentheses)

MMP-9 MMP-12 ADAM-17
DV 905 (221) 10.5 (4.0) 2241 (250)
FF 23.2(3.9) 0.92(0.22) 16.0 (6.4)
FW 6.69 (0.66) 2.57(0.80) 29.6 (9.1)
PD >10,000 2788 (392) 5998 (2555)
PL 3624 (328) 147 (12) 92.1 (28)
QY 9.92 (0.79) 0.85 (0.020) 18.9 (2.0)
SF 9.93(1.3) 7.70 (1.3) 11.1 (2.3)
YW  6.71(0.96) 4.03 (0.95) 36.0 (3.4)

“ Activity of enzyme greater than 50% at 10 pM inhibitor.

exhibits no non-specific interaction with proteins in the sample
is practically impossible, good controls are required. For these
experiments two control materials were used: (a) NHS-Sepharose
that was reacted with ethanolamine instead of the inhibitors
to study non-specific interaction with the Sepharose itself, and
(b) a low-affinity inhibitor (PD) was immobilized to assess the
importance of a good fit with the enzyme’s active site.

Table 2 shows the results of extraction studies with the eight
selected inhibitors. Quantitative extraction of ADAM-17 proves
much more challenging than extraction of the MMPs, which may
be caused by the fact that the recombinant ADAM-17 ectodomain
is substantially larger in size than the catalytic domains of the
MMPs used in this study, possibly giving rise to steric effects that
decrease extraction yield. MMP-9 and MMP-12 can be extracted
by a number of inhibitors with yields above 99% at both 5 and
0.5 nM. Inhibitors QY, SF, FF and YW show enrichment of
ADAM-17 at 5 nM enzyme concentration (extraction yields of
70% or higher). The efficiency drops significantly at 0.5 nM for
inhibitors QY, SF and YW. The negative control with immobi-
lized ethanolamine shows no detectable non-specific binding to
ADAM-17 at both concentrations which is also the case for the
low-affinity inhibitor PD. The results (summarized in Table 2)
show that it is difficult to classify immobilized inhibitors according
to their inhibition efficacy by affinity-SPE (see Tables 1 and 2)
and that it may be misleading to assess inhibitor selectivity in
this manner.® One interesting inhibitor in this respect is DV,
which gives extraction yields of >99% for MMP-12 at both
concentrations while its ICy, value is 10.5 nM. This value is higher
than, for example, inhibitor YW, which extracts between 96% and
99%. Inhibitor DV also loses its selectivity towards MMP-12 after
immobilization, since both MMP-12 and MMP-9 were almost
completely extracted even at a low concentration. In contrast
ADAM-17 is not extracted at all although the ICs, values for
MMP-9 and ADAM-17 are in the same range.

Fig. 3 shows activity-dependent enrichment of ADAM-17 from
a complex proteome (a lysate prepared from cultured A549
cells) using immobilized inhibitor FF. The extraction was almost
complete, with no loss of mature 70 kDa ADAM-17 in the flow-
through fraction (FT) and minor loss in the washing fractions.
Active ADAM-17 could be eluted with a competitive inhibitor
with a similar ICy, value (SF; see Table 1), further confirming
that the interaction was inhibitor-mediated. We have shown
in previous work that inhibitor-metalloproteinase interactions
are strictly dependent on a functional active site and that
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Table 2 Extraction yield (%) of three recombinant active metalloproteinases by using the immobilized inhibitors as affinity ligand (standard deviation

in parentheses)

Inhibitor
Control

Enzyme Conc./nM DV FF Fw PD PL QY SF YW EA“
MMP-9 5.0 98.7(1.2) 98.9 (0.85) 99.0 (0.78) 7.2(9.4) 98.9 (1.1) 98.4(0.57) >99 >99 <1

0.5 >99 98.8(0.99) >99 31.7 (24) 96.9 (0.92) 98.6 (1.3) 98.5(0.21) >99 <1
MMP-12 5.0 >99 98.9 (0.92) 95.1(0.14) 96.6 (0.071) 97.8(0.49) >99 98.9 (0.92) 97.1(1.3) <1

0.5 >99 >99 >99 75.7(11) 80.8 (20) >99 >99 96.0 (5.0) <1
ADAM-17 5.0 <1 72.9 (1.8) 35.7 (24) <1 65.8 (0.85) 88.2(12) 85.7(1.3) 70.0 (6.4) <1

0.5 <l 73.7 (9.8) 43.3 (10) <l <l 4.60 (5.8) 49.6 (22) 2.152.3) <1

“EA: ethanolamine.

enzyme-inhibitor complexes or pro-enzymes are not bound.”
The minimal losses in the flow-through and washing fractions
indicate that there is little inactive ADAM-17 in non-stimulated
A549 cells and that the interaction is relatively tight. We anticipate
that enrichment of active ADAM-17 from larger sample volumes
will be possible allowing detection of low levels of active ADAM-
17. Extraction of the same sample on a control material that was
derivatized with ethanolamine (EA cartridge) did not result in any
ADAM-17 enrichment.
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Fig.3 Activity-dependent enrichment of ADAM-17 from a cell lysate of
non-stimulated cultured A549 cells using immobilized inhibitor FF and
control ethanolamine-Sepharose (EA) cartridges. S: original lysate, FT:
flow-through, W: washing fractions, E: elution with 100 uM competitive
inhibitor SF, SDS: final elution with 1% sodium dodecyl sulfate. Fractions
were analyzed by electrophoresis on 8% polyacrylamide gels and trans-
ferred to PVDF membranes. ADAM-17 was detected by Western blotting.

Phorbol esters have been described to enhance ADAM-
mediated shedding of membrane anchored compounds.® It is
therefore assumed that ADAM-17 becomes activated upon PMA
(phorbol-12-myristate-13-acetate) stimulation. Fig. 4 shows the
effect of PMA on A549 cells with respect to extraction of active
ADAM-17. Interestingly, short-term exposure (30 min) to PMA
results in the appearance of a non-active form of ADAM-17
with an apparent molecular weight corresponding to the 93 kDa
pro-ADAM-17 zymogen (marked with *). Extraction efficiency
decreases, as shown by the recovery of a substantial fraction of
ADAM-17 in the flow-through and washing fractions, although
the major portion still binds the immobilized inhibitor. Decreased
extraction might be explained by mobilization of endogenous

inhibitors or by inactivation of ADAM-17 by another, unknown
mechanism. After two hours of exposure the overall level of
ADAM-17 has decreased significantly (Fig. 4, lower panel, lane S).
Down-regulation of ADAM-17 after cell stimulation has been
described.?” Our results show, however, that there is still a small
amount of active ADAM-17.

S FT W1 W2 E1 E2 E3 SDS
100 . 30
754
W - - - -
50 &
S FT wWiw2 E1 E2 E3 SDS
100w ' -
75 -
-- - 2
50 Wy

Fig. 4 Activity-dependent enrichment of ADAM-17 from a cell lysate
of PMA-stimulated cultured A549 cells using immobilized inhibitor
FF. S: original lysate, FT: flow-through, W: wash fractions, E: elution
with 100 uM competitive inhibitor SF, SDS: final elution step with 1%
sodium dodecyl sulfate. Fractions were analyzed by electrophoresis on 8%
polyacrylamide gels and transferred to PVDF membrane. ADAM-17 was
detected by Western blotting.

Conclusion

In summary we prepared a library of 96 enantiopure peptide
hydroxamates which were tested with respect to their inhibitory
efficacy towards three metalloproteinases.® Our results show that
different amino acids at positions Aa, and Aa, (see Scheme 1) have
a substantial influence on inhibitory capacity. This is in contrast
to a report by Whittaker et al. stating that amino acids at position
Aa, do not enter the active site of the enzyme and therefore
have ‘a modest effect’ on potency.” Several potent inhibitors were
immobilized on Sepharose beads and evaluated in solid-phase
enrichment of active metalloproteinases. Experiments showed
complete enrichment of recombinant MMP-9 and MMP-12 even
with lower-affinity inhibitors. Enrichment of active ADAM-17
was more challenging, but two of the tested inhibitors proved
to be efficient. Indeed, one of the inhibitors, FF, could be
used for enrichment of endogenous ADAM-17 from a complex
biological sample. Our data are complementary to the results
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recently published by Cravatt and co-workers on ADAM-17
enrichment from biological samples.** The strategy employed by
Cravatt and co-workers makes use of a photo-activatable probe
that is biotinylated in a two-step bioorthogonal fashion after
irreversible enzyme modification, allowing streptavidin-mediated
enrichment. Our approach is based on a straightforward affinity-
based enrichment protocol. Of interest is our finding that the
correlation between affinity (i.e. ICs, value) of free inhibitor and
suitability for activity-based enrichment is not as obvious as we
originally expected. We are currently evaluating the suitability of
our library, in combination with solid-phase enrichment, as a tool
to monitor MMP/ADAM activity in patient-derived biological
samples in relation to aberrant MMP/ADAM activity. With
respect to the enrichment protocol we foresee that our current
constructs can possibly be optimized, for instance by variation of
the linker connecting the bait to the matrix.

Experimental
General

Tetrahydrofuran was distilled over LiAIH, before use. Acetonitrile
(MeCN), dichloromethane (DCM), N,N-dimethylformamide
(DMF), N-methyl-2-pyrrolidone (NMP), methanol (MeOH),
piperidine, diisopropylethylamine (DIPEA) and trifluoroacetic
acid (TFA) were of peptide synthesis grade, purchased at
Biosolve, and used as received. All general chemicals (Fluka,
Acros, Merck, Aldrich, Sigma) were used as received. Rink amide
MBHA resin (0.64 mmol g') was purchased at Novabiochem,
as well as all appropriately protected amino acids (FmocAlaOH,
FmocArg(Pmc)OH, FmocAsp(tBu)OH, FmocGlIn(Trt)OH,
FmocGlu(¢Bu)OH, FmocHis(Trt)OH, FmocLeuOH, Fmo-
cLys(Boc)OH, FmocPheOH, FmocProOH, FmocSer(tBu)OH,
FmocThr(sBu)OH, FmocTrp(Boc)OH, FmocTyr(Bu)OH and
FmocValOH). O-(1H-6-Chlorobenzotriazolyl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HCTU) was purchased
at Iris Biotech (Marktrewitz, Germany). Traces of water were
removed from reagents used in reactions that require anhydrous
conditions by co-evaporation with toluene. Solvents that were
used in reactions were stored over 4A molecular sieves, except
methanol and acetonitrile which were stored over 3A molecular
sieves. Molecular sieves were flame dried before use. Unless noted
otherwise all reactions were performed under an argon or nitrogen
atmosphere. LC-MS analysis was performed on a Jasco HPLC
system with a Phenomenex Gemini 3 um C18 50 x 4.60 mm
column (detection simultaneously at 214 and 254 nm), coupled to
a PE Sciex API 165 mass spectrometer with ESI. HPLC gradients
were 10-90%, 0-50% or 10-50% acetonitrile in 0.1% TFA-water.
The compounds were purified on a Gilson HPLC system coupled
to a Phenomenex Gemini 5 pm 250 x 10 mm column and
a GX281 fraction collector. The used gradients were either
0-30% or 10-40% acetonitrile in 0.1% TFA-water, depending
on the lipophilicity of the product. Appropriate fractions were
pooled, and concentrated in a Christ rotary vacuum concentrator
overnight at room temperature at 0.1 mbar.

Recombinant human MMP-12 catalytic domain and MMP-9
catalytic domain (without fibronectin type II inserts) were a gift
from AstraZeneca R & D (Lund & Moelndal, Sweden) and were
produced in E. coli (Parkar 2000, Shipley 1996). Recombinant

human ADAM-17 ectodomain was from R & D Systems. The
fluorogenic MMP substrate Mca-PLGL-Dpa-AR-NH, (where
Mca = (7-methoxycoumarin-4-yl)acetyl and Dpa = N-3-(2,4-
dinitrophenyl)-L-2,3-diaminopropionyl) was from Bachem, the
ADAM substrate Mca-PLAQAV-Dpa-RSSSR-NH, was from R
& D Systems. N-Hydroxysuccinimide (NHS)-Sepharose was from
Amersham Bioscience. Acetonitrile (gradient grade) was from
Biosolve, ultra-pure water was produced in-house by an Elga
water purifying system and used for all mobile phase and buffer
preparations. Other chemicals were purchased from Sigma.

Preparation of the library

Rink amide resin was rinsed with DCM, MeOH and DMF
(2x each), then deprotected by shaking with 20% piperidine in
DMF for 10 minutes (2x), and rinsed with DMF and DCM
(2x each). Loading of the resin was effected by shaking with
FmocLys(Boc)OH (5 equiv. relative to the stated loading), HCTU
(5 equiv.) and 0.45 M DIPEA (10 equiv.) in NMP for 2 h. The
resin was filtered, then rinsed with DMF and DCM (2 x each). Any
non-reacted amines were capped by shaking the resin with Ac,0O (5
equiv.) in 0.45 M DIPEA (10 equiv.) in NMP for 5 minutes. After
rinsing the resin with DMF, DCM and Et,0 (2x each) and drying
in vacuo, Fmoc determination (UV measurement at 300 nm) gave
a loading of 0.47 mmol g'.

Twelve portions of 80 pmol (170 mg resin) were rinsed with
DCM and DMF (2x each), deprotected using 20% piperidine
in DMF (10 min) and shaken with preactivated solutions of the
appropriate Fmoc-amino acids Aa, (400 umol), HCTU (400 umol,
165 mg) and DIPEA (800 umol, 1.8 mL, 0.45 M in NMP) for
1 h. After rinsing with DMF, DCM and Et,O (2x each), and
drying in vacuo, each portion was in turn divided into eight equal
portions. Every portion (~10 pmol) was respectively reacted with
preactivated solutions of the eight amino acids Aa, (50 pmol
each), HCTU (50 pmol) and DIPEA (100 pmol as a 0.45 M
solution in NMP) and shaken for 1 h. After rinsing the resins
with DMF and DCM (2x each), all portions were deprotected
using 20% piperidine in DMF for 10 min, then filtered and
rinsed with DMF and DCM (2x each). Finally, to all 96 resins
were added compound 1 (250 puL, 0.2 M in NMP) and DIPEA
(44 puL, 0.45 M in NMP). After shaking for 2 h, the resins were
filtered, rinsed with DMF, MeOH and DCM (2 x each) and treated
with 95% TFA-water (0.5 mL) for 1 h (with the exception of
resins containing Arg(Pmc), these were reacted for 2.5 h). The
filtrates, as well as small portions of 95% TFA-water used for
rinsing the resins, were collected in tubes containing chilled Et,0—
petroleum ether (1 : 1, ~5 mL) and left at —20 °C overnight. The
tubes were then centrifuged, and the filtrates were decanted. The
crude products were analysed by LC-MS, then purified by semi-
preparative HPLC. The yields of the pure peptides based on 3
(purity >95% as determined by LC-MS analysis) varied between
3% and 40%

Screening of inhibitor efficacy

Efficacy of the inhibitors was tested by evaluating their ability
to inhibit proteolytic conversion of a fluorogenic substrate by
recombinant metalloproteinases. A fixed concentration of each
inhibitor (final concentration 100 nM) was incubated with 5 ng
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of either MMP-9 catalytic domain, MMP-12 catalytic domain
or ADAM-17 ectodomain in assay buffer (for MMP-9 and -12:
50 mM Tris pH 7.4, 0.1 M NaCl, 10 mM CacCl,, 0.05% w/v Brij-
35; for ADAM-17: 25 mM Tris pH 9.0, 2.5 uM ZnCl,, 0.005%
w/v Brij-35) in 96-well plates (Costar White). The appropriate
fluorogenic substrate was added to a final concentration of 2 uM
and proteolysis rates were determined by measuring fluorescence
(Zexem = 320,440 nm) increase using a Fluostar Optima plate reader
(BMG Labtech) at 28 °C. The remaining catalytic activity was
calculated by comparing with proteolysis rates of 5 ng uninhibited
enzyme (see supporting informationt) and plotted in heat maps
generated in Matlab.

Determination of 1Cs, values

The ICy, values of eight selected novel inhibitors were determined
in a competitive enzyme activity assay monitoring conversion
of the same fluorogenic substrates by recombinant metallopro-
teinases in presence of increasing concentrations of inhibitor.
Measurements were performed in 96-well plates (Costar White),
where each well contained 5 ng of either MMP-9 catalytic domain,
MMP-12 catalytic domain or ADAM-17 and a final concentration
of 2 uM of the appropriate substrate in a final volume of 100 pL
assay buffer. Proteolysis rates were determined by measuring
fluorescence increase. Seven-point inhibition curves (010 pM)
were plotted in Origin 7.0 (Micronal) and ICs, values were
determined by sigmoidal fitting.

Immobilization of inhibitors on Sepharose beads

The eight selected inhibitors were linked to Sepharose as described
earlier.”® Briefly, NHS-activated Sepharose beads were washed at
4 °C with several volumes of 1 mM HCI and several volumes
of coupling buffer (0.1 M K,HPO,, pH 7.5). The washed beads
were then incubated with an equal volume of a 5 mM solution
of inhibitor in coupling buffer for 2 h in a shaking incubator
(Eppendorf thermomixer, 1200 rpm, 25 °C). After removal of
the supernatant the unreacted NHS-groups were quenched by
incubation with 10 bead volumes of blocking buffer (0.5 M
ethanolamine in coupling buffer). The immobilization was mon-
itored by HPLC analysis of each inhibitor-containing coupling
buffer before and after the procedure. Analysis was performed
on a Merck-Hitachi system fitted with a UV detector at 214 nm.
Samples were separated on a Zorbax Eclipse XDB-C8 column
(4.6 x 150 mm, 5 um particles, Agilent Technologies). Mobile
phase A was 0.1% v/v TFA in water, mobile phase B was 0.1%
TFA in acetonitrile. Samples were diluted by ten times in mobile
phase A and 10 uL was injected. A linear gradient separation
was performed by increasing the percentage B from 0 to 60% in
30 minutes. The theoretical ligand density for each immobilized
inhibitor was calculated by evaluation of the peak area for the
free inhibitor before and after the immobilization (see supporting
informationt).

Determination of extraction yield

The efficacy of the immobilized inhibitors for use as activity-based
affinity ligands in solid-phase extraction (SPE) of MMPs and
ADAMSs was determined by performing column-based extractions

on each material. Each batch of inhibitor-beads was slurry packed
into Prospekt SPE cartridges fitted on one side with a 0.2 um
stainless steel frit (Spark Holland, 2 mm ID x 10 mm) in MMP
assay buffer. The packed cartridges were placed in a clamp and
attached to a syringe pump (KD Scientific). Extractions were
performed in the assay buffers described above. Before extraction
the cartridges were conditioned by flushing two times with 250 pLb
of the appropriate assay buffer. All steps were performed at
50 pL min~'. Samples containing recombinant enzyme (200 uL
of 0.5 or 5 nM solution) were applied to the cartridges and
the cartridges were washed four times with 200 pL assay buffer
to determine breakthrough. All eluting fractions were collected
separately and immediately placed on ice. Between extractions the
cartridges were regenerated by eluting bound enzyme with 10 mM
ethylenediaminetetraacetic acid, disodium salt (EDTA) in assay
buffer and reconditioning two times with 200 puL assay buffer.
Enzyme activity in the collected fractions was determined by the
activity assay described above and related to the activity in the
original sample.

Extraction of active ADAM-17 from a lung carcinoma cell line

Human alveolar carcinoma cell line A549 (ATCC nr. CCL-185)
was grown to 90% confluency in RPMI-1640 with l-glutamine
(Cambrex) supplemented with 10% (v/v) fetal bovine serum
(Cambrex) and 20 pg mL~" gentamycin (Centafarm) in 25 cm?
culture plates at 37 °C, 5% CO,. The cells were serum starved
for 24 h and stimulated with 100 nM phorbol-12-myristate-13-
acetate (PMA, Sigma-Aldrich) for different time periods. After
stimulation, the cells were harvested in 1 mL ice-cold lysis buffer
(25 mM Tris pH 9.0, 2.5 uM ZnCl,, 1% v/v Triton X-100). After
cell lysis (1 h on ice) the lysates were centrifuged in a cooled (4 °C)
Eppendorf centrifuge at 20000 x g for 15 minutes to remove cell
debris. The supernatant was kept on ice until the extraction. Spark
cartridges (2 mm ID x 10 mm) packed with either Sepharose
immobilized inhibitor FF or control ethanolamine-Sepharose
were equilibrated with lysis buffer (2 x 250 uL pumped at
50 uL min~"). The lysates were applied to the cartridge (250 pL,
25 uL min~') and the flowthrough was collected. The cartridges
were washed once with lysis buffer (250 uL, 50 pL min~") and
three times with wash buffer (25 mM Tris pH 9.0, 2.5 uM ZnCl,,
0.005% v/v Brij-35). Elution was carried out by elution with a
competitive inhibitor in wash buffer (100 uM inhibitor SF, 3 x
60 uL, 10 uL min—") and a non-specific elution step with 1% sodium
dodecyl sulfate (SDS) in wash buffer (100 pL, 20 pL min™").
60 pnL of each sample was diluted with 20 uL non-reducing sample
buffer (Bio-Rad) and, after heating (5 min at 95°C), separated by
discontinuous SDS-PAGE according to Laemmli* on 0.75 mm
thick slabs (8% polyacrylamide). Electrophoresis was carried out
in a Mini-Protean III cell (Bio-Rad). The proteins were transferred
to Immun-blot polyvinylidene fluoride (PVDF) membranes (Bio-
Rad) by wet Western blotting in a mini Trans-blot cell (Bio-Rad)
at 350 mA for 60 minutes in 25 mM Tris, 190 mM glycine with
20% v/v methanol. The membranes were blocked overnight in
TBS-T (10 mM Tris pH 7.4, 137 mM NaCl, 0.05% (v/v) Tween-
20) supplemented with 5% w/v non-fat dried milk (Protifar,
Nutricia) at 4 °C. Incubation with the primary anti-ADAMI17
ectodomain monoclonal antibody (R & D Systems, clone 111636)
was performed at room temperature for 2 h at 0.5 pg mL™" in
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TBS-T with 1% w/v non-fat milk, followed by 1.5 h exposure to
a secondary rabbit anti-mouse antibody conjugated with alkaline
phosphatase (Sigma-Aldrich) at a 1 : 15000 dilution. Bands were
visualized with 5-bromo-4-chloro-3-indolyl phosphate—nitroblue
tetrazolium (Duchefa).
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A series of twelve benzoate esters was metabolised, by species of the Phellinus genus of wood-rotting
fungi, to yield the corresponding benzyl alcohol derivatives and eight salicylates. The isolation of a
stable oxepine metabolite, from methyl benzoate, allied to evidence of the migration and retention of a
carbomethoxy group (the NIH Shift), during enzyme-catalysed ortho-hydroxylation of alkyl benzoates
to form salicylates, is consistent with a mechanism involving an initial arene epoxidation step. This
mechanism was confirmed by the isolation of a remarkably stable, optically active, substituted benzene
oxide metabolite of methyl 2-(trifluoromethyl)benzoate, which slowly converted into the racemic form.
The arene oxide was found to undergo a cycloaddition reaction with 4-phenyl-1,2,4-triazoline-3,5-dione
to yield a crystalline cycloadduct whose structure and racemic nature was established by X-ray
crystallography. The metabolite was also found to undergo some novel benzene oxide reactions,
including epoxidation to give an anti-diepoxide, base-catalysed hydrolysis to form a trans-dihydrodiol
and acid-catalysed aromatisation to yield a salicylate derivative via the NIH Shift of a carbomethoxy

group.

Introduction

Aromatic hydroxylation of monosubstituted benzene substrates,
to yield the corresponding phenols, is a common biotransforma-
tion in eukaryotic (e.g. fungal) and prokaryotic (e.g. bacterial)
cells.! Earlier studies, using more than twelve different fungal
strains with several monosubstituted benzene substrates 1 (X =
Y = H, R = Me, OMe, Cl, Br, CO,Me, CO,Bu'), have shown
that both ortho- and para-hydroxylation can occur, with ortho-
phenols 5 generally found as the major metabolites (Scheme 1).>7
Furthermore, using deuterium-labelled substituted benzene sub-
strates 1 (X or Y = H or D), ortho- and para-hydroxylation>>7” was
found to be accompanied by the migration and partial retention
of deuterium label (the NIH Shift)*® in the resulting phenols
5 and 5. This observation was taken as evidence for the initial
formation of the corresponding equilibrating valence tautomeric
arene oxide/oxepine intermediates 2/2'-4/4'. Recent studies have,
however, shown that the NIH Shift can also be accounted
for without involvement of arene oxide/oxepine intermediates.
Thus, the enzyme-catalysed formation of cis- or trans-dihydrodiol
metabolites of arene substrates, followed by dehydration, or
the direct insertion of an oxygen atom, can all involve similar
cation (or radical) intermediates and result in the NIH Shift
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without the requirement for arene oxide intermediates.
view of these alternative mechanisms, to account for the NIH
Shift phenomenon occurring during aromatic hydroxylation,*"
unequivocal evidence for the formation of monocyclic arene
oxide/oxepine intermediates 2/2' in fungal cells was sought and
reported in our preliminary communication.’

A more comprehensive study is now presented with partic-
ular focus on (i) provision of direct evidence for the fungal
enzyme-catalysed formation of oxepine 2'a from methyl benzoate
la (R = CO,Me, X = Y = H,) and arene oxide 2d from
substrate 1 (R = CO,Me, X = CF;, Y = H) metabolites
derived from the corresponding methyl benzoates, (ii) indirect
evidence for the involvement of monocyclic 1,2-arene oxides/
oxepines 2/2' (derived from methyl benzoate 1la, methyl 2-
(trifluoromethyl)benzoate 1d, methyl 3-fluorobenzoate 1e, methyl
3-methylbenzoate 1f, methyl 4-fluorobenzoate 1g, methyl 4-
chlorobenzoate 1h, methyl 4-methylbenzoate 1i and ethyl benzoate
11) based on the identification of the relevant methyl salicylate
fungal metabolites and observation of the NIH Shift and (iii)
reactivity studies of the most stable monocyclic 1,2-arene oxide
metabolite 2d isolated by enzyme-catalysed oxidation of methyl
benzoate 1d (R = CO,Me, X = CF;, Y = H). Novel benzene oxide
reactions observed include cycloaddition, epoxidation, hydrolysis
and aromatisation.

Results and discussion

Our previous studies of the fungal enzyme-catalysed aromatic
hydroxylation of 2-D- and 4-D-labelled toluenes 1 (R = Me, X
or Y = D) and anisoles 1 (R = OMe, X or Y = D) showed the
characteristic migration and partial retention of the D label on a
neighbouring carbon atom associated with the NIH Shift in the
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Scheme 1 Monooxygenase (MO)-catalysed epoxidation of substituted benzenes (1) to form 1,2- (2), 2,3- (3) and 3,4-benzene oxides (4) and the
corresponding oxepines (2, 3, 4), and acid-catalysed rearrangement to yield the corresponding ortho- (5) and para-phenols (5).

ortho- (5, R = Me, 11, 65% D) and para-substituted phenols (5,
R = OMe, 49, 71% D, Scheme 1).°

These observations were consistent with the involvement of
fungal monooxygenase (MO) enzymes and the intermediacy of
arene oxides/oxepines 2/2'-4/4', (Scheme 1). The benzene oxides
(2—4) were assumed to be the initial metabolites existing in a state
of rapid equilibration with the corresponding oxepine valence
tautomers (2'—4') at ambient temperature. The balance between
monosubstituted benzene oxides (2-4) and oxepine tautomers
(2-4') was dependent on the substituent position.**® Thus 1,2-
(2) and 3,4- (4) arene oxide tautomers are not detectable by
NMR spectroscopy; these compounds exist almost exclusively
in the oxepine forms 2’ and 4 (Scheme 1). Conversely, the 2,3-
arene oxide 3 is strongly preferred over the corresponding oxepine
tautomer 3 at equilibrium. Due to their instability and propen-
sity to undergo further metabolism, no unequivocal evidence
(e.g¢. NMR spectroscopy or X-ray crystallography) of benzene
oxide/oxepine metabolite formation, from the corresponding
substituted benzene substrates, is currently available. Thus, the
3.4-arene oxide/oxepine derivatives 4/4 (R = Cl and Br), from
chloro- and bromo-benzenes 1 (R = CI and Br), were synthesised
chemically but were only detected using '*C-labelled halobenzene
substrates, with monooxygenase enzymes (CYP-450 isoenzymes)
present in liver microsomal fractions employing radiochemical
detection methods.'®*

While fungal para-hydroxylation of the monohalogenated ben-
zene substrates 1 (R = Cl, Br, X = Y = H), to give the
corresponding phenols 5 (R = Cl, Br, X = Y = H), was
observed in some cases, ortho-hydroxylation was found to be the
major metabolic pathway using seven of the ten fungi studied.>®
Employing the most efficient fungal strains (Rhizopus stolonifer
and Rhizopus arrhizus), ortho-hydroxylation of chlorobenzenes 1
(R=CL,X=D,Y =H)and bromobenzenes1 (R=Br,X=D,Y =
H) was found to be the dominant metabolic pathway (Scheme 1).°
With these two fungal strains, the NIH Shift of a deuterium atom
was observed during formation of the phenols (5, R = Cl; 67—
73% D; R = Br; 64-69% D). On the assumption that arene oxide
intermediates are generally involved during ortho-hydroxylation

of toluene 1 (R = Me, X = D, Y = H), anisole 1 (R = OMe,
X =D, Y = H), chlorobenzene 1 (R = Cl, X =D, Y = H), and
bromobenzene 1 (R = Br, X = D, Y = H) in fungi,>s the NIH
Shift could be accounted for by the formation of either 1,2- (2), or
2,3-arene oxides (3) followed by acid catalysed aromatisation to
give the same ortho-phenol 5, (Scheme 1, R = Me, OMe, Cl, Br).
To distinguish between the formation of arene oxide types 2 or 3
during ortho-hydroxylation, 4D-chlorobenzene 1 (R = Cl) and 4D-
bromobenzene 1 (R = Br) were used as substrates with whole cells
of R. stolonifer and R. arrhizus (Scheme 2). These substrates were
selected since it was anticipated that any 1,2-arene oxide 2 (R =
Cl or Br) formed would isomerise largely to the corresponding
phenol 6 (R = CI or Br), with concomitant migration of the
halogen atom, and that the other phenol 5 (R = Cl or Br)
would only be found as a minor product (Scheme 2). This type of
NIH Shift of a halogen atom was well precedented during earlier

D D D D
3 5 6
TMO +H* T_ +
0O, H
R OH
0 HO. R
1 1 R
8\ MO 2 +H' ‘ o
— — —
5 3 0,
4
D D
1 2

Scheme 2 Monooxygenase (MO)-catalysed epoxidation of monosub-
stituted benzenes (1) to form 1,2- (2) and 2,3-benzene oxides (3), and
acid-catalysed rearrangement to yield the corresponding ortho-phenols (5
and 6).

1252 | Org. Biomol. Chem., 2008, 6, 1251-1259

This journal is © The Royal Society of Chemistry 2008





enzyme-catalysed aromatic hydroxylations and isomerisations of
a-halogeno epoxides to a-halogeno ketones.® In practice, however,
"H-NMR and MS analyses of the resulting products showed that
only ortho-phenol 5 was formed i.e. no migration of halogen
atom R to yield phenol 6 had occurred.® Whilst this negative
result was consistent with the formation of the 2,3-arene oxide of
chlorobenzenes (3, R = Cl or Br), rather than the 1,2-arene oxide
(2, R = ClI or Br), more convincing evidence was sought for the
involvement of arene oxides 2 or 3 during aromatic hydroxylations
by fungi.

Our earlier studies, on the synthesis of the parent oxepine 2'a
(Scheme 3), and oxepine derivatives of methyl benzoate 1a substi-
tuted by deuterium atoms or Me groups, showed that this type of
compound was relatively stable and that aromatisation involved
almost exclusive migration of the carbomethoxy group from the
minor arene oxide tautomer 2a to give the corresponding ortho-
phenol 5a (minor) and 6a (major, Scheme 3).2*?' Investigations,
undertaken in these laboratories,** into the biological role of
chloromethane (CH;Cl), a volatile metabolite released by many
species of Phellinus, a widespread genus of white rot fungi, have
demonstrated that the genus is unusual in utilising CH;Cl rather
than S-adenosylmethionine as the biological methyl donor in
the biosynthesis of the secondary metabolites methyl benzoate,
methyl salicylate and methyl 2-furoate. However, studies of the
time course of incorporation of label from deuteriated methionine
(the metabolic precursor of CH;Cl) into methyl salicylate by
P. pomaceus was significantly different from that into methyl
benzoate. The latter observation suggests that methyl salicylate
is formed in the fungus not by methylation of salicylic acid
but by o-hydroxylation of methyl benzoate.** This conclusion is
consistent with the finding that isolated mycelia of the fungus
could not use CH;Cl in methylation of salicylic acid.* Later
studies® on P. tremulae detected, as secondary metabolites, not
only methyl benzoate 1a and methyl salicylate 5a/6a, but also
2-carbomethoxyoxepine 2'a (Scheme 3). This observation led to
speculation that, given the propensity of the arene oxide 2a to
rearrange with migration of the carbomethoxy group, oxepine
tautomer 2'a may be an intermediate in methyl salicylate Sa/6a
biosynthesis from methyl benzoate 1a. Further investigations®
using labelled benzoic acid, in experiments with the fungus,
provided strong support for this hypothesis.

In a wider context, the authors of the latter study*® pointed
out that salicylic acid plays a key role in the induction of plant
resistance to pathogens acting as a signal compound for inducing
systemic acquired resistance. In plants, salicylic acid is normally
biosynthesised from phenylalanine via trans-cinnamic acid and
benzoic acid. The latter compound is presumably converted to
salicylic acid by monooxygenase-catalysed attack via the arene
oxide/oxepine. Interestingly, methyl salicylate does not induce
systemic acquired resistance. Thus methylation of benzoic acid
by P tremulae effectively shuts down induction of resistance by
blocking synthesis of salicylic acid.

In the first part of the current investigation, time course studies,
employing HPLC analysis and using authentic reference com-
pounds, showed that the naturally occurring metabolites methyl
benzoate 1a, methyl salicylate 5a/6a and oxepine 2'a, previously
identified in P. tremulae, were also present in aqueous cultures of
P. ribis (Fig. 1). After growth for 10 days, the concentration of
methyl benzoate 1a and oxepine 2'a increased up to a peak after
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) Lo HO L‘)OZMe
D.s 2 D MO D - D +H* D D
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4\ / ‘_H+
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Scheme 3 MO-catalysed epoxidation of 2,6-D,-methyl benzoate (1a-D,)
to form 1,2-arene oxide/oxepine (2a-D,/2'a-D,) and acid-catalysed rear-
rangement to yield the corresponding ortho-phenols (5a-D, and 6a-D).

18 days. The concentration of methyl salicylate 5a/6a increased
more slowly and appeared to level off after 20 days. Extraction
of metabolites from the culture medium after 20 days followed
by preparative layer chromatography (PLC) purification gave a
sufficient quantity of oxepine 2'a (14 mg in 2 L) for detailed
NMR analysis. The results of this time course experiment are
consistent with oxepine 2'a and methyl salicylate 5a/6a both being
formed from methyl benzoate 1a in P. ribis by a biosynthetic
pathway similar to that established for P. tremulae and P. pomaceus.
HPLC analysis (Fig. 1) did not however provide an answer to the
question of carbomethoxy group migration occurring during the
biosynthesis of methyl salicylate 5a/6a.

35
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10|
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10 15 20 25
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Fig. 1 Formation of the natural metabolites 1a (@) 2'a (®) and 5a/6a
(A) in P, ribis.

The second part of the study was thus designed to determine
whether or not carbomethoxy group migration occurred during
the biosynthesis of methyl salicylate 5a/6a (as found during our
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earlier in vitro studies);***! it involved the addition of several
selectively deuteriated methyl benzoates 1a, as supplementary
substrates to P, ribis followed by GC-MS analysis of the metabo-
lites. The interpretation of results obtained from these experiments
was more complex, as the natural secondary metabolites 1a,
2'a and 5a/6a, identified during the time course study (Fig. 1),
were always present together with the corresponding deuterium-
labelled metabolites. Addition of methyl pentadeuteriobenzoate
1a-D; (C¢D;CO,CH;) to the growing cultures (after 11 days’
growth) of P ribis resulted in the maximum incorporation of
label into metabolites 2'a-Ds; and 5a-D,/6a-D, after 4 days.
Furthermore, the resulting oxepine metabolite 2’a (2.2 mg L)
showed a higher incorporation (21% Ds) compared with the methyl
salicylate bioproduct 5a (or 6a, 7% D,, 0.8 mg L~"). Similarly, when
trideuteriomethyl benzoate 1a-D; (C4H;CO,CD;) was added as
substrate to growing P. ribis cultures, the incorporation into the
oxepine 2'a-D; (5 mg L") after 3 days was also higher (37% D;)
compared with methyl salicylate 5a-D;/6a-D; (1 mg L', 16% D5).
These observations were consistent with the metabolic pathway
proposed earlier (1a — 2a = 2'a — 5a/6a, Scheme 3), based on
the use of other types of labelled precursors (C,H;"*CO,H and
CD,Cl).»*

The synthesis and metabolism of the dideuteriated substrate,
methyl 2,6-dideuteriobenzoate 1a-D, (C;,D,H;CO,CH;), was then
studied using 'H-, *H-, and ®*C-NMR spectroscopy and GC-MS
analyses (Scheme 3). Addition of substrate 1a-D, to 11-day-old
P, ribis cultures, followed by extraction of the bioproducts after
a further 10-day incubation period, enabled 'H-NMR and GC-
MS analysis to be carried out. The results revealed that, in the
methyl salicylate metabolite Sa/6a, incorporation of deuterium
at C-6 was relatively low (10% D) compared with that at C-3
(45% D), indicating that it had, mainly, structure 6a and that
the NIH Shift of the carbomethoxy group had occurred (la —
2a— 6a, Scheme 3). A higher incorporation of deuterium atoms
into oxepine 2'a-D, (67% D, at C-3 and C-7) was again observed.
Furthermore, the '"H-NMR spectrum of methyl salicylate 5a/6a
showed a significant reduction (45%) in the signal of the proton
attached to C-3, consistent with an NIH Shift of the carbomethoxy
group being the major pathway (as found during the earlier in vitro
studies).?** The observation was further supported by >H- and
BC-NMR analyses which showed a strong peak for the deuterium

atom at C-3, much weaker peak at C-6, and a correspondingly
strong B-shift peak at C-4 and weak [B-shift peak at C-6 in the
BC-spectrum. These weaker signals in the *H- and “C spectra,
combined with a small reduction in the proton signal at C-6 (11%),
were also consistent with a minor aromatisation pathway involving
an NTH Shift of a deuterium atom rather than the carbomethoxy
group (la — 2a— 5a, Scheme 3).

Indirect evidence for the intermediacy of arene oxides/oxepines
2/2, from biotransformation of methyl benzoate 1a (R = H) and
many of the corresponding substituted methyl benzoate substrates
1d (R= 2-CF,), 1e (3-F), 1f (3-Me), 1g (4-F), 1h (4-Cl), 1i (4-Me),
and ethyl benzoate 11, was obtained from GC-MS analysis of
extracts from cultures of P. ribis and P. pomaceus (Scheme 4 and
Table 1).

CO,Me
| X
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P mjs/ # _ P.ribis
1a-1k
CO,H CO,Me
o)
7N i
R R
FZ F
l 2a, 2d-2i
CHO CH,OH CO,Me OH
| AN | AN l AN OH AN CO,Me
R__I_ — R_l‘ R_I_ + R_:_
F e 7 F
7a-Tk 5a, 5d-5i 6a, 6d-6i

a(R=H),b(R=2F),c(R=2-Me),d (R =2-CFj),
e (R =3-F), f (R = 3-Me), g (R = 4-F), h (R = 4-Cl),
i (R=4-Me), j (R = 4-CN), k (R = 4-NO,)

Scheme 4 Enzyme-catalysed reduction and hydroxylation of methylben-
zoates (1) to yield benzylic alcohols (7) and substituted methyl salicylates
(5/6).

In all cases, the normally produced methyl salicylate 5a/6a
was obtained but, in addition, from the corresponding substrates

Table 1 Relative ratios of bioproducts observed from biotransformations of alkyl benzoates 1a-1 in P. ribis and P. pomaceus

Alkyl benzoate Alkyl salicylate products®

Arene oxide/oxepine products *

la 5a/6a ++
1b ND

1c ND

1d 5d/6d +
le 5e/6e ++
1f 5f/6f ++
1g 5g/6g ++
1h 5h/6h ++
1i 5i/6i ++
1j ND

1k ND

11 51 ++

2a’ ++

2d° ++

21 +

“ Average relative proportions estimated by GC-MS analysis. * Structure determined by NMR analysis. ND = not detected; ++ indicates presence at
approximately similar concentration to natural bioproducts (2'a, Sa/6a); + indicates presence at a lower concentration than natural bioproducts (2'a,

5a/6a).
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(1d-i), six other methyl salicylates 5d-i/6d—i were also found
as concomitant biotransformation products. It is probable that,
in common with the parent methyl benzoate 1a, which yielded
oxepine 2'a and methyl salicylate 5a/6a, aromatisation of the
corresponding arene oxides 2d—i was responsible for the formation
of methyl salicylates 5d-i/6d-i. This conclusion was further
supported by 'H-NMR evidence of the NIH Shift of the car-
bomethoxy group in the formation of methyl salicylates 6a, 6d,
and 6g during the biotransformations of compounds 1a, 1d and
1g and by acid-catalysed rearrangements of the corresponding
oxepine 2'a and arene oxide 2d (see Scheme 5). The observation
of migration of the carbomethoxy group, during these enzyme-
catalysed ortho-hydroxylations of methyl benzoates in P, ribis and
P. pomaceus, is of considerable relevance in the context of the
ortho-hydroxylation of 4-hydroxybenzoic acid to yield gentisic acid
(2,5-dihydroxybenzoic acid) in other microbial species.®* Tt was
evident, from earlier aromatisation studies of the 1,2-arene oxide
of benzoic acid, that migration of the carboxyl group did not
occur.* Now, in light of our findings, it would seem much more
likely that a carboxylic acid derivative, e.g. an ester or thioester, is
the migrating group, which is then hydrolysed back to the carboxyl
group found in gentisic acid.

CO,Me CO,Me CO,Me CO,Me CO,Et
(o) 0] o o} o)
FsC
R
R

2a 2d 2e(R=3-F) 2g(R=F) 21

2f (R=3-Me) 2h(R=Cl),

2i (R=Me)

Enzyme-catalysed reduction of the ester group in the methyl
benzoate substrates 1a—k, consistently, yielded the corresponding
benzylic alcohols 7a—k as metabolites (Scheme 4), although only
traces of benzyl alcohol 7d were detected. The benzylic alcohol
bioproducts, being of less importance to this study, were not
isolated and were only identified by comparison of mass spectral
data with those of authentic standards or with the MS data of
the library Wiley 275-pc (Aligent Technologies). It is probable
that the biotransformation of methyl benzoates la-k, to the
corresponding benzylic alcohols 7a—k, was initiated via enzyme-
catalysed hydrolysis to give the corresponding carboxylic acids, as
previously reported for methyl benzoate substrate 1a in growing
cultures of the fungi R. stolonifer and R. arrhizus.>® In microbial
systems, the reduction of carboxylic acids to the corresponding
aldehydes and benzylic alcohols is well precedented (Scheme 4).

Direct GC-MS evidence was obtained for the formation of
oxepine/arene oxide metabolite 2'1/21 from ethyl benzoate 11.
Although insufficient material was available for NMR analysis
and complete characterisation, identification of a molecular ion
at m/z 166, and the similarity of its fragmentation pattern relative
to oxepine 2'a coupled with its retention time relative to the ethyl
salicylate metabolite, provided strong evidence in favour of the
initial formation of arene oxide 2l and its preferred existence as
the corresponding oxepine tautomer (21).

Addition of methyl 2-(trifluoromethyl)benzoate 1d (Scheme 4),
as a substrate with P, ribis, was found to result in the formation
of a remarkably stable arene oxide 2d, as a major bioproduct,
based on GC-MS analysis. When this biotransformation was

conducted on a larger scale, it became possible to separate, using
PLC, a pure sample of the unnatural arene oxide 2d from the
other bioproducts, including naturally occurring metabolites (1a,
2'a, 6a and 7a), the corresponding salicylate (5d or 6d) and benzyl
alcohol (7d). The isolated sample of arene oxide 2d (73 mg) was
sufficient for characterisation and a limited number of reactivity
studies. '"H-NMR and "C-NMR spectroscopy suggested that the
derived metabolite existed, in solution, exclusively as the arene
oxide valence tautomer 2d. Interestingly, in addition to the other
metabolites, GC-MS analysis also revealed the presence of a minor
arene oxide/oxepine metabolite (<1% relative to arene oxide 2d)
from substrate 1d; it could not be detected by NMR spectroscopy.
On the basis of the MS data, and the earlier precedent for a thermal
oxygen walk rearrangement of a monocyclic arene oxide, it was
presumed to be an isomeric arene oxide or oxepine artefact of
arene oxide 2d formed during GC-MS analysis.

Surprisingly, arene oxide 2d was found to be optically active
([a]o —14, CHCL,), and its circular dichroism spectrum in MeOH
showed a strong negative Cotton effect at 242 nm. However,
on storage at ca. 4 °C the sample racemised to give 2ds/2dg
(Scheme 5). A repeat biotransformation of substrate 1d gave
a sample of arene oxide 2d but with no optical rotation. This
observation can be rationalised in terms of a MO-catalysed
epoxidation to yield an excess of one arene oxide enantiomer 2dg
(or 2dg) with only a trace of the oxepine tautomer 2'd being present
at equilibrium, leading to a relatively slow rate of racemisation
which had gone to completion in the second experiment. Earlier
synthetic studies of arene oxide derivatives of polycyclic aromatic
hydrocarbons (PAHs), from enantiopure precursors, showed that
while some were optically active and configurationally stable,
others were found to racemise rapidly according to structure via an
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Scheme 5 MO-catalysed epoxidation of methyl 2-(trifluoromethyl)-
benzoate 1d to form 1,2-arene oxide 2ds/2d; and aromatisation to yield
the methylsalicylate 6d, cycloaddition to yield cycloadduct 8, hydrolysis to
yield trans-dihydrodiol 9 and epoxidation to yield syn- and anti-benzene
dioxides 10,,, and 10,,,.
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undetected oxepine tautomer.' It was assumed that, in common
with other benzene oxides 3 (R = Cl, Br)* and PAH oxides,!
spontaneous arene oxide racemisation (2dg = 2d) would occur
rapidly via the corresponding undetected oxepine 2'd.

A sample of arene oxide 2ds/2dg, stored at 4 °C for several
weeks, was used for reactivity studies (Scheme 5). Thus, it was first
reacted with 4-phenyl-1,2,4-triazoline-3,5-dione to give the arene
oxide-derived cycloadduct 8. From X-ray crystallographic analysis
of compound 8 (Fig. 2),} it was confirmed that the dienophile had
added exclusively anti to the epoxide ring (possibly due to its steric
effect) and that the cycloadduct 8 was indeed racemic.

Fig. 2 X-Ray crystal structure of cycloadduct 8.}

Reaction of arene oxide 2ds/2d, under weakly basic conditions
(reflux phosphate buffer, pH 8.1) resulted in hydrolysis of the
epoxide ring to yield the corresponding trans-dihydrodiol 9
(Scheme 5). Chiral stationary phase (CSP) GC-MS analysis
indicated that the trans-dihydrodiol 9 was also racemic. Earlier
attempts to hydrolyse other substituted benzene oxides (including
2a) were unsuccessful,’ and it had been assumed that epoxide
hydrolase enzymes were required to catalyse the reaction. This first
example of the chemical hydrolysis of a benzene oxide appears to
be due to its unusual chemical stability and susceptibility to attack
by OH anion.

The third reaction involved treatment of arene oxide 2ds/2d,
with dimethyldioxirane (DMD) as oxidant (Scheme 5). Whilst
epoxidation of the deactivated vinyl group, bearing an electron-
withdrawing CF; group, was not observed, epoxidation of the
unsubstituted alkene bond yielded mainly anti-dioxide 10,,,;
(ca. 90%) and a small proportion of syn-dioxide 10,,, (ca. 10%).
The major anti isomer 10,,; was purified by column chromatog-
raphy. Unfortunately a pure sample of the minor syn isomer 10,
could not be obtained. However, the "H-NMR spectrum of an
enriched fraction containing traces of anti isomer 10,,,;, and GC-
MS data allowed the syn-dioxide 10,,, to be identified. The relative
stereochemistry of the dioxides (10, and 10,,) was determined
by NMR spectral analysis. Both benzene dioxides 10,,; and 10,,,
were found to be racemic by CSP GC-MS analysis, thus providing
further evidence of spontaneous racemisation of the arene oxide
precursor 2dg/2dg. Similar types of syn- and anti-benzene dioxides
have recently been used as valuable synthetic intermediates to
form the corresponding cis- and trans-dihydrodiol derivatives.?**
Whilst the anti-benzene dioxides, in the latter study, were found to
be stable at elevated temperatures, by contrast the corresponding
syn-benzene dioxides were found to undergo an electrocyclic
rearrangement above 80 °C to yield the corresponding achiral
eight-membered 1,4-dioxocin rings. GC-IR-MS analysis of the
benzene dioxide fraction 10,,, also showed evidence of a minor

(ca. 5%) isomeric component derived from the syn-dioxide 10,,,
which was tentatively identified as the corresponding achiral 1,4-
dioxocin 11, most likely formed by thermal isomerisation.

In the final reaction, treatment of arene oxide 2dg/2d; with
trifluoroacetic acid resulted in aromatisation and migration of the
carbomethoxy group (the NIH Shift) in a similar manner to that
found with the transient arene oxide tautomers (2a) of the oxepine
metabolite 2'a. The question of whether the isomerisation of the
arene oxide intermediates 2 to yield the corresponding phenols 5
and 6 in P, ribis and P. pomaceus is spontaneous or under enzyme-
control has not been addressed. It has however been reported that
enzymes present in bacteria can catalyse this epoxide—carbonyl
isomerisation process, e.g. styrene oxide and propylene oxide to
the corresponding aldehyde and ketone isomers.* Thus, while
acid-catalysed isomerisation of arene oxides to phenols has been
demonstrated in the current study, the possibility of an enzyme-
catalysed process being involved in the biosynthesis of the methyl
salicylates (5a/6a, 5d—i/6d—i) from the corresponding arene oxides
cannot be excluded.

Isolation of the arene oxide 2ds/2d,, oxepines 2'a and 2’1, and
observation of the NIH Shift of the carbomethoxy group, during
aromatisation of several metabolites (2'a, 2d, 2'g and 2'i), and
the formation of methyl salicylates as bioproducts (5a/6a, 5d-
i/6d-i), are consistent with the enzyme-catalysed formation of
eight arene oxides (2a, 2d—i and 2I) as initial metabolites from the
corresponding benzoate ester substrates (1a, 1d—i and 11). It has
been found that the solutions of arene oxides 2a, 2i and 21 exist
preferentially as the corresponding oxepines (2'a, 2'i and 2'1)" and,
with the exception of compound 2d, it is probable that most of
the other arene oxides (2e-h) prefer to exist as the corresponding
oxepine tautomers (2'e-2'h).

Conclusion

The following results were obtained, when whole cell fungal
biotransformations of methyl benzoate 1a and derivatives 1b—k
were examined using two members of the Phellinus genus (P. ribis
and P. pomaceus).

(1) Unequivocal NMR evidence for the formation of two
arene oxide—oxepine metabolites, one existing preferentially as an
oxepine valence tautomer (2'a) and the other as an arene oxide
(2ds/2dg), was found.

(ii) Arene oxide 2dg/2d; was initially formed with an enan-
tiomeric excess due to monooxygenase-catalysed epoxidation but
spontaneously racemised on storage at 4 °C.

(iii) Strong evidence for the formation of a further oxepine
(2'1), and indirect evidence for the involvement of arene oxide-
oxepine intermediates was obtained from the formation of methyl
salicylates 5a/6a, 5d-i/6d—i and from GC-MS analysis.

(iv) The NIH Shift of a carbomethoxy group during the
biotransformation process has been established using D-labelled
methyl benzoate 1a and substituted methyl benzoates (e.g. 1d and
1g) and during acid-catalysed rearrangement of oxepines 2'a and
arene oxide 2dg/2dg.

(v) The enzyme-catalysed reduction of the methyl benzoates
(1a—1Kk), to the corresponding benzylic alcohols (7a—k), has been
observed and was found to be the sole identified metabolic pathway
in some cases (1b, 1¢, 1j, 1k).
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(vi) Due to the unusual stability of arene oxide 2dg/2dg, it
has been possible to form a Diels—Alder cycloadduct (whose
structure was confirmed by X-ray crystallography), to provide the
first examples of a base-catalysed hydrolysis of a benzene oxide
(2ds/2d;) to yield a trans-dihydrodiol 9 and of a monoepoxidation
of a benzene oxide (2ds/2d;) to yield syn- (10,) and anti- (10,,,)
benzene dioxides.

Experimental

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.

GC-MS analyses were performed on an Agilent 6890 gas
chromatograph 5973 Mass Selective Detector system whilst GC-
IR-MS studies utilised a Hewlett-Packard 5890GC/5965B In-
frared Detector/5790 Mass Selective Detector system. An Agilent
Technologies Ultra 1 (12 m x 0.25 mm x 0.17 um) capillary
column was used for GC-MS analyses, and chiral GC separations
were performed with a Supelco Gamma-Dex 120 (30 m x
0.25 mm x 0.25 pm) capillary column. Elemental microanalyses
were carried out on a PerkinElmer 2400 CHN microanalyser. For
optical rotation ([a]p) measurements (ca. 20 °C, 107" degem? g™'),
a PerkinElmer 341 polarimeter was used. Circular dichroism
spectroscopy was carried out using a Jasco J-720 instrument
using a sample concentration of ca. 0.5 g mL~" in spectroscopic
grade methanol. Flash column chromatography and PLC were
performed on Merck Kieselgel type 60 (250400 mesh) and
PF,s,/166 respectively. Merck Kieselgel type 60F,s, analytical plates
were used for TLC.

Authentic samples of the methyl benzoates 1la—k and methyl
salicylates Sa, 5c, 5f and 5i were obtained commercially while
oxepine 2'a was synthesised by using the reported method.?**' A
commercial sample of 2,3,4,5,6-pentadeuteriobenzic acid (benzoic
acid-Ds) was methylated with diazomethane to give methyl
2,3,4,5,6-pentadeuteriobenzoate (methyl benzoate-Ds) 1a in quan-
titative yield, while a sample of CDs-labelled methyl benzoate
(methyl benzoate-D;) was prepared by the standard method using
hexadeuteriodimethyl sulfate and sodium hydroxide.

Synthesis of methyl 2,6-dideuteriobenzoate 1a-D,

A mixture of sodium benzoate (5 g, 34.7 mmol) and rhodium(1ir)
chloride (1 g, 4.8 mmol) dissolved in anhydrous DMF (100 cm?)
and D,O (50 cm?®) was refluxed for 18 h. The reaction mixture
was extracted with Et,0 (3 x 100 cm®) and the combined extracts
were washed successively with saturated NaCl solution and water.
The organic phase was dried (MgSQ,), and the solvent removed
under reduced pressure to yield the crude product, which was
sublimed (100 °C / 0.07 mmHg) using Kugelrohr apparatus. 2,6-
Dideuteriobenzoic acid (2.74 g, 64%, >95% d,) was obtained as a
white crystalline solid, mp 121.5-123 °C, v,,,/cm™ 1687 (C=0);
oy (500 MHz, CDCl;) 7.41(2 H, d, J 7.5, 3-H and 5-H), 7.54 (1
H,t, J 7.5, 4-H); m/z (EI) 124 (M*, 67%), 107 (43), 106 (100), 79
(95).

To a solution of 2,6-dideuteriobenzoic acid (2 g, 16 mmol)
in Et,O (60 cm®) was added, drop-wise at 0 °C, a solution of

diazomethane in Et,O until the yellow colour of diazomethane
persisted. After leaving the reaction mixture in an ice bath for 1 h,
excess diazomethane was destroyed by the addition of AcOH. The
crude product, obtained on removal of solvent, was purified by
distillation (Kugelrohr) to yield methyl 2,6-dideuteriobenzoate 1a-
D, as a clear liquid (1.73 g, 78%, >95% d,), bp 90 °C / 0.05 mm
(oven temp.), Vo /cm™! 1724 (C=0); 6,(500 MHz, CDCl;) 3.85(3
H, s, CO,Me), 7.36 (2 H, dd, J 7.0, 3-H and 5-H), 7.97 (1 H, t, J
7.0, 4-H); m/z (EI) 138 (M*, 24%), 122 (45), 121 (100).

Fungal biotransformation procedures

Phellinus ribis Karst var. ribis NCWRF-FPRL 42) and Phellinus
pomaceus (Pers) Maire NCWRF FPRL 33A) were acquired from
the National Collection of Wood-Rotting Fungi, Princes Risbor-
ough Laboratory, Building Research Establishment, Aylesbury,
Bucks, England.

Culture media and cultural conditions

P. pomaceus and P. ribis were grown on a medium containing
glucose (30 g L"), mycological peptone (5 g L"), chloramphenicol
(0.025 g L") and NaCl (0.5 g L™"). Cultures were incubated
at 25 °C, with shaking (120 rpm), in 2000 mL conical flasks
containing 300 mL of medium up to 25 days. Samples were taken
daily for HPLC analysis. The inoculum was a mycelial suspension
(3 mL) prepared by homogenising mycelia (60 mg wet weight)
in sterile distilled water (40 mL) for 30 s with an Ultra Turrax
homogeniser. For supplementation and labelling experiments,
after 11 days’ growth, mycelia and medium were asceptically
sampled and the samples (10 mL) transferred to 100 mL sterile
conical flasks. These cultures were then supplemented at the
0.5 mmol level with a series of methyl esters of monosubstituted
benzoic acids (1b-k) and ethyl benzoate (11) and incubated for
a further 2-5 days. For labelling experiments, methyl 1,2,3,4,5-
pentadeuteriobenzoate 1a-Ds, methyl 2,6-dideuteriobenzoate 1a-
D, and trideuteriomethyl benzoate 1a-D; were added to the
cultures.

GC-MS identification of products of biotransformation from supp-
lementation experiments

At the end of the incubation period, the medium and mycelia were
extracted with Et,O (2 x 20 mL) and the extract dried (Na,SO,)
and concentrated (1 mL). A portion of this extract (1 uL) was
analysed by GC-MS with the mass spectrometer operating in
the electron impact full scanning mode measuring ion currents
between m/z 30 and 500. The GC oven was programmed to hold
at an initial temperature of 30 °C for 1 min, ramp at 10 °C to
300 °C and hold this temperature for 5 min. The injector port and
transfer line temperatures were set at 250 °C and the sample was
injected in the splitless mode. Retention times and mass spectra of
salicylates and oxepines, identified from the biotransformations,
were compared directly with those of authentic standards except
for the oxepine of ethyl benzoate. The presence of this oxepine
was inferred from comparison of its mass spectra and retention
time with that of the oxepine of methyl benzoate 2'a, for which an
authentic standard was available.
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Determination of incorporation of deuterium into bioproducts dur-
ing labelling experiments

Percentage incorporation from methyl 1,2,3,4,5-pentadeuterio-
benzoate 1a-Ds, methyl 2,6-dideuteriobenzoate 1a-D, and trideu-
teriomethyl benzoate 1a-D; into oxepine 2'a and methyl salicylate
6a was determined by both GC-MS, '"H-NMR and “C-NMR
analyses. For GC-MS, the GC operating conditions were as
described above but the mass spectrometer was employed in the
selected ion monitoring mode measuring ion currents at m/e 152,
153, 154, 155, 156 and 157. Incorporation of label into oxepine
2'a and methyl salicylate 6a was determined as the ratio of the
various ion currents, after correction for natural abundances,
measured at the expected retention time of the authentic standard
compounds.

Methyl 2-oxepinecarboxylate 2’'a

Yellow oil (0.335 g, 65%); R; 0.5, vy /cm™ 1726 (C=0); oy
(500 MHz, CDCl;) 3.82 (3 H, s, CO,Me), 5.78 (1 H, dd, J¢5 6.2,
Jss 5.2, 6-H), 5.94 (1 H, d, J;5 5.2, 7-H), 6.35 (1 H, dd, J,5 10.5,
J436.1,4-H), 6.47 (1 H, dd, Js, 10.5, J5¢ 6.2, J55 0.5, 5-H), 6.85 (1
H, dd, J;4 5.6, J55 0.5, 3-H); dc (125 MHz, CDCl;) 52.45, 118.08,
123.91, 128.56, 132.90, 133.59, 137.02, 163.25; m/z (EI) 154 (M*,
85%), 121 (12), 93 (26), 65 (100). The isolated bioproduct 2'a was
spectroscopically indistinguishable from a chemically synthesised
sample.2**

Biotransformation of methyl 2-(trifluoromethyl)benzoate 1d with
P. ribis

Methyl 2-(trifluoromethyl)benzoate 1d (0.5 mmol) was added to
each of six flasks each containing a growing culture of P. ribis
(10 mL, day 14); the culture media were left for 8 days at ambient
temperature. The combined culture broth was then centrifuged
and the aqueous phase extracted with Et,O (3 x 50 cm?). The
Et,0 extract was dried (Na,SO,) and carefully concentrated to
yield the crude product as a yellow oil. "H-NMR analysis of
the crude product showed evidence of the presence of natural
metabolites 2'a, Sa/6a and 7a, derived from methyl benzoate
1a, and also metabolites 2ds/2dg, 5d/6d and 7d, derived from
methyl 2-(trifluoromethyl)benzoate 1d. The arene oxide metabolite
2ds/2d; was found to be one of the major metabolites; it was
purified by PLC (20% Et,O in pentane).

2-(Trifluoromethyl)-7-oxabicyclo[4.1.0]hepta-2,4-diene-1-carboxy-
lic acid methyl ester 2d;/2d,

Colourless oil (73 mg, 11%); R, 0.20 (20% Et,O in pentane); [a]p
—14 (¢ 0.35, CHCL); (Found: M*, 220.0351. CoH,0;F; requires
220.0347); 6, (500 MHz, CDCI;) 3.86 (3 H, s, CO,Me), 4.23 (1 H,
m, Jes 3.0, Jo4 1.8, 6-H), 6.59 (1 H, m, J,, 1.8, 4-H), 6.70 (1 H,
m, Jse 3.0, Js4 6.4, 5-H), 6.97 (1 H, m, J3, 6.4, J;5 1.3, 3-H); J
(125 MHz, CDCl;) 51.67, 59.59, 126.59, 128.82, 128.90, 129.42,
166.58; m/z (EI) 220 (M*, 100%), 189 (18), 173 (16), 161 (19), 145
(18), 133 (49), 113 (39), 83 (23), 59 (40).

Cycloaddition of 4-phenyl-1,2,4-triazoline-3,5-dione to arene oxide
2ds/2d; to yield (£)-anti-10-carbomethoxy-1-(trifluoromethyl)-4-
phenyl-9-oxa-2,4,6-triazatetracyclo[5.3.2.0>¢.0*"°|dodec-11-ene-3,

5-dione 8

4-Phenyl-1,2,4-triazoline-3,5-dione (18 mg, 0.1 mmol) was added
to a solution of arene oxide 2dg/2d; (15 mg, 0.068 mmol) in
CH,Cl, (4 mL) and the reaction mixture stirred at ambient
temperature for 3 days. The crude product obtained after removal
of the solvent was purified by PLC (7% MeOH in CHCI;) to give
the cycloadduct 8 as colourless plates (19 mg, 70%); mp 16465 °C
(EtOAc-hexane); R; 0.62 (7% MeOH in CHCL); [a]p 0.0 (¢ 1.0,
CHCl,); (Found: M*,395.0749. C,,H,, F3N;Oj requires 395.0730);
Ju (500 MHz, CDCl;) 3.91 (3 H, s, CO,Me), 4.02 (1 H, d, J;, 4.5,
8-H), 5.51 (1 H,ddd, J,,, 1.7, J;5 4.5, J;1, 6.0, 7-H), 6.32 (1 H, dd,
Jin 8.4, J,; 6.0, 12-H), 6.49 (1 H, dd, J,,,, 8.4, J,,; 1.7, 11-H),
7.5 (5 H, m, C¢Hy); m/z (EI) 395 (M*, 33%), 308 (25), 220 (39),
189 (20), 161 (14), 133 (19), 119 (100), 91 (28), 59 (31).

Crystal data for compound 8. C;H,F;N;O;s, M =395.3, mon-
oclinic, a = 10.584(3), b = 10.448(3), c = 14.677(4) A, £ =90.31(1),
U =1623.18) A%, T = 150(2) K, Mo-Karadiation, A= 0.71073 A,
space group P2,/¢(no. 14), Z =4, F(000) =808, D, =1.618 gcm3,
u = 0.143 mm~', Bruker SMART CCD-detector diffractometer,
¢/ scans, 4.8° < 20 < 56°, measured/independent reflections:
4219/2371, R, = 0.046, direct methods solution, full-matrix least
squares refinement on F,?, 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, = 0.072 for 1828 data with F, > 4a(F,),
254 parameters, wR, = 0.233 (all data), GoF = 1.14, Ap.inme =
—0.67/0.09 ¢ A=*. CCDC reference number 668670.F

Base-catalysed hydrolysis of arene oxide 2d;/2d; to yield
(&)-trans-6-(trifluoromethyl)-3,5-cyclohexadien-1,2-diol-1-
carboxylic acid methyl ester 9

A mixture of arene oxide 2ds/2d; (16 mg, 0.073 mmol), ‘BuOH
(2mL) and pH 8.1 buffer solution (4 mL) was heated under reflux
until the starting material had been consumed (6 h). The solvents
were removed under reduced pressure, the concentrate diluted with
water (5 mL), the mixture extracted (3 x 5 mL) with EtOAc and
the extract dried (Na,SO,). The residue, left after the removal
of solvent, was purified by PLC (50% EtOAc in hexane) to give
trans-diol 9 as colourless oil (6 mg, 35%); R; 0.48 (50% EtOAc
in hexane); [a]p 0.0 (¢ 0.5, CHCL,); 64 (500 MHz, CDCl;) 3.89
(3 H, s, CO,Me), 5.09 (1 H, brs, 2-H), 6.05 (1 H, m, 4-H), 6.18 (1
H,d, J;,10.4,3-H), 6.67 (1 H, d, Js, 5.5, 5-H). m/z (EI) 238 (M",
48%), 179 (53), 161 (100), 150 (28), 142 (48), 133 (75), 102 (47).

Epoxidation of arene oxide 2ds/2d; to yield (£)-anti-5-(trifluoro-
methyl)-3,8-dioxatricyclo[5.1.0.0>*]oct-5-ene-4-carboxylic acid
methyl ester 10,,,/10,,,

A solution of arene oxide 2ds/2d; (17 mg, 0.077 mmol) in
acetone (1 mL) maintained at 0 °C was treated with an excess
of dimethyldioxirane solution in acetone (10 mL, 0.03 M). The
reaction mixture was kept at 0 °C until almost all the starting
compound had reacted (~ 7 days). The solvents were carefully
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removed under reduced pressure and the residue purified by silica
gel column chromatography (hexane — 30% Et,0 in hexane). The
earlier fractions gave a mixture of dioxides 10,,,/10,,;. The later
fractions on concentration yielded a pure sample of the major
dioxide 10,,, as a colourless oil (6.5 mg, 36%); R; 0.14 (30% Et,O
in hexane); (Found: M*, 236.0293. C,H; O,F; requires 236.0296);
Jn (500 MHz, CDCl;) 3.32 (1 H, m, J,; 3.9, J,5 4.4, 4-H), 3.81 (1
H, dd, J;, 1.7, J5, 3.9, 3-H); 3.82 (3 H, s, CO,Me), 3.93 (1 H, dd,
J,s 1.7, 7,4 0.7, 2-H), 6.75 (1 H, m, J,, 4.4, 5-H); m/z (EI) 236
(M~, 11%), 220 (23), 207 (22), 163 (12), 149 (50), 101 (21), 84 (32),
59 (49), 43 (100). Dioxide 10,,,: J (500 MHz, CDCI;) 3.66 (1 H,
d, J,5 1.3, 2-H), 3.84 (3 H, s, CO,Me), 4.57 (1 H, m, J,5 7.0, J,5
3.7,4-H),4.72 (1 H, dd, J3, 1.3, J5, 7, 3-H), 6.59 (1 H, m, J5, 3.7,
5-H).

Acid-catalysed aromatisation of arene oxide 2d;/2d; to yield
2-hydroxy-3-(trifluoromethyl)benzoic acid methyl ester 6'd

A solution of arene oxide 2ds/2d; (20 mg, 0.091 mmol) in
CHCI; (2 mL) was treated with TFA at room temperature. The
mixture was left at room temperature overnight. The solvent was
evaporated and the crude product purified by PLC (10% EtOAc
in hexane) to give phenol 6'd as a light yellow oil (12 mg, 60%);
R;0.54 (10% EtOAc in hexane); (Found: M+, 220.0338. C,H,O;F;
requires 220.0347); oy (500 MHz, CDCl;) 4.00 (3 H, s, CO,Me),
6.95 (1 H, m, Js¢, 7.8, 5-H), 7.77 (1 H, d, J,5 7.5, 4-H), 8.04 (1 H,
d, Jes 7.8); ¢ (125 MHz, CDCl;) 52.79, 113.61, 118.34, 118.87,
(120.0, 122.10, 124.27, 126.44, quartet), 132.98, 133.76, 159.74,
170.06; m/z (EI) 220 (M*, 87%), 188 (100), 169 (61), 160 (58), 141
(19), 132 (45), 113 (35), 63 (37).
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The reaction of trimethylsilyl-substituted sulfonium ylides with organoboranes (Ph;B, Et;B) has been
studied and although homologated products were obtained in good yield (after oxidation to the
corresponding alcohols), the enantiomeric excesses were low with our camphor-based chiral sulfide (up
to 40% ee, cf. corresponding phenyl-substituted sulfonium ylides gave >95% ee). Cross-over
experiments were conducted to ascertain the nature of this difference in selectivity. Thus, aryl- and
silyl-substituted sulfonium ylides (1 equiv.) were (separately) reacted with Et;B (1.5 equiv.) followed by
Ph;B (1.5 equiv.) The experiments were repeated changing the order of addition of the two boranes. It
was found that the aryl-substituted sulfonium ylide only trapped the first borane that was added
indicating that ate complex formation was non-reversible and so was the selectivity determining step. In
contrast the silyl-substituted sulfonium ylide only trapped Ph;B (it is more reactive than Et;B)
indicating that ate complex formation was reversible and so 1,2-migration was now the selectivity
determining step. The reactions have been studied computationally and the experimental observations
have been reproduced. They have further revealed that the cause of reversibility in the case of the
silyl-substituted sulfonium ylides results from ate complex formation being less exothermic and a higher

barrier to 1,2-migration.

Introduction

The reaction of sulfur ylides with organoboranes to give ho-
mologated boranes is emerging as a useful synthetic method in
asymmetric synthesis.! So far aryl-stabilised ylides 1 have been
reacted with alkyl, aryl and vinyl boranes to give the corresponding
homologated boranes with very high enantioselectivity (>95% ee).
These reactions occur via intermediate ate complexes followed by
1,2-metallate rearrangement (Scheme 1).2

L L
H H \B/\
+/k + 5= R
S” —"Ar S Ar >i3L2 OHINH,
o L,BR 0 R
up to 98% yield,
1 R= alkyl, aryl, alkenyl >95% e.e.

L = alkyl, aryl, 9-BBN

Scheme 1 Reaction of aryl-stabilised ylides with organoboranes.
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In a desire to extend the scope of the reaction we considered the
possibility of using silyl-substituted ylides. Such ylides are known
and their reactions with carbonyl compounds result in alkene
formation (Peterson reaction) rather than epoxidation (Corey—
Chaykovsky reaction).®* Further reactions of silyl-substituted
ylides with boranes have not been described although Matteson
has reported the reactions of silyl-substituted carbenoid 2 with
chiral borate esters (Scheme 2).* This gave the corresponding
homologated product 3 but with low diastereoselectivity (73 : 27)
and thus after oxidation the silylcarbinol 4 was obtained with low
enantiomeric excess (42% ee).

{ ! j Ph“ “ { ! :j
SaM93 O H
H O

e

Li
MesSit \T‘
Me380)\CI st

2
(d.r: 27 : 73)

N aOH SlMe3

42% ee

Scheme2 Matteson’s homologation of boronic esters with silyl-stabilised
carbenoid.

We expected the silyl-stabilised sulfur ylide to react with boranes
with similarly high enantioselectivity as the phenyl-stabilised
ylide because: (i) both ylides can be expected to have similar
pK.’s® and so one can expect both reactions to be non-reversible.
(i) Ph and Me;Si have similar A4 values® (2.77 and 2.4-2.6
respectively) and so ylide conformation, a key factor in achieving
high enantioselectivity, should be similarly well controlled. Indeed,
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we have found that in the case of the phenyl-stabilised ylide 1 there
is a very large preference for one ylide conformation over the other
(Scheme 3).°

H H§Ph H H
-

« L

AE = 4.37 kcal/mol

Scheme 3 Energy difference between ylide conformers.

In this paper we describe our studies on the use of silyl-
substituted ylides and the surprising finding that their addition
to boranes is, in fact, reversible.

Results and discussion

The required sulfonium salts (5, 6) were easily prepared
by reaction of the appropriate sulfides with the commercially
available triflate (Scheme 4).'° Reactions of the salts 5 and 6 with
LHMDS and two different boranes (Ph;B and Bu;B) furnished
the silylcarbinols in moderate yield after oxidative work up
(Table 1). However, we were surprised and disappointed at the
low enantioselectivity obtained with the chiral sulfonium salt 6 in
both cases (entry 2,4), and so further optimisation of yield was
not conducted.

We considered two possible reasons for the low enantioselec-
tivity. Our first consideration was that the two ylide conformers
might react with vastly different rates—the major conformer

R1\ R1\ +

S+ MeSi” OTF —» S\ off

R? CH,Cl, R2 SiMe;
+
s > siMe,

+ —

§— OTf oTf

SiMes o] P /\/0
Me;Si S+ I
oTf
5 6 9

Scheme 4 Synthesis of sulfonium salts.

Table 1 Reaction of silyl-stabilised ylides with organoboranes

A  OTf 1. LHMDS, THF, -78 °C OH
N Na: :
S SiMeg M Sl/\R
o, 2.R4B, THF, -98 °C - RT  MesSi
3. H202/NaOH

Entry Salt R Yield (%) Er (%)

1 5 Bu 63 —

2 6 Bu 7 60 : 40

3 5 Ph 61 —

4 6 Ph 66 71529

5 9 Ph 41 57: 43¢

“The enantiomeric ratio was determined by formation of the Mosher’s
ester. * The enantiomeric ratio was determined by chiral HPLC using
chiracel OD column under the following conditions: 5% IPA in hexane,
1 ml min~'. Retention time: minor, 6.96 min; major, 10.53 min.

reacting much slower than the minor conformer (an example of
the Curtin-Hammett principle'!), since in the TS the bulky Me;Si
group is pushed toward the bulky camphor moiety (Scheme 5).
Indeed, DFT calculation of the phenyl stabilised ylide-borane
reaction and the corresponding ylide-aldehyde reaction revealed
that there is substantially greater pyramidalisation in the TS of
the former reaction.’ The greater degree of pyramidalisation in
the TS of the ylide-borane reaction compared to the epoxidation
reaction results in the ylide substituents being pushed further
towards the sulfonium scaffold in the ylide-borane reaction which
in turn means that the reaction will be more sensitive to the steric
environment around the ylidic carbon.

/
L B
s7 > siMe +
3slow? S i BR;

o ./,\’ R3B o —>Me3SiJ\R

SiM83 Me;;si \ /R
+ L~ n \B, R
S H > BR
/ fast? S° H £
o RsB Me;Si R

Scheme 5 Potential origin of low enantioselectivity in ylide reaction.

Although difficult to prove, we tested this proposition by
using an alternative chiral sulfide 7 for which we had previously
established good control over ylide conformation and face se-
lectivity (Scheme 6: the phenyl stabilised ylide 8 gave 95 : 5
er in epoxidation'?). In this case however, there is less steric
encumbrance around the ylidic carbon and so the rates of reactions
of the two ylide conformers can be expected to be more equal.
However, in the event even lower enantioselectivity was observed
in reaction of the silyl-stabilised ylide 9 with Ph;B (entry 5).
These results suggest that the origin of the low enantioselectivity
is unlikely to originate from the major ylide conformer reacting
more slowly than the minor ylide conformer.

PhCHO/KOH
EtOH o}
fo) o) / \ wPh
S/\I/ Phi\sf\l/ -50 °C Ph'
BF4
7 8 95:5eur.

Scheme 6 Demonstration of control of ylide conformation and face
selectivity through epoxidation.

A second possibility was that the addition of the silyl-stabilised
ylide onto the borane was reversible and that the two diastereomers
of the ate complex underwent migration at similar rates. Although
a reversibility of the addition did not seem that likely since Me;Si
is slightly less able to stabilise a carbanion than a Ph group®!*
(so reversal of ate complex formation should be less favoured) it
could be easily tested by cross-over experiments. The experiment
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would entail addition of borane A to an ylide at low temperature
and after complete consumption of the ylide addition of a second
borane B. If ate complex formation is non-reversible this should
furnish the product derived solely from borane A but if ate complex
formation is reversible a mixture of products derived from boranes
A and B would be produced.

To establish the temperature and time required for the ylide to
react with the borane, the reaction of ylides 5 and 10 with Et;B
was monitored by "B NMR (Scheme 7). In fact, within 10 minutes
at —78 °C ate complex formation from the reaction of ylide 5 with
Et;B was essentially complete although rearrangement only took
place upon warming to —10 °C. In contrast, the reaction of the
phenyl-stabilised ylide 10 could not be monitored effectively. At
—78 °C substantial migration had already occurred and it was
difficult practically to monitor the reaction at lower temperature.
Circumstantial evidence suggested to us that ate complex forma-
tion was very fast at —105 °C but that no significant migration
occurred at that temperature: when we conducted reactions of
ylide 10 with Et;B/Ph;B at this temperature, no products derived
from a second homologation were observed whereas at —78 °C
approximately 10% yield of the second homologation adducts were
obtained.

Cg - Eus 0
+ Ety
5_\SiMe3 <10 mins

82 ppm

+ _BEts -10°C SiMez

—_—

SiMeg 1h EtB Et

"B NMR -5 ppm 75 ppm

+ - -105°C Ph
S_\ + Et3B B ——

10 Ph <20 mins

v PEs78eC
S —_—

pPh < 5 sec. Et,B Et

"B NMR 82 ppm

81ppm

Scheme 7  Establishing reactivity of sulfur ylides with boranes.

In the event reaction of the phenyl-stabilised ylide with Et;B
followed by Ph;B only furnished the product from Et;B whilst
under the same conditions the silyl-stabilised ylide only furnished
the product from Ph;B (Scheme 8, equations 3 and 1). Changing
the order of addition of the two boranes resulted in the phenyl-
stabilised ylide trapping the BPh; and the silyl-stabilised ylide
again trapping the Ph;B (Ph;B is evidently considerably more
reactive than Et;B). This indicated that the phenyl-stabilised
ylide added non-reversibly to Et;B whilst the silyl-stabilised ylide
reacted reversibly.

This means that in the reaction of silyl-stabilised ylides with
organoboranes, addition may well occur faster for one conformer
of the ylide (see Scheme 5), as for phenyl-stabilised ylide, but since
this step is reversible the two diastereomers of the ate complex are
accessible and the selectivity-determining step is the 1,2-migration.
The low enantioselectivity observed in these cases must therefore
result from a similar rate of migration in the two diastereomers of
the ate complex.

We were intrigued as to why the silyl-stabilised ylide should add
reversibly to the borane whilst the phenyl-stabilised ylide reacts
non-reversibly because the silyl-stabilised ylide is expected to be a
slightly poorer leaving group (since it has a lower pK,°) than the
phenyl-stabilised ylide. Clearly, in the case of the silyl-substituted

1)EtB  3)warm
'TB OC, 1 h tO RT OH OH
PhsB EtJ\S'M Ph/J\S'M S
¥ | I
aiciin Anoy T T %
- : NaOH 0% 44%
s
SiMe;,
5 1) PhyB 3) warm
-78°C,1h )to RT OH OH
2) Et;B F’hAS'M Et)\S'M Faz
3 ivies IVieg
: 4) H,0
78°C.1h Y275, %
1) Et;B 3) warm
105°C/20 mins o RT  OH OH
A . Eq3
2) PhyB HH,0 Et” “Ph PH ~Ph
-105 °C/20 mins 222 70% 0%
B NaOH o
B
Ph
10 1) Ph3B 3) warm T OH
-105 °C/20 mins  to RT
S Ph” Ph Et/I\Ph sk
3 769 0,
105 °C/20 mins 4) H202 6% e

Scheme 8 Cross-over experiments of sulfur ylides with boranes.

ylide, either the barrier to alkyl/aryl group migration must be
raised or the barrier to reversion is lowered, or both. In order
to distinguish between these possibilities and to understand why
there should be such differences in the reactions we carried out
calculations to try to shed light on this unusual situation.

In a previous study, we have studied the reaction of non-
substituted and phenyl-substituted ylides with BMe;."* These
calculations revealed a high exothermicity of the ate complex
formation (R30 kcal mol™"), which occurred without enthalpic
barrier, and a low barrier to migration (12-15 kcal mol™!). This ac-
counts for the non-reversibility of the addition step in these cases.
This study showed also that the MP2/6-311+G**//B3LYP/6-
31G* method was the more adequate to describe these systems. It
is however important to make the point that at this level of theory
the energy of reactants (and hence exothermicity of ate complex
formation) is overestimated by ca. 10 kcal mol™" (see SI of ref. 14).

The computed energy profile for the reaction of silyl-substituted
ylide is reported in Fig. 1. Calculations are in good agreement with
cross-over experiments, supporting a reversibility of ate complex
formation (if one takes into account the error involved in the
method). Examination of the profile shows that the reason for this
reversibility is a combination of a decrease in exothermicity of
ate complex formation and an increase (as compared to phenyl-
stabilised ylide) in barrier to alkyl migration (Table 2).

The fact that the Me;Si group (unlike Ph) has no effect on
methyl migration barrier (barriers with R = H and Me;Si are
comparable) is unexpected given that Me;Si group is reported
to activate Sy2 reaction at an a-carbon.' However, an electronic
analysis reveals the development of a positive charge on the ylidic
carbon at the TS (8 charge on the carbon is 0.29 a.u. in non-
substituted case; see Supporting Information). This indicates a
significant Sy1 character of the reaction which can explain the
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Fig. 1 Computational potential energy surface (relative energies in kcal
mol™") for the reaction of Me;B with Me;SiCHSMe, (the dotted curve
corresponds to qualitative energy profile taking into account the estimated
error in the method).

Table 2 Influence of substitution on the energy profile
Me ¥
I’ \“ R
Me —/B_\/
Me \\\
N S—
IS BMe; Me\;_\‘ R / \B/ o
- Me J\ + SMe;
R me Cst TS R
/
ate complex
R Reactants Ate complex TS(barrier) Product
H 0.0 —34.6 —19.2(15.4) —57.9
Ph 0.0 —34.6 —22.1(12.5) —54.5
T™MS 0.0 —24.3 —8.4(15.9) —51.4

“ Energies are obtained at the MP2/6-311+G**//B3LYP/6-31G* level of
theory and are given in kcal mol~' respective to reactants.

absence of activation by the Me;Si group (Me;Si has been shown
to have little effect on Sy1 reactions').

The substantial decrease in exothermicity of ate complex
formation is even more surprising. Indeed, based on the slightly
lower stabilisation of the silyl-stabilised ylide compared to the
phenyl-stabilised ylide, and the similar steric encumbrance of the
two groups (vide supra), one would expect, if anything, the opposite
trend. A detailed analysis (see Supporting Information) shows that
ate complex formation is highly exothermic in the case of phenyl-
stabilised ylide because the phenyl group is able to stabilise the ate
complex (hyperconjugation) to a similar extent as the ylide. This
stabilisation of the ate complex can be illustrated by the energy
of the isodesmic reaction reported in Scheme 9. For the silyl-
substituted ylide the isodesmic reaction indicates a much lower
stabilisation of the ate complex, probably due to destabilising

Me _ Me R
HG—R + pe-B—\ , —= HC—H + Me’/B—< N
Me /S— Me /S—
DE (kcal/mol)
R=H 0.0
Ph 9.7
MesSi 23

Scheme 9 Computational analysis of the isodesmic reaction to probe
stability of ate complex.

geminal effects (strong donor and strong acceptor orbitals cause
the greatest antibonding geminal destabilising interactions)'s and
vicinal steric interactions. Stabilisation of the ylide is thus not
counter-balanced by a stabilisation of the ate complex in this case,
which accounts for the decrease in exothermicity of ate complex
formation.

In summary, in the case of phenyl-substituted ylide, a large
stabilisation of the ate complex, which counter-balances stabilisa-
tion of the ylide, along with the activation of the migration step
make the addition onto the organoborane non-reversible. For silyl-
stabilised ylide, a combination of a decrease in exothermicity of
ate complex formation, due to low stabilisation of the ate complex,
and an absence of activation of the migration step, due to a
significant Sy1 character of the 1,2-migration reaction, renders
the addition of the ylide to the borane reversible.

Conclusions

In conclusion, it has been found that in contrast to aryl-stabilised
ylides which react with boranes to give homologated products
with very high enantioselectivity, silyl-stabilised ylides only give
low enantioselectivity. Through cross-over experiments it has been
shown that the two classes of ylides show quite different reactivity
with boranes. Aryl-stabilised ylides react with boranes non-
reversibly to give intermediate ate complexes which undergo stere-
ospecific 1,2-metallate rearrangement leading to homologated bo-
ranes with high enantioselectivity. However, silyl-stabilised ylides
react with boranes reversibly and so now selectivity is determined
by the equilibrium ratio of diastereomeric ate complexes that are
formed and their relative rates of subsequent 1,2-migration. The
origin of the difference in reactivity and change in the selectivity-
determining step has been analysed computationally. The main
factors responsible for the silyl-stabilised ylide reacting reversibly
with the borane are a reduction in exothermicity of ate complex
formation and an increase in the activation barrier to migration
of the borane substituent.

Computational details

The MP2/6-311+G**//B3LYP/6-31G* method has been se-
lected to be the more adequate for the studied system after
investigation of the model reaction of BMe; with CH,SMe, at a
variety of different levels of theory, including QCISD(T)/6-31G*
and G3(MP2)//B3LYP methods (see reference 14).

All species have been fully geometry optimised using the Jaguar
6.0 pseudospectral program package.'® Geometry optimisation
and NBO analysis were carried out using the well established
B3LYP hybrid density functional and the standard split valence
polarised 6-31G* basis set.
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Single point calculations at the MP2/6-311+G** level have been
carried out on every transition state structure using the Gaussian
03 program package."”

Frequency calculations have been carried out on every transition
state structure in order to check the correct nature of the point on
the potential energy surface.
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A simple, two-step synthesis of 4,6-disubstituted pyridazin-3(2H)-ones starting from
2-diethoxyphosphoryl-4-oxoalkanoates and hydrazines is described. The intermediate
4-diethoxyphosphoryl-4,5-dihydropyridazin-3(2 H)-ones obtained in this way are used in a
Horner—-Wadsworth—Emmons olefination of aldehydes to give a variety of disubstituted

pyridazin-3(2H)-ones.

Introduction

The pyridazin-3(2H)-ones 1 and their 4,5-dihydro derivatives
show wide biological activity: they constitute the pyridazinone
class of herbicides, which are carotenoid biosynthesis inhibitors,’
and can also act as fungicides and insecticides.> Even more
importantly, the pyridazin-3(2H)-one ring is present in many
compounds that possess a variety of pharmacological properties,
and therefore plays the role of a pharmacophore. Particularly well
recognized is the antihypertensive activity of pyridazin-3(2H)-one
derivatives such as imazodan 2.* Also, the immunosuppressant
activity of 4-cyano derivatives of 1,* the gastric antisecretory and
antiulcer activity of 2-cyanoguanidine derivatives of 1,5 as well
as the hypotensive activity of 6-aryl-4-methyl derivatives of 1,
have been reported. Recently, pharmacological investigations of
phthalazinone/pyridazinone hybrids 3, displaying both relaxation
and antiinflamatory activities, have been undertaken with the aim
of finding a new drug therapy for bronchial asthma.” Furthermore,
pyridazin-3(2H)-ones 1 are the key intermediates in the synthesis
of the psychotropic drug minaprine 4 and its analogs® as well as in
the synthesis of the vasodilator antihypertensive agent prizidilol
5.° Simple conversion of the appropriate derivative of 1 into the
imino chloride and the nucleophilic displacement of the chlorine
atom by the primary amine gives 4 or 5.

The synthesis of pyridazin-3(2H)-ones 1 can be accomplished
in several ways. Classic methods' involve (i) condensation of 4-
oxoalkanoic acid with hydrazine and its derivatives to produce
4,5-dihydropyridazinones, which may be oxidized to the corre-
sponding pyridazinones or (ii) the reaction of o-diketones with
hydrazine derivatives in the presence of an ester containing active
methylene protons. A more recent variant of the first method
involves heating of 2-hydroxy-4-oxoalkanoic acids or esters with
hydrazine. These acids or esters can be prepared from glyoxylic
acid and methyl ketones," or by catalytic hydrogenation of 4,5-
dihydroisoxazoles.'? The synthesis of 1 has also been accomplished
by condensation of 4,5-dihydropyridazin-3(2H)-ones with some
aromatic aldehydes.”® The main drawback of these methods is the
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N~ “NHNH,

scarcity of the appropriately substituted substrates e.g. a-diketones
or 4-oxoalkanoic acids.

In this paper we present a new, simple, and general two-step
route to 4,6-disubstituted pyridazin-3(2H)-ones 9 and 10.

Results and discussion

The 2-diethoxyphosphoryl-4-oxoalkanoates 6 that are substrates
in our synthesis are readily available through the application of
methods recently developed in our laboratory.'

In the first step oxoalkanoates 6a—h were treated with hydrazine
and phenylhydrazine. The reaction with hydrazine proceeded
smoothly in boiling ethanol, yielding crude 4-diethoxyphos-
phoryl-4,5-dihydropyridazin-3(2H)-ones 7a-h, which were puri-
fied by column chromatography (Table 1). In contrast, the reaction
of oxoalkanoates 6b,f-h with phenylhydrazine, which gave 4-
diethoxyphosphoryl-2-phenyl-4,5-dihydropyridazin-3(2 H)-ones
7i-1, required more vigorous conditions (boiling toluene) and
longer reaction times (Table 1). Crude products were purified
by column chromatography. All compounds 7 were obtained in
good to excellent yields and their structures were unequivocally
confirmed by spectroscopic methods. Evidently, the first-formed
hydrazones lactamize spontaneously to pyridazinones 7.

In the second step, diethoxyphosphorylpyridazinones 7 were
used in the Horner-Wadsworth—-Emmons olefination of aldehydes.

This journal is © The Royal Society of Chemistry 2008
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Table 1 Synthesis of 4-diethoxyphosphoryl-4,5-dihydropyridazin-3(2H)-ones 7a-1 and 4-methylpyridazin-3(2H)-ones 9a-1
(0}

1l
(EIORP.__COOEt ny NHRZ R | P(OEY), - NaliTHF R! I R’ N
1 A N
R Nano ';l o N0
o ll?z R? FI{Z
6a-h 7a-l 8a-l 9a-l
R! R? Reaction time/h Solvent Yield of 7¢ (%) Yield of 9% (%)
a Me H 10 Ethanol 94 75
b Et H 10 Ethanol 95 85
c n-Pentyl H 10 Ethanol 86 79
d Bn H 10 Ethanol 84 70
e 3.4- H 10 Ethanol 85 50
(MeO),C¢H;CH,
f Ph H 10 Ethanol 92 88
g 4-BrC,H, H 10 Ethanol 76 89
h 4-MeOC4H, H 10 Ethanol 65 60
i Et Ph 90 Toluene 61 49
i Ph Ph 34 Toluene 69 67
k 4-BrC¢H, Ph 45 Toluene 78 50
1 4-MeOC¢H, Ph 20 Toluene 61 40

“Yields of pure, isolated products based on 6. * Yields of pure, isolated products based on 7.

Thus, treatment of pyridazinines 7a-h (R*> = H) with sodium
hydride at room temperature, and then with paraformaldehyde in
boiling THF gave, after purification by column chromatography,
4-methylpyridazin-3(2H)-ones 9a-h, usually in very good yields
(Table 1). However, pyridazinones 7i-1 (R*> = Ph) subjected
to the same procedure gave unacceptably low yields of 4-
methylpyridazinones 9i-1. Pleasingly, however, when the formation
of enolate anion and the reaction with paraformaldehyde was
performed at 0 °C, satisfactory yields of 9i-1 were obtained
(Table 1). IR, "H and “C NMR spectra confirmed their structures
unambiguously. The aromatic character of the final pyridazi-
nones 9 is certainly the driving force in the rearrangement of
initially formed 4-methylidene-4,5-dihydropyridazin-3(2H)-ones
8 to pyridazin-3(2H)-ones 9.

To broaden the scope of our method, we diversified the
range of substituents in position 4. To achieve this, selected
diethoxyphosphorylpyridazin-3(2H)-ones 7c,j were tested in the
Horner—Wadsworth-Emmons olefination of isobutyraldehyde,
benzaldehyde and 1-naphthylaldehyde (Table 2). These reactions
proceeded well in THF, in the presence of NaH as a base and,
after standard work up and purification of the crude products by
column chromatography, gave the expected rearranged pyridazin-
3(2H)-ones 10a—d in moderate to good yields (Table 2).

Conclusions

We have developed an efficient, general, and simple approach
to 4,6-disubstituted pyridazin-3(2H)-ones 9 and 10, a class of
compounds displaying broad biological activity. The easy accessi-
bility and great diversity of the starting 2-diethoxyphosphoryl-
4-oxoalkanoates 6 allows for the introduction of a variety of
alkyl and aryl substituents into position 6. Also, substituents in
position 4 can be easily modified by using selected aldehydes in
the Horner—Wadsworth-Emmons olefination step. Furthermore,

Table 2 Synthesis o% 4-alkylpyridazin-3(2H)-ones 10a—d

I ;
R* POEY, 1. NaHITHF RN g
| 2. R’CHO |
N ~ - N ~
N o N 6]
R R2
7¢c.j 10a-d
R! R? R’ Yield of 10¢ (%)
a n-Pentyl H 1-Naphthyl 35
b n-Pentyl H i-Pr 60
c Ph Ph Ph 76
d Ph Ph i-Pr 75

“Yields of pure, isolated products based on 7¢ (for 10a,b) or 7j (for 10c,d).

substituents at positions 4 and 6 can be introduced independently,
which substantially increases the scope of our method.

Experimental

Organic solvents and reagents were purified by the appropriate
standard procedures. Column chromatography was performed on
Fluka® silica gel 60 (230-400 mesh). IR spectra were recorded on
a Specord M 80 spectrometer. 'H NMR (250 MHz), *C NMR
(62.9 MHz), and *'P NMR (101 MHz) spectra were recorded
on a Bruker DPX-250 spectrometer with TMS as an internal
standard for '"H-NMR and *C-NMR, and 85% H,PO, as an
external standard for ¥P NMR. ¥P NMR spectra were recorded
using broad-band proton decoupling. J values are given in Hz.
Characterization data for compounds 7b,c,e.f.h.j.k, 9a,b,d,f-k and
10b,c as well as 'H and *C NMR spectra for the new pyridazinones
9c¢,e,k,l and 10a—d can be found in the ESI.{
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General method for the synthesis of 4-diethoxyphosphoryl-4,5-
dihydropyridazin-3(2H)-ones 7a-1

To a solution of 2-diethoxyphosphoryl-4-oxoalkanoate 6 (2.0
mmol) in an appropriate solvent (60 cm?®) (Table 1), 80% hydrazine
hydrate (0.40 g, 4.0 mmol) or phenylhydrazine (0.43 g, 4.0 mmol)
was added. The mixture was refluxed for the period of time given
in Table 1. Progress of the reaction was occasionally monitored
with *'P NMR. After the oxoalkanoate was completely consumed,
the solvent was evaporated under reduced pressure and the
crude product was purified by column chromatography (CHCL;—
methanol, 95:5).

4-Diethoxyphosphoryl-6-methylpyridazin-3(2 H)-ones (7a).
(0.41 g, 94%) colorless oil (Found: C, 43.6; H, 6.8. C;H,;N,O,P
requires C, 43.55; H, 6.9%); Vo (film)/cm™! 1684, 1254 and 1008;
ou(CDCly) 1.21-1.38 (6H, m, 2 x CH,;CH,0), 2.07 (3H, s, CH};),
2.65-3.12 BH, m, CH,, CH), 4.12-4.26 (4H, m, 2 x CH;CH,0)
and 8.51 (1H, s, NH); .(CDCl;) 15.72 (d, J 5.6 2 x CH;CH,0),
22.22 (s, CH;), 26.67 (d, J 5.6, C-5), 35.84 (d, J 134.5, C-4), 62.45
(d, J 8.7, CH;CH,0), 62.47 (d, J 8.7, CH;CH,0),150.91 (d, J
5.0, C-6) and 162.01 (d, J 4.3, C-3); 6,(CDCl;) 22.34.

6-Benzyl-4-diethoxyphosphorylopyridazin-3(2 H)-one (7d).
(0.57 g, 84%) colorless crystals, mp 150 °C (from Et,0) (Found:
C, 55.7; H, 6.4. C;;H,N,O,P requires C, 55.55; H, 6.5%);
Vmae (film)/cm™" 1684, 1616, 1256 and 1004; 6,,(CDCl;) 1.27-1.34
(6H, m, 2 x CH,;CH,0), 2.52-3.05 (3H, m, CH,, CH), 3.61,
3.68 (2H, AB, J 15.0, CH,), 4.03-4.20 (4H, m, 2 x CH,CH,0),
7.23-7.37 (SH, m, 5 x CH,,) and 8.51 (1H, s, NH); 6.(CDCl;)
16.01 (d, J 3.1, CH,CH,0), 16.10 (d, J 3.1, CH;CH,0), 25.48
(d, J 5.0, C-5), 34.47 (d, J 137.7, C-4), 36.23 (s, CH,), 42.84 (s,
CH,Ph), 62.68 (d, J 6.9, 2 x CH;CH,0), 126.86 (s, 2 x C-Ar),
128.48 (s, 2 x C-Ar), 128.92 (s, C-Ar), 135.37 (s, C-Ar), 152.95
(d, J 5.0, C-6) and 162.35 (d, J 4.4, C-3); 6, (CDCl;) 21.37.

6-(4-Bromophenyl)-4-diethoxyphosphorylopyridazin-3(2 H)-one
(7g). (0.59 g, 76%) yellow oil (Found: C, 43.5; H, 4.8.
C4,H sBrN,O,P requires C, 43.2; H, 4.7%); Vi (film)/cm™" 1684,
1616, 1324, 1256, 1104 and 1020; 64(CDCl;) 1.10-1.40 (6H, m,
2 x CH;CH,0), 3.00-3.56 (3H, m, CH,, CH), 3.92-4.33 (4H, m,
2 x CH;CH,0), 7.40-7.65 (4H, m, 4 x CH,,) and 8.76 (1H, s,
NH); 6-(CDCl,) 16.10 (d, J 6.2, 2 x CH,CH,0), 23.78 (d, J 5.6,
C-5), 36.36 (d, J 134.5, C-4), 62.98 (d, J 4.9, CH,CH,0), 63.07
(d, J 6.8, CH;CH,0), 124.09 (s, C-Ar), 127.40 (s, 2 x C-Ar),
131.58 (s, 2 x C-Ar), 134.05 (s, C-Ar), 148.14 (d, J 4.9, C-6) and
162.66 (d, J 4.3, C-3); 3p(CDCl;) 21.40.

4-Diethoxyphosphorylo-6-ethyl-2-phenylpyridazin-3(2H)-one
(7i). (0.412 g, 61%) brown oil (Found: C, 56.7, H, 6.8.
C¢H,;N,O,P requires C, 56.5; H, 6.7%); Vnu(film)/cm™" 1676,
1308, 1256 and 1024; 64(CDCl;) 1.21 (3H, t, J 7.4, CH,CH,),
1.26-1.38 (6H, m, 2 x CH,CH,0), 2.47 (2H, q, J 7.4, CH;CH,),
2.72-3.12 (2H, m, CH,), 3.14-3.32 (1H, m, CH), 4.10-4.28 (4H,
m, 2 x CH;CH,0), 7.22-7.28 (1H, m, CH,,), 7.34-7.44 (2H,
m, 2 x CH,,) and 7.48-7.54 (2H, m, 2 x CH,,); d.(CDCl;)
8.38 (s, CH;CH,), 14.52 (d, J 5.1, CH,;CH,0), 14.60 (d, J 5.4,
CH;CH,0), 24.57 (d, J 5.2, C-5), 28.36 (s, CH;CH,), 36.18
(d, J 136.0, C-4), 61.16 (d, J 6.6, CH;CH,0), 61.33 (d, J 7.0,
CH;CH,0), 123.10 (s, 2 x C-Ar), 124.84 (s, C-Ar), 126.71 (s, 2 x

C-Ar), 139.31 (s, C-Ar), 154.62 (d, J 5.3, C-6) and 159.02 (d, J
4.5, C-3); 8,(CDCLy) 22.21.

4-Diethoxyphosphorylo-6-(4-methoxyphenyl)-2-phenylpyridazin-
3(2H)-one (71). (0.51 g, 61%) yellow oil (Found: C, 60.7; H, 6.2.
C, H,sN,OsP requires C, 60.6; H, 6.05%); vypax(film)/cm™" 1676,
1600, 1304, 1256 and 1028; J4(CDCl;) 1.14-1.42 (6H, m, 2 x
CH;CH,0), 3.08-3.62 (3H, m, CH,, CH), 3.84 (3H, s, CH;0)
4.04-4.28 (4H, m, 2 x CH;CH,0), 6.64-6.80 2H, m, 2 x CH,,),
6.88-6.98 (1H, m, CH,,), 7.10-7.20 2H, m, 2 x CH,,), 7.26-7.50
(2H, m, 2 x CHy,,), 7.52-7.62 (1H, m, CH ,,) and 7.72-7.82 (1H,
m, CH,,); 6c(CDCl;) 16.17 (d, J 6.1, 2 x CH;CH,0), 24.28 (d, J
5.3, C-5),38.00 (d, J 136.2, C-4), 55.19 (s, CH;0), 62.94 (d, J 6.6,
CH,CH,0), 63.10 (d, J 6.9, CH,CH,0), 113.84 (s, C-Ar), 114.98
(s,2 x C-Ar), 118.30 (s, C-Ar), 124.90 (s, C-Ar), 126.62 (s, C-Ar),
127.49 (s, C-Ar), 127.75 (s, C-Ar), 128.37 (s, C-Ar), 129.06 (s, 2 x
C-Ar), 141.14 (s, C-Ar), 146.18 (s, C-Ar), 149.83 (d, J 5.8, C-6)
and 160.85 (d, J 4.4, C-3); 6,(CDCl;) 21.40.

General method for the synthesis of
4-alkylidenepyridazin-3(2 H)-ones 9a-1 and 10a—d

A solution of 4-diethoxyphosphorylpyridazin-3-one 7 (1.0 mmol)
in THF (3 cm?®) was added, at 0 °C (for 9i-1 and 10c,d) or at
room temperature (for 9a~h and 10a,b), to a stirred suspension
of sodium hydride (0.025 g, 1.05 mmol) in THF under an argon
atmosphere. The reaction mixture was stirred at this temperature
for 30 min. Then the appropriate aldehyde (1.0 mmol) was added in
one portion and the reaction mixture was either stirred at 0 °C for
1.5h (for 9i-1) or refluxed for 1.5 h and cooled to 0 °C (for 9a—h and
10a—d). Then water (10 cm®) was added, the solvent was removed
under reduced pressure and the residue extracted with CH,Cl, (3 x
15 cm?®). Combined organic layers were dried (MgSO,) and evap-
orated under reduced pressure, affording the crude product which
was purified by column chromatography (AcOEt-CHCl;, 9:1).

4-Methyl-6-pentylpyridazin-3(2H)-one (9¢). (0.142 g, 79%)
colorless crystals, mp 76 °C (from Et,O) (Found: C, 66.5; H, 8.7.
C0HsN,O requires C, 66.6; H, 8.95%); vy (film)/cm~" 1656, 1608
and 768; 0,(CDCl,); 0.89 (3H, t, J 6.5, CH;), 1.26-1.43 (4H, m,
2 x CH,), 1.63 (2H, quintet, J 7.5, CH,),2.20 (3H, d, J 1.2, CH;),
2.53(2H,t,J 7.5,CH,),7.02 (1H,d, J 1.2, CH) and 10.70 (1H, s,
NH); 6.(CDCl) 13.86 (s, CH;), 16.16 (s, CH;), 22.31 (s, CH,),
28.09 (s, CH,), 31.16 (s, CH,), 34.43 (s, CH,), 131.16 (s, C-5),
140.16 (s, C-4), 149.25 (s, C-6), and 162.96 (s, C-3).

6-(3,4-Dimethoxybenzyl)-4-methylpyridazin-3(2 H)-one (9e).
(0.130 g, 50%) yellow oil (Found: C, 64.4; H, 6.3. C,,H;N,0;
requires C, 64.6; H, 6.2%); vy, (film)/cm~! 1648, 1600, 1512, 1460,
1264 and 1240; 6,,(CDCL) 2.21 (3H, d, J 1.2, CH;), 3.81 (2H, s,
CH,) 3.90 3H, s, CH;0), 3.91 (3H, s, CH;0), 6.76-7.00 (3H, m,
3 x CHy,,), 7.32 (1H, s, CH) and 11.46 (1H, s, NH); J-(CDCl,)
16.24 (s, CHs;), 40.52 (s, CH,Ph), 55.87 (s, 2 x CH;0) 111.35 (s,
C-Ar), 111.98 (s, C-Ar), 120.92 (s C-5), 130.01 (s, C-Ar) 131.08
(s, C-Ar), 140.72 (s, C-4), 148.09 (s, C-6), 148.25 (s, C-Ar), 149.22
(s, C-Ar) and 162.68 (s, C-3).

6-(4-Methoxyphenyl)-4-methyl-2-phenylpyridazin-3(2 H)-one
). (0.116 g, 40%) orange crystals, mp 150 °C (from Et,0)
(Found: C, 74.1; H, 5.3. C;sH(N,O, requires C, 73.95; H, 5.5%);
Vmax(film)/cm™" 1652, 1612, 1520 and 1252; 64(CDCl;) 2.36 (3H,
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d, J 1.2, CH.,), 3.86 3H, s, CH,0) 6.96-7.08 (3H, m, 3 x CH,,),
7.22 (1H, s, CH), 7.38-7.64 (3H, m, 3 x CH,,) and 7.70-7.84
(3H, m, 3 x CH,,); 6.(CDCLy) 17.31 (s, CH,), 55.35 (s, CH,0),
114.23 (s, C-Ar), 125.58 (s, 2 x C-Ar), 127.32 (s, C-Ar), 127.43
(s, 2 x C-Ar), 127.58 (s, C-4), 127.82 (s, C-5), 128.55 (s, 2 x
C-Ar), 12922 (s, C-Ar), 129.37 (s, C-Ar), 141.39 (s, C-Ar),
142.17 (s, C-Ar), 144.26 (s, C-Ar), 146.39 (s, C-6) and 160.66 (s,
C-3).

4-(Naphthalen-1-ylmethyl)-6-pentylpyridazin-3(2H)-one (10a).
(0.107 g, 35%) colorless oil (Found: C, 78.3; H, 7.4. C,,0H;,N,O
requires C, 78.4; H, 7.2%); Vmna(film)/cm~" 1652, 1608, 1512, 1464,
1400, 1240 and 1016; 6,,(CDCl;) 0.76-0.81 (3H, m, CH;), 1.05-
1.45(6H, m, 3 x CH,) 2.32 (2H,t,J 7.5, CH,), 4.35 (2H, s, CH,),
6.40 (1H,s,CH), 7.31-7.72 (4H, m, 4 x CH,,), 7.76-7.91 (3H, m,
3 x CH,,) and 10.33 (1H, s, NH); 6.(CDCl;) 13.77 (s, CH;), 22.18
(s, CH,), 27.80 (s, CH,), 30.91 (s, CH,), 31.11 (s, CH,), 32.29 (s,
CH.,), 34.33 (s, CH,), 124.07 (s, C-Ar), 125.55 (s, C-Ar), 125.80
(s, C-Ar), 126.32 (s, C-Ar), 127.85 (s, C-Ar), 128.14 (s, C-Ar),
128.69 (s, C-Ar), 130.60 (s, C-5), 131.83 (s, C-Ar), 133.25 (s, C-
Ar), 133.91 (s, C-Ar), 142.60 (s, C-4), 149.41 (s, C-6) and 162.42 (s,
C-3).

2,6-Diphenyl-4-isobutylpyridazin-3(2H)-one (10d). (0.231 g,
76%) orange crystal mp 62 °C (from Et,0) (Found: C, 79.1; H,
6.4. C,,HyN,O requires C, 78.9; H, 6.6%); vu.(film)/cm=" 1660,
1616, 1492, 1440, 1296 and 1196; 6,(CDCI;) 1.00 (6H, d, J 7.0,
(CH;),CH), 2.05-2.30 (1H, m, (CH,),CH), 2.58 (2H, d, J 7.0,
CH,), 7.34-7.55 (6H, m, 5 x CH,,, CH), 7.67-7.74 (3H, m, 3 x
CH,,) and 7.82-7.86 (2H, m, 2 x CH ,); 0c(CDCl;) 22.55 (s, 2 X
CH,), 26.88 (s, (CH;),CH), 40.02 (s, (CH;),CHCH,) 125.55 (s,
2 x C-Ar), 126.60 (s, 2 x C-Ar), 127.29 (s, C-5), 127.84 (s, C-
Ar), 128.51 (s, 2 x C-Ar), 128.81 (s, 2 x C-Ar), 129.30 (s, C-Ar),
135.10 (s, C-Ar), 142.10 (s, C-4), 144.23 (s, C-Ar), 144.41 (s, C-6)
and 160.30 (s, C-3).
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Two 11mer peptide nucleic acid (PNA) beacons were synthesized and tested for the detection of
full-matched or single mismatched DNA. Fluorescent measurements carried out in solution showed
only partial discrimination of the mismatched sequence, while using anion-exchange HPLC, in
combination with fluorimetric detection, allowed DNA analysis to be performed with high sensitivity
and extremely high sequence selectivity. Up to >90 : 1 signal discrimination in the presence of one
single mismatched base was observed. The analysis was tested on both short and long DNA oligomers.
Detection of DNA obtained from PCR amplification was also performed allowing the selective
detection of the target sequence in complex mixtures. Label free detection of the DNA with high

sequence selectivity is therefore possible using the present approach.

Introduction

Genome-based technologies rely on the possibility of selectively
recognizing DNA sequences of particular interest. The quest for
new and selective methods and technologies for the detection of
specific DNA tracts is gaining more and more importance in
diagnostics, from biomedical to more large scale items such as
food and feed.!

One very important class of probes is represented by the
so called molecular beacons (MB), which are composed of a
sequence specific oligonucleotide coupled with a fluorophore and
a quencher (or a quenching surface) at each end, held together
by a zipper DNA sequence made of complementary antiparallel
tracts; this structure allows a “switch-on” of fluorescence to be
produced upon interaction with the target DNA sequence.? A
variety of applications to DNA or RNA detection have been
proposed using MB probes;® detection of single point mutations
can be achieved by MB through careful design of the sequence
and selection of the detection temperature,** or by means of more
elaborate strategies.**

Peptide nucleic acids (PNAs) are oligonucleotide mimics based
on a polyamide backbone, superior to oligonucleotide probes in
the recognition of single base mutations.>® PNA-beacons and the
related “light up probes” have been recently described,” displaying
the advantages of higher selectivity and simpler design.*®* PNA
beacons lacking of the stem tract were designed, and were shown
to be able to undergo a “switch on” in fluorescence upon binding to
complementary DNA, being quenched in their free form, probably
due to the hydrophobic interaction of fluorophore and quencher
in aqueous solution.’

“Dipartimento di Chimica Organica e Industriale-Universita di Parma, Viale
G.P. Usberti 17/a-143100, Parma, Italy. E-mail: roberto.corradini@unipr.it
*Dipartimento di Chimica “G. Ciamician”, Universita di Bologna, Via Selmi
2, 40126, Bologna, Italy

T Electronic supplementary information (ESI) available: HPLC-MS profile
of the purified beacons 1 and 2. Full sequences of the 79bp and 201bp PCR
products. See DOI: 10.1039/b718772f

One of the major limitations in the use of PNA and other MB
in diagnostics is represented by the fluorescence background of
the free (uncomplexed) probe, which interferes with the signal
obtained from the analyte sequence, especially for DNA amplified
by complex biological samples.

In previous works, we have demonstrated that ion-exchange (IE)
HPLC can be used to directly visualize the PNA:DNA interaction,
since the duplex shows retention times different from those of PNA
and ss- or dsDNA. When the DNA to be analyzed is labelled
with fluorescent groups, the chromatographic profile is simpler,
but interfering peaks of primers and of nonspecific amplified DNA
can be present. We report here the combined use of PNA-beacon
and IE-HPLC analysis for the label-free detection of DNA, taking
advantage on one side of the separation of the free probe from the
complex, and on the other side of the very specific signal generated
by the PNA beacon, which avoids the presence of non-specific
peaks.

Results and discussion
Design of the PNA beacons

The PNA beacons and DNA sequences used in the present study
are listed in Chart 1.

The beacons were synthesized using the same design described
earlier,” without including a zipper stem of complementary
sequences, and using dabcyl as a quencher and carboxyfluorescein
as fluorophore. The beacon 1 showed a relatively low T, of
the PNA:DNA duplex (Table 1), while beacon 2 has the same
sequence of a PNA previously utilized as a probe for the detection
of Roundup Ready soybean in HPLC, with a higher PNA:DNA
melting temperature.'

Fluorimetric detection

Both beacons in their free state showed similar low background
fluorescence with F(1)/F(2) = 1.02 under the same conditions
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Table 1 Comparison between the fluorescence response and peak area for beacon 1 and 2 with oligonucleotides in the presence of different DNA

oligonucleotides. Standard deviations are in parentheses

Fluorimetric F/Fy (520 nm)

PNA DNA T,/°C* c/uM® 25°C 35°C HPLC area“
1 None — 1 1.0(0.1) 1.0(0.1) 1.7(0.6)
1 3-G 48 0.1 1.8(0.1) 1.5(0.1) 7.2(1.5)
1 3-G 48 1 8.6(0.3) 5.5(0.1) 100.0(7.7)
1 3-C 32 1 1.3(0.1) 1.2(0.1) 1.7(0.4)
1 3-A 30 1 1.5(0.1) 1.4(0.1) 2.6(1.1)
1 3T 31 1 1.20.1) 1.2(0.1) 2.0(0.4)
1 5 1 1.0(0.1) 1.0(0.1) 1.3(0.8)
2 None — 0.1 1.0(0.1) 1.0(0.1) 1.6(0.4)
2 4-A 65 0.1 7.2(0.5) 7.0(0.2) 100.0(4.4)
2 4-C 54 0.1 5.2(0.4) 4.2(0.1) 1.0(0.4)
2 4-T 53 0.1 5.0(0.4) 3.9(0.1) 1.1(0.3)
2 4-G 55 0.1 6.4(0.6) 5.1(0.3) 1.1(0.8)
2 6 0.1 1.4(0.1) 1.1(0.1) 1.6(0.4)
2 79-A — 0.1 6.9(0.5) 6.5(0.2) 82.6(8.3)
2 79-T — 0.1 1.8(0.1) 1.5(0.1) 2.1(0.2)

“PNA:DNA melting temperature ¢ = 5 uM of each strand. * Concentration of the beacon and of DNA used in the measurement (in strand). ¢ Fluorescence
intensity normalized to the value of the free beacon. ? Area of the PNA:DNA peak normalized to that of the full matched, measured at 25 °C for PNA

1, and at 35 °C for PNA 2.
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DNA 3-X: 5'-GCATTXAAATC-3'
DNA 4-X: 5'-AAGCTGXCTCT-3'

X=ATG,C

DNA 5: 5-CTAAAGTTACG-3'
DNA 6: 5'-TCTCAGTCGAA-3'

Chart 1

(either at 1 uM or 0.1 uM concentration). Hybridization of the two
beacons with fully complementary or single mismatched oligonu-
cleotides gave rise to a switch-on of the beacon fluorescence, which
was sequence-selective and depended on the beacon affinity for the
DNA. The PNA 1 showed a very weak fluorescence enhancement
at 0.1 uM concentration upon addition of the full match DNA 3-G,
while at a higher concentration (1 uM), a significant enhancement
was observed (Table 1). In the presence of mismatched DNA the
fluorescence increase was much lower, but not negligible.

Using PNA 2 at 0.1 pM concentration, the addition of
complementary DNA 4-A induced a significant increase in
fluorescence intensity, in agreement with the 7, of PNA:DNA
being higher than that of PNA 1. Since both beacons showed
similar background fluorescence the different increase is due to
incomplete hybridization, which corresponds to different stability
of the PNA:DNA duplex and hence a different dissociation
constant. It was therefore possible to use this PNA beacon at a
lower concentration than PNA 1. However, since the mismatched
sequences also have a higher T, the fluorescence increase obtained
with mismatched DNA 4-(C, T, G) was significant.

By increasing the temperature from 25 °C to 35 °C for the
PNA 1 the full match response was decreased and selectivity
was not increased, while for the PNA 2 a higher selectivity
was observed since the PNA 2:DNA 4-A showed an almost
identical fluorescence increase, while the response obtained with
mismatched sequences decreased in all cases. However, still a >3
fold increase in fluorescence was observed for all the mismatched
DNA 4-(C, T, G).

For PNA 2 a slightly lower increase was observed upon addition
of a longer 79mer DNA target (DNA 79-A) which contains the
target sequence 4-A and is identical to a PCR fragment previously
tested for Roundup Ready soybean.!® The presence of a single
mismatch (T instead of A, DNA 79-T) gave rise to a very low
increase, suggesting a possible competition of secondary structures
formed in the ssDNA target (such as partial hybridization of
complementary tracts), which competes with PNA hybridization.

Addition of complementary parallel DNA sequences (DNA 5
for PNA 1 and DNA 6 for PNA 2) induced only a very low or
no fluorescence increase, with only a 1.4 increase at 25 °C for the
PNA 2:DNA 6 case, which was reduced to 1.1 by increasing the
temperature to 35 °C.

Therefore, using fluorimetric measurements it was possible to
discriminate between full match and mismatched DNA at 1 uM
concentration of 1 and 0.1 uM for 2, but with only partial
mismatch recognition; the possibility of detection of a single
mismatch with high selectivity strongly depends on the sequence
used and on the measuring conditions.

IE-HPLC detection of oligoncleotides

Using IE-HPLC analysis with fluorescence detection allowed high
selectivities to be obtained (Fig. 1) for both PNA 1 and 2. The
target DNA sequences were mixed with the beacon and injected
into the HPLC system using an anion exchange column (TSK-
gel NPR); the elution was carried out with a NaCl gradient, as
reported in the Experimental section.
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Fig.1 1E HPLC profiles obtained using the beacons 1 (1 uM, left panel)
and 2 (0.1 pM, right panel) with 1 : 1 fully matched complementary
oligonucleotides (3-G for beacon 1 and 4-A for beacon 2) or with a single
mismatched oligonucleotide (lower traces, mismatched base indicated).
Column: TSK-gel DNA NPR (4.6 mm ID x 7.5 cm); eluents: A = Tris
0.02M, pH =9.0, B=NaCl 1 M in eluent A. Linear gradient: from 100%
A to 100% B in 20 min; flow rate: 0.5 mL min~"'. 7' = 25 °C for left panel
and 35 °C for right panel. Fluorescence detector i, = 497 nm, 4 o, =
520 nm.

In the fluorescence detection mode, only the residual beacon
(broad peak at lower retention time, visible in Fig. 1a) and the
PNA:DNA complex were observed, the latter being enhanced by
the “switch on” of the fluorescence due to complexation.

Therefore, an excess of beacon can be used to reveal the DNA
without overlap of the corresponding peak with that of the com-
plex. According to their DNA affinity, different concentrations of
the two PNA were used (1 pM for PNA 1 and 0.1 uM for PNA 2).

For PNA 2, at 25 °C a linear increase of the fluorescence
response was observed by increasing the DNA concentration in
the range 1-100 nM, with a detection limit of 2 nM (i.e. of 20 fmol
of injected DNA). Furthermore, the chromatographic system has
a significant denaturing effect for the mismatched PNA:DNA
duplexes, allowing the detection of the full matched DNA with
complete selectivity (Fig. 1 and Table 1).
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Best results in terms of single-mismatch recognition were
observed at 25 °C for beacon 1 and at 35 °C for beacon 2, according
to the different melting temperatures of the PNA:DNA duplexes.

In particular, for the PNA 2 at 35 °C (and 0.1 uM concentra-
tion), a high signal increase was observed with DNA 4-A (a 91 fold
increase compared to 1.1 value of the background), while no
signal significantly different from background was detected using
the mismatched oligonucleotides, giving rise to almost perfect
sequence selectivity. Similar results were obtained for the beacon
1 at 25 °C and at 1 uM concentration (Table 1), but with a lower
signal to noise ratio.

Upon injection of a mixture of beacon 2 and of the 79mer
synthetic oligonucleotide (DNA 79-A), a peak with increased
retention time was observed (Fig. 2, left). In the presence of a
single nucleotide mismatch (T instead of A, DNA 79-T) no peak
was observed in the fluorescence channel (while the corresponding
peak was detected by UV, as shown in Fig. 2, right panel, trace b).
Though the mismatch considered in this study has no biological
significance, the present results suggest that selectivity can be very
high also in the case of PCR products.

These results are remarkable if compared with data obtained
using fluorescence detection by us and by others at similar
temperatures.””* For example, using fluorimetric detection a full-
match to mismatch ratio of 1.5 at 25 °C and 5 at 37 °C was
observed.* Furthermore, the present method avoids the use of
enzymatic reactions, which were reported to improve the full-
match to mismatch signal, but required additional treatments.*

IE-HPLC detection of PCR products

The beacon 2 was subsequently tested against the same 79-A
DNA obtained as a PCR product from RR soybean flour and
with a 201bp PCR product not containing the sequence (tract
of peanut DNA, complete sequences available in the Electronic
Supplementary Information). In both cases, unbalanced PCR with
an excess of one primer was carried out, in order to obtain the
single-stranded target DNA. The beacon was added after PCR
completion, in order to avoid possible inhibition of amplification
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Fig. 2 1E HPLC profiles obtained by fluorescence (left panel) and by UV (right panel) using the beacon 2; a) beacon 2 (0.1 uM) + full match synthetic
79-mer (79-A); b) beacon 2 (0.1 uM) + synthetic 79-T. T' = 25 °C. All other conditions were as reported in Fig. 1.
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due to PNA binding. Using fluorimetric detection, only an increase
to F/F, = 3.8 was observed for the target PCR amplicon, while
the non-specific PCR sample gave rise to an increase to F/F, =
1.2. The use of more elaborate measurements such as fluorescence
anisotropy or time-resolved fluorescence did not allow the signal
selectivity to be substantially increased (results not shown).

In contrast, in the HPLC system, two peaks were observed by
injecting the mixture of beacon 2 and the PCR product (obtained
from RR soy): one corresponding to the retention time of the
PNA:DNA duplex formed by the synthetic 79-A DNA and one
corresponding to the beacon (Fig. 3, left panel, d).

No interfering peak was observed upon addition of either a
blank sample or the 201nt nonspecific PCR product, although
an enhancement of the intensity of the broad beacon peak was
observed, due to a nonspecific interaction with the components of
the PCR reaction (Fig. 3, left panel, c).

It is interesting to compare the simple chromatogram obtained
in the fluorescence detection mode with the UV chromatograms of
the same samples (Fig. 3, right panel); in the latter, all the reagents
present in the PCR reaction are visible, with a series of intense
peaks between 5 and 8 min, (mononucleotide triphosphates or
their hydrolysis products, primers, additives etc.), while both
aspecific and specific PCR products were observed as small peaks
between 10 and 15 min. Only a very small peak (not even visible
in Fig. 3) of the PNA:DNA duplex could be detected in the case
of the matched sample.

The use of PNA beacons therefore allows enhancement of the
signal generated by the PNA:DNA hybrid, selective detection
of the target DNA in the presence of other components, and

() (iv)

220 -

170 4

discrimination of specific versus nonspecific PCR in a label-free
DNA detection scheme.

Conclusions

In conclusion, the present results allow us to propose a sensitive
and selective method for the detection of specific DNA sequences
by means of the simple and widely used technique of anion
exchange HPLC with fluorescence detection.

Detection of single point mutations of clinical interest or SNP
identification can be envisaged. Even more selective responses
could be obtained using this strategy in combination with modified
PNA backbones which allow the sequence selectivity to be
increased.''?

Since new trends in analytical techniques involving microfluidic
devices”® and high throughput HPLC systems, allow multiple
analysis to be performed in a parallel way, the present method
can be useful in the development of new advanced, highly specific
diagnostic tools.

Experimental
Reagents

PNA monomers were from Applera (Milan, Italy); MBHA-
Rink amide resin was from Novabiochem (Inalco spa, Milan,
Italy); O-(benzotriazolyl)-N, N, N’,N'-tetramethyluronium hexaflu-
orophosphate (HBTU) and N,N-diisopropylethylamine (DIEA)
were from Aldrich (Milan, Italy) and N-methylpyrrolidone (NMP)
was from Advanced Biotech Italia srl (Seveso, Italy).

A 260 /mV

-0.1 . T T )
0 5 10 15 20
t/ min

Fig.3 1E HPLC profiles obtained using the beacon 2. Left panel fluorescence detector; right panel: UV detection at 260 nm; a) PCR product alone; b)
beacon 2 (1 uM) alone; ¢) beacon 2 (1 uM) + nonspecific PCR product; d) beacon 2 (1 uM) + specific PCR product. Attribution: i) beacon and components
of PCR reaction; ii) aspecific PCR products (primer-dimers); iii) 79-mer RR PCR product; iv) PNA beacon-DNA hybrid; v) 201bp nonspecific PCR
product (negative control). 7' = 25 °C. All other conditions were as reported in Fig. 1.
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All solvents used for HPLC were of chromatographic grade.
Doubly-distilled water was produced by Millipore Alpha-Q pu-
rification module.

Oligonucleotides used for melting temperature measurement
were purchased from Thermoelectron (Ulm, Germany), and their
purity was checked by ion-exchange HPLC. Standard soybean
flour of known GMO content (certified material) were obtained
from FLUKA (Milan, Italy).

Beacon synthesis, purification and characterization

The synthesis was performed on an ABI 433A peptide synthesizer
with software modified to run the PNA synthetic steps (scale:
S micromol), using Fmoc chemistry and standard protocols with
HBTU-DIEA coupling. A brief description of various steps is
reported hereinafter.

An MBHA-Rink amide resin (29 mg, 0.64 mmol active sites
per g) was downloaded to 0.17 mmol g~! with Fmoc- Dabcyl-Lys-
OH. To this a second lysine unit (Fmoc(Boc)Lys) was coupled
using a 4-fold excess and HBTU-DIEA.

The PNA oligomer was subsequently synthesized, after Fmoc-
deprotection, according to the procedures described in refer-
ence 5.

After completion of the PNA part, an Fmoc(OtBu)Glu-OH
residue was coupled at the N-terminal PNA monomer and
deprotected. 125 pL of a 0.4 M solution of carboxyfluorescein
in NMP were pre-mixed with 125 pl of a 0.4 M solution DHBtOH
in NMP and 7.8 pl of DIC (50 pmol). This solution was then
added to the resin and stirred overnight. After the coupling, the
resin was drained and washed with NMP (10 times). A qualitative
Kaiser test (negative) was performed. The resin was then washed
with DCM (10 times) and dried under vacuum.

The PNAs were cleaved from resin by using TFA-m-cresol (9 :
1); the cleaving solution was filtered on sintered glass, the filtrate
was concentrated under a nitrogen stream, and the crude products
were precipitated by addition of Et,0. The mixture was cooled at
—20 °C for 2 hours, followed by centrifugation (5 min at 5000 rpm,
twice) and removal of solvent by pipetting to afford the crude PNA
products as a red precipitate. Residual ether was removed under a
stream of nitrogen.

The crude PNAs were purified on RP HPLC with UV detection
at 260 nm. A semi-preparative C18 (5 um, 250 x 10 mm, Jupiter
Phenomenex, 300 A) column was utilized, eluting with 0.1% TFA
in water (eluent A) and 0.1% TFA in water—acetonitrile 60 : 40
(eluent B); elution gradient: from 100% A to 100% B in 50 min,
flow: 4 ml min~".

The PNA beacons were characterized by MS-ESI (Micromass
ZMD) which gave positive ions consistent with the final products.

PNA beacon 1. Yield (after purification): 5.8%. calculated
MW: 3989.0. ESI-MS. m/z 798.8 (MH;*), 665.8 (MH");
570.9 (MH,™) found: 798.8, 665.7, 570.7

PNA beacon 2. Yield (after purification): 6.1%. calculated
MW 4014.0 (MW), ESI-MS. m/z 803.8 (MH;*"), 670.0 (MH,*");
574.4 (MH,™) found: 803.6, 669.9, 574.4.

UV melting analysis

The PNA beacons were dissolved in water and their concentrations
(290 uM for PNA 1 and 306 uM for PNA 2) were determined

by UV absorption at 260 nm on an UV/Vis Lambda Bio 20
spectrophotometer (Perkin Elmer) using the following molar
absorptivities: 154133 L mol™' cm™ for PNA 1 and 155533 L
mol™ cm™ for PNA 2, calculated according to their base
composition as indicated in reference 5¢) and molar absorptivity
of the carboxyfluorescein and dabcyl units.

For thermal melting measurements, solutions of 1 : 1 DNA-
PNA were prepared in pH = 7.0 sodium phosphate buffer
(100 mM NacCl, 10 mM phosphate, 0.1 mM EDTA). Concen-
trations were 5 uM (in strand) for each component. Thermal
denaturation profiles (Abs vs. T) of the hybrids were measured
at 260 nm with an UV/Vis Lambda Bio 20 Spetrophotometer
equipped with a Peltier Temperature Programmer PTP6 which
is interfaced to a personal computer. A temperature ramp of
1 °C min~' from 25 °C to 90 °C was used; UV absorbance was
recorded at 260 nm every 0.5 °C. The melting temperature (7,)
was determined from the maximum of the first derivative of the
melting curves.

Fluorescence measurements

Fluorescence measurements were performed on a Perkin Elmer
Luminescence Spectrometer LS 55. All solutions were prepared in
Tris buffer (0.25 mM MgCl,, 10 mM Tris, pH = 8.0).

Concentrations (in strand) were 0.1 or 1 uM for each compo-
nent). All samples were excited at 497 nm and the emission was
monitored at 520 nm. Triplicate measurements were performed
for each composition.

HPLC measurements

All experiments were carried out using an Alliance 2690 Sep-
aration Module HPLC system (Waters), equipped with a tem-
perature controller, dual A absorbance detector 2487 (Waters)
and scanning fluorescent detector 474 (Waters). Anion-exchange
chromatographic measurements were carried out using the column
TSK-gel DNA-NPR 4.6 mm ID x 7.5 cm. Binary linear gradient
was used: eluent A = Tris 0.02M pH 9; B = Tris 0.02M, NaCl 1M
pH 9. flow: 0.5 mL min~". Linear gradient: from 100% A to 100%
B in 20 min; Fluorescence detector A, = 497 nm, A ., = 520 nm.
The chromatograms obtained by the fluorescence detector were
corrected by subtraction of the baseline obtained with injection of
water in order to compensate for the baseline drift.

For the evaluation of the detection limit of beacon 2, the syn-
thetic full match oligomer 4-A was used. Samples of five different
concentrations (in triplicate) ranging from 0 to 100 nmol L~ were
injected (10 pL injection).

DNA extraction and PCR amplification

DNA extraction from Soybean flour and asymmetric unbalanced
PCR amplification was carried out using Wizard Plus Minipreps
System (Promega Italia, Milan, Italy) as described previously in
reference 10h. The PCR reactions were carried out in a PCR-
sprint Thermal Cycler (Thermo Hybaid, Basingstoke, UK) using
the following conditions: 1 cycle of DNA denaturation and Blue
Taq activation at 95 °C for 5 min; 40 cycles consisting of DNA
denaturation at 95 °C for 50 s, primer annealing at 60 °C for 50 s
and elongation at 72 °C for 50 s; one step of final elongation at

1236 | Org. Biomol. Chem., 2008, 6, 1232-1237

This journal is © The Royal Society of Chemistry 2008





72 °C for 5 min. The PCR products were immediately analyzed by
2% agarose gel in 0.5x TBE or stored at —20 °C until use. In the
unbalanced PCR a first amplification was performed as described
above, then a small amount (2-5 pL) of the reaction mixture was
amplified in the second run using a fresh mastermix solution of
the same composition except that a 10 fold excess of the primer on
the target sequence was used.
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Selenenylated dihydropyrans prepared by inverse demand hetero-Diels—Alder reactions undergo

oxidative rearrangement when treated with H,O,, leading to tetrahydrofuran-2-ones by ring

contraction.

Introduction

Oxidized organoselenium derivatives are sources of molecular
diversity due to the richness of their chemistry.! Indeed, oxi-
dation of aliphatic organoselenium derivatives is often used to
introduce unsaturation by B-elimination (selenoxide) or to sub-
stitute the organoselenium residue by nucleophilic displacement
(e.g.activation with NBS and substitution by an amine).> Allylic or
propargylic phenylselanyl derivatives, when treated by an oxidant,
undergo [2,3]-sigmatropic rearrangement leading to allylic alco-
hols (selenoxide), amines (selenylimine) or halides (halo-adduct).?
On the other hand, vinylic or aromatic phenylselanyl derivatives
can be oxidized to the selenoxide, which can be isolated in certain
cases, or give rise to allenols by [2,3]-sigmatropic rearrangement
in the case of 1,3-dienes.*

In continuation of our studies on the reactivity of selenenylated
carbonyl derivatives of type 1,* we became interested in their use as
dienes in hetero-Diels—Alder reactions (Scheme 1) and studied the
particular reactivity of these cycloadducts toward oxidants. Maybe
owing to the sensitivity of selenenylated derivatives to Lewis acids
or heat, only a few examples of Diels—Alder reactions with o-
phenylselanyl-enals, -enones or dienes have been described.’

2 2 4

R0 R4 Eu(FOD)s R I O R

PhSe/\E\ [R?’ or High Presssure PhSe R3
1 1

1 R 2 R 3as

Scheme 1 Hetero-Diels—Alder reaction between 2-phenylselanyl-enals or
-enones 1 and an alkene 2 leading to dihydropyrans 3a-s.

Results and discussion

Inverse demand hetero-Diels—Alder reactions have been con-
ducted mainly with electron-rich alkenes (vinyl ethers), leading to
2-alkoxy-5-phenylselanyl-3,4-dihydro-2 H-pyrans 3a-1 in excellent
yields (Table 1, entries 1-19).

Université de Rouen, INSA de Rouen, CNRS UMR 6014, C.O.B.R.A. -
LR .C.O.F, 1 Rue Tesniére, 76131, Mont-Saint-Aignan cedex, France.
Email:  xavier.franck@insa-rouen.fr,  francis.outurquin@univ-rouen.fr;
Fax: +33 (0)235522959; Tel: +33 (0)235522402

T Electronic supplementary information (ESI) available: NOESY spectra
of the cis- and trans- isomers of tetrahydrofuran-2-one Se. See DOI:
10.1039/b718825k

In these cases, 2-phenylselenylated enals (Table 1, entries 1—
11) proved to be more reactive than the corresponding enones
(Table 1, entries 12-19) and the reaction worked well with 3-10
mol% of the commonly used Eu(FOD); as the catalyst, at either
room temperature or 50 °C.

When R' = aryl (Table 1, entries 6-11), the reaction is
slower and high pressure can help, shortening the reaction time.
In these cases, no catalyst was necessary. Cyclic vinyl-ethers
such as dihydrofuran can also be used (Table I, entries 3-
5), leading to bicyclic compounds 3c—d in good yields. Bulkier
vinyl-ethers such as n-butyl- and even #-butyl- ethers can be
used without loss of efficiency (Table 1, entries 9-10). With less
reactive phenylselenylated enones (Table 1, entries 12-19), the
reaction became slower and high pressure was needed to maintain
efficiency, especially when R' or R? was an aryl group. When
both R!' and R? are aryl groups (Table 1, entries 18-19), no
reaction occurred at all in the absence of high pressure. In order
to have access to thio- or phenylselanyl- acetals, ethylvinylsulfide
(Table 1, entries 20-23) and phenylvinylselenide (Table 1, entry 24)
were engaged as dienophiles in the hetero-Diels—Alder reactions.
The reactions were always high yielding, and high pressure was
only needed in the case of the enone substituted by a phenyl
group (Table 1, entry 23); thus 2-ethylsulfanyl-5-phenylselanyl-3,4-
dihydro-2 H-pyrans 3m—p and the bis-selenenylated 2-ethylselanyl-
5-phenylselanyl-3,4-dihydro-2 H-pyran 3q could be obtained. With
less electron rich dienophiles such as vinylacetate or styrene, the
hetero-Diels—Alder reaction with a reactive enal never proceeded
with vinylacetate, (Table 1, entry 25) and required high pressure
and longer reaction times for styrene, leading to 2-phenyl-5-
phenylselanyl-3,4-dihydro-2 H-pyran 3s (Table 1, entries 26-27).
It is noteworthy that in this case, no polymerisation of styrene was
observed.

Once we had the cycloadducts in hand, we studied their
oxidation. Using standard mild conditions (H,O, 35% in water,
4 eq., in CH,Cl,) the oxidation of acetals (R* = OR) ended up
with an unprecedented ring contraction affording, when R> = H,
5-alkoxy-tetrahydrofuran-2-ones 5. From acetal 3k where R? =
Me and R* = OR, a mixture of 5-alkoxy-tetrahydrofuran-2-one
5e and acetylfuran 6 was observed (Scheme 2).

In order to elucidate the mechanism and characterize the
intermediates, we performed the oxidation of 3a in EtOAc or
THF and, in these cases, only the selenoxide 4a could be obtained,
without rearrangement. When this selenoxide 4a was reacted with
H,0, in CH,Cl,, rearrangement cleanly occurred, allowing us to
propose that 4a is the first intermediate in the rearrangement.
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Table 1 Synthesis of dihydropyrans 3

Entry R! R? R? R* Conditions Compound (yield%)

1 Me H H OEt 4% Eu(FOD);, .t., 12h 3a (93)

2 CH,OTBDMS H H OEt 3% Eu(FOD),, r.t., 12 h 3b (86)

3 Me H -CH,CH,0- 1.0 Gpa, 50 °C, 36 h 3¢ (84)

4 Me H -CH,CH,0- 5% Eu(FOD);, 40 °C, 12 h 3¢ (78)

5 H H -CH,CH,0O- 3% Eu(FOD);, r.t., 12 h 3d (73)

6 Ph H H OEt 10% Eu(FOD);, 40 °C, 48 h 3e (90)

7 Ph H H OEt 1.0 Gpa, r.t.,, 15h 3e (50)

8 Ph H H OEt 1.0 Gpa, 50°C, 10 h 3e (99)

9 Ph H H On-Bu 5% Eu(FOD);, 80 °C, 12 h 3£ (98)
10 Ph H H Or-Bu 10% Eu(FOD),, 80 °C, 12 h 3g (97)
11 p-OMePh H H OEt 5% Eu(FOD);, 40 °C, 12 h 3h (89)
12 Me Me H OEt 10% Eu(FOD);, 40 °C, 48 h 3i (93)
13 Me Me H OEt 1.0 Gpa, r.t.,, 20 h 3i (93)
14 Me Ph H OEt 10% Eu(FOD),, 40 °C, 20 h 3§ (35)
15 Me Ph H OEt 1.2 Gpa, 50°C, 20 h 3i (91
16 Ph Me H OEt 10% Eu(FOD);, 40 °C, 48 h 3k (46)
17 Ph Me H OEt 1.2 Gpa, 50°C, 20 h 3k (94)
18 Ph Ph H OEt 10% Eu(FOD),, r.t., 48 h 31(N.R)
19 Ph Ph H OEt 1.2 Gpa, 50 °C, 20 h 31(93)
20 Me H H SEt 4% Eu(FOD),, r.t., 12h 3m (95)
21 Ph H H SEt 10% Eu(FOD),, 40 °C, 12 h 3n (90)
2 Me Me H SEt 10% Eu(FOD),, r.t., 12 h 30 (91)
23 Ph Me H SEt 1.2 Gpa, 40°C, 20 h 3p (90)
24 Me H H SePh 10% Eu(FOD);, 80 °C, 24 h 3q (80)
25 Me H H OCOCH; 1.0 Gpa, 50°C, 24 h 3r(N.R.)
26 Me H H Ph 1.2 Gpa, 50°C, 16 h 3s (24)
27 Me H H Ph 1.2 Gpa, 50 °C, 48 h 3s (64)

(" Re=H,RO=OR OﬁOR
1 3
R 5a-h R
R2 (0] R4 R2 o) R4
PH0, — | H,0, R2=H, R4=Ph OHCO, Ph
PhSe R® Ph~ge R3 < HOOC>_Z/
1
R R! R 7¢ R3
3a-s 4
(]
R2=Me, R*=OEt 0O _OEt o
\_ R'=Ph ﬁ/ * \ /)
R! se R® R" g R®

Scheme 2 Different products arising from oxidation of dihydropyrans 3.

Dihydropyran 3s (R* = Ph) was also subjected to H,O, oxidation
in CH,Cl, and we only isolated acid 7s, resulting from an oxidative
cleavage of the double bond. In the case of dihydropyran 3l
(R! = R? = Ph), only the selenoxide 41 could be obtained and
no rearrangement occurred. When we used simple dihydropyran
with no phenylselanyl residue, no oxidation occurred at all and
the starting material was recovered unchanged (not shown). This
surprising susceptibility of such 5-phenylselanyl-3,4-dihydro-2 H-
pyrans 3 to oxidation is due to the presence of the selenium residue
and is reported for the first time.

Having identified intermediates and characterized the different
reaction products according to the substitution of the dihydropy-
rans 3, we can now propose a mechanism.

The presence of the selenium residue, first oxidized to the
corresponding selenoxide 4, is then responsible for the high
polarization of the enolic double bond, which could easily be
epoxidized by H,0O,. Then, depending on the substitution at

position 6 (R* = H or R? = Me), two different pathways can
be observed (Scheme 3).

Firstly, when R*> = H, water (solvent of H,0,) can attack
at position 6 to give, after expulsion of “PhSeOH”, the keto-
hemiacetal 8. PhSeOH can then be further oxidized by the
excess of H,O, to PhSe(O)OOH, phenylperseleninic acid, which
is know as a strong but selective oxidant able to perform Baeyer—
Villiger reactions.® Indeed, Baeyer—Villiger oxidation of the keto-
hemiacetal 8 gives rise to the correponding lactone-hemiacetal
97 which can rearrange with expulsion of formic acid and ring
closure of the carboxylate onto the formed oxonium ion. This
mechanism is supported by the isolation of carboxylic acid 7s, from
the reaction of dihydropyran 3s where R* = Ph. Indeed, the same
lactone-hemiacetal can be drawn but, in this case, R* is not electron
donating enough to open the ring and fragmentation occurs,
leading to carboxylic acid 7s with a hydroxyl group functionalized
as a formyl ester.
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Scheme 3 Proposed mechanism.

Secondly, when R? = Me, the attack of water on the epoxide
is slowed down (but still exists) by steric factors, thus the second
pathway occurs thanks to the electron donating ability of R* =
OEt, which can help open the 6-membered cycle and form an
oxonium ion. The liberated hydroxyl in position 5 can then attack
the oxonium, giving rise to a five-membered ring (5-exo-trig).
This rearrangement is similar to the one observed by Armstrong
and Chung in the synthesis of tetrahydrofuranones.® Then the
selenoxide can B-eliminate to give a dihydrofuran which can
further lose EtOH to yield the corresponding furan 6.

Both pathways are competitive and depend on the substitution
pattern (R?). The presence of the selenium residue increases the
reactivity of these dihydropyrans and makes it possible for the
whole oxidation process to occur in very mild conditions. 5-
alkoxy-tetrahydrofuran-2-ones 5 have been prepared in moderate
yields, which can be explained by the relative instability of the
intermediates and by the presence of water, which can trap
oxonium ions. All attempts to remove water from the reaction
were unsuccessful (use of urea—H,0O, complex).

Concerning the diastereoselectivity of the rearrangement
through the oxocarbenium ion, it appears that the resulting
tetrahydrofuran-2-ones 5a-b and S5e-h are isolated mainly as
the trans diastereomer (>90 : 10 in all cases), as the minor cis
shows nOe correlations between H-3 and H-5 (Scheme 4). On the
contrary, the stereochemistry of tetrahydrofuran-2-ones 5¢-d is all

cis, the spectroscopic data being in accordance with previously
published data.’

4 4
0 R 0= <_.R
“Hg Hs

R' |E|3 R! A
observed nOe

O

5e cis minor 5e trans major

R'=Ph, R*=OEt

Scheme 4  Stereochemistry of tetrahydrofuran-2-one Se.

Conclusion

To conclude, we have developed an efficient route toward sele-
nenylated dihydropyrans through a high yielding inverse demand
hetero-Diels—Alder reaction. This pathway allowed general access
to various dihydropyrans, including thio- and seleno-acetals.
Further oxidation of these selenenylated dihydropyrans (R* = OR)
with H,O, proceeded to give an unprecedented rearrangement, af-
fording 5-alkoxy-tetrahydrofuran-2-ones 5 through a contraction
of the intermediate selenoxide 4. A mechanism was postulated,
passing through an epoxide that could then be transformed
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into either a furan moiety or a 5-alkoxy-tetrahydrofuran-2-one,
depending on the substitution pattern.

Experimental
General methods

NMR spectra were recorded on a Bruker DPX 300 spectrometer
operating at 300 MHz for proton and 75.4 MHz for carbon spectra.
This probe is equipped with pulsed-field (z) gradients. ”Se NMR
spectra were recorded at 21 °C on a Bruker DPX 400 spectrometer
operating at 76.29 MHz for "’Se, using a pulse length of 19 us
(90° pulse = 19 us) and an optimized relaxation delay of 2 s.
An average of 1500 scans for ”Se NMR was necessary to obtain
reliable information. Chemical shifts () are expressed in ppm
relative to TMS for 'H and " C nuclei and to Me,Se for ”’Se nuclei;
coupling constants (J) are given in Hertz; coupling multiplicities
are reported using conventional abbreviations. Elemental analyses
were obtained on a Carlo-Erba 1106 analyzer and mass spectra on
a HP5890 (electronic impact 70eV) using GC-MS coupling with a
Jeol AX 500.

Typical procedure for the synthesis of dihydropyrans 3
Method under high pressure

The enal 1a (1 mmol, 225 mg) in ethyl vinyl ether (10 mmol,
0.96 ml) was introduced to a high-pressure vessel and compressed
to the desired pressure and temperature. After decompression,
the mixture was concentrated under vacuum. The residue was
chromatographed on silica gel (eluent: ethyl acetate—cyclohexane,
3:97) to give 282 mg (95%) of 2-ethoxy-4-methyl-5-phenylselanyl-
3,4-dihydro-2 H-pyran 3a.

Method with Eu(FOD),

To a mixture of enal 1a (1 mmol, 225 mg) in ethyl vinyl ether
(10 mmol, 0.96 ml), Eu(FOD); (2%, 21 mg) was introduced under
nitrogen, and the mixture stirred at the desired temperature. After
the reaction was completed, monitored by TLC, the mixture was
concentrated under vacuum. The residue was chromatographed
on silica gel (eluent: ethyl acetate—cyclohexane, 3 : 97) to give
275 mg (93%) of 2-ethoxy-4-methyl-5-phenylselanyl-3,4-dihydro-
2H-pyran 3a.

2-Ethoxy-4-methyl-5-phenylselanyl-3,4-dihydro-2 H-pyran (3a).
Yield = 93%; yellow oil; R; = 0.24 (AcOEt-—cyclohexane, 5 : 95);
7Se NMR 6 (ppm) 331.7; '"H NMR ¢ (ppm) 1.14 (d, J = 7.0 Hz,
3H), 1.25(t,J = 7.0 Hz, 3H), 1.82 (ddd, 1H, J = 6.2, 6.4, 13.6 Hz,
H-3),2.13(ddd, 1H,J =2.5,6.9,15.1 Hz, H-3),2.40 (ddd, 1H, J =
1.5, 6.9, 13.6 Hz, H-4), 3.58 (m, 1H), 3.91 (m, 1H), 5.10 (dd, J =
2.5,6.2Hz, 1H, H-2), 6.82 (d, J = 1.7 Hz, 1H, H-6), 7.17-7.25 (m,
3H), 7.40-7.44 (m, 2H). "C NMR ¢ (ppm) 15.4, 20.6, 30.3 (C-4),
36.3(C-3), 64.6,98.8 (C-2), 108.9 (C-5), 126.2,129.1, 129.8, 132.6,
148.3 (C-6). IR (neat): 2975, 2928, 2873, 1622, 1578, 1476, 1438,
1373, 1130, 1070, 990, 840, 736, 691 cm™'; MS (EI, 70 eV) m/z:
298 (48), 296 (25), 226 (100), 224 (53), 197 (15), 157 (50, PhSe*),
117 (46), 115 (26), 91 (17), 78 (32), 77 (38, Ph*), 51 (41), 41 (45).
Anal. calcd for C,,H,;0,Se (297.25): C, 56.57; H, 6.10. Found: C,
56.63; H, 6.07.

2-Ethoxy-3,4-dihydro-4-|(zert-butyl)dimethylsilyl-methoxy]-5-
phenylselanyl-2 H-pyran (3b).  Yield = 86%; yellow oil; R; = 0.41
(AcOEt-cyclohexane, 3 : 97); 7Se NMR 6§ (ppm) 339.2 ppm; 'H
NMR 6 (ppm) —0.04 (s, 3H), —0.02 (s, 3H), 0.83 (s, 9H), 1.24 (t, J =
7.0 Hz, 3H), 1.97-2.05 (m, 1H, H-3), 2.16-2.25 (m, 1H, H-3),
2.43 (m, 1H, H-4), 3.52-3.67 (m, 2H), 3.81-3.91 (m, 2H), 5.12
(dd, J = 2.70, 4.1 Hz, 1H, H-2), 6.86 (d, J = 1.65 Hz, 1H, H-6),
7.19-7.26 (m, 3H), 7.38-7.40 (m, 2H). “C NMR ¢ (ppm) —5.2,
154, 18.4, 26.1, 30.1 (C-3), 37.7 (C-4), 64.5, 64.9, 98.4 (C-2),
103.7 (C-5), 126.3, 129.1, 129.8, 132.4, 149.8 (C-6); IR (neat):
2954, 2920, 2856, 1621, 1578, 1476, 1438, 1378, 1360, 1253, 1227,
1130, 1066, 1022, 995, 838, 776, 734, 690 cm~'; MS (EI, 70 eV)
m/z: 428 (M*, 6), 371 (M* — C(Me)s, 4), 297 (M* — OSiTBDM,
10), 237 (20), 219 (14), 157 (PhSe*, 22), 73 (100); Anal. calcd for
C,H3,0;SeSi (427.50): C, 56.19; H, 7.54. Found: C, 56.43; H,
7.45.

4-Methyl-5-phenylselanyl-2,3,3a,7a-tetrahydro-4H-furo [2,3-
blpyran (3c). Yield = 84%; yellow oil; R, = 0.28 (AcOEt—
cyclohexane, 5 : 95); '"H NMR ¢ (ppm) 1.06 (d, J = 7.1 Hz, 3H),
1.80-1.98 (m, 2H, H-3), 2.49 (m, 1H, H-9), 2.87 (m, 1H, H-4),
3.98 (m, 1H, H-2), 4.21 (m, 1H, H-2), 5.49 (d, J = 3.7 Hz, 1H,
H-8), 6.84 (d, J = 2.0 Hz, 1H, H-6), 7.17-7.25 (m, 3H), 7.41-7.45
(m, 2H). *C NMR ¢ (ppm) 18.4, 23.6, 30.2 (C-4), 44.8 (C-9), 68.4,
100.5 (C-8), 104.9 (C-5), 126.3, 129.0, 130.0, 132.3, 148.6 (C-6).
IR (neat): 2955, 2974, 2360, 1622, 1615, 1575, 1476, 1465, 1436,
1373, 1336, 1308, 1170, 1099, 1043, 1022, 995, 922, 891, 836, 736,
691 cm™'; MS (EI, 70 eV) m/z: 296 (38), 294 (20), 226 (100), 224
(51), 157 (PhSe*, 33), 117 (47), 77 (44, Ph*), 51 (47), 41(80). Anal.
calcd for C,H 40,Se (295.23): C, 56.95; H, 5.46. Found: C, 56.72;
H, 5.40.

5-Phenylselanyl-2,3,3a,7a-tetrahydro-4 H-furo[2,3-b]pyran (3d).
Yield = 73%,; white crystals; m.p. = 48-50 °C; R; = 0.29 (AcOEt—
cyclohexane, 5 : 95); '"H NMR ¢ (ppm) 1.84-2.05 (m, 2H, H-3),
2.27(d, 1H,J=17.7Hz,H-4),2.49 (m, 1H, H-9),2.68 (dd, 1H, J =
1.9, 17.7 Hz, H-4), 3.95-4.01 (m, 1H, H-2), 4.18-4.25 (m, 1H, H-
2), 5.40 (d, J = 3.8 Hz, 1H, H-8), 6.82 (s, 1H, H-6), 7.18-7.30 (m,
3H), 7.35-7.50 (m, 2H). "*C NMR ¢ (ppm) 27.7, 28.3, 38.5 (C-9),
68.5(C-2),98.5,98.7 (C-8), 126.6, 129.2, 130.4, 131.1, 147.5 (C-6).
IR (neat): 2897, 1628, 1577, 1476, 1437, 1157, 1102, 1066, 1022,
933, 918, 857, 737, 691 cm~'; MS (EI, 70 eV) m/z: 312 (32), 310
(17), 266 (8), 218 (85), 216 (44), 191 (50), 157 (51, PhSe*), 129
(100), 115 (85), 105 (42), 77 (51, Ph*), 53 (58), 51 (81), 44 (42).
Anal. calcd for C;3H,,0,Se (281.20): C, 55.52; H, 5.02. Found: C,
55.14; H, 5.06.

2-Ethoxy-4-phenyl-5-phenylselanyl-3,4-dihydro-2 H-pyran (3e).
Yield = 99%; yellow solid; m.p. = 73-74 °C; R; = 0.26 (AcOEt—
cyclohexane, 5 : 95); 7Se NMR ¢ (ppm) 348.5; '"H NMR ¢ (ppm)
1.21 (t, J = 7.0 Hz, 3H), 2.19 (ddd, 1H, J = 2.2, 8.1, 13.6 Hz,
H-3), 2.38 (ddd, 1H, J = 2.2, 6.9, 13.6 Hz, H-3), 3.54-3.66 (m,
2H), 3.95 (m, 1H), 5.17 (dd, J =7.4,1.9 Hz, I1H, H-2),7.03 (d, J =
1.7Hz, 1H, H-6), 7.06-7.11 (m, 2H), 7.17-7.25 (m, 6H), 7.31-7.35
(m, 2H). *C NMR ¢ (ppm) 15.2, 38.0 (C-3), 42.6 (C-4), 64.6,99.2
(C-2), 106.96 (C-5), 126.5, 126.7, 128.2, 128.4, 129.0, 130.7, 131.9,
142.8, 149.8 (C-6). IR (KBr): 2982, 2932, 2867, 1603, 1576, 1476,
1437, 1378, 1127, 1040, 906, 768, 730, 700 cm~'; MS (EI, 70 eV)
m/z: 360 (15), 358 (8), 314 (10), 288 (33), 286 (19), 237 (14), 179
(36), 178 (36), 158 (48), 157 (100, PhSe*), 131 (78), 128 (56), 115
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(44), 103 (31), 78 (64), 77 (73, Ph*), 51 (69), 44 (40). Anal. caled
for C,yH,0,Se (359.31): C, 63.51; H, 5.61. Found: C, 63.48; H,
5.53.

2-Butoxy-4-phenyl-5-phenylselanyl-3,4-dihydro-2 H-pyran (3f).
Yield = 98%; yellow oil; R; = 0.35 (cyclohexane-EtOAc, 97 : 3),
7Se NMR ¢ (ppm) 350.0; '"H NMR 6 (ppm) 1.03 (t, J/ = 7.3 Hz,
3H), 1.47 (m, 2H), 1.68 (m, 2H), 2.33 (ddd, 1H, J = 1.8, 7.9,
13.7 Hz, H-3), 2.50 (ddd, 1H, J = 2.2, 6.9, 13.7 Hz, H-3), 3.64 (m,
1H), 3.75 (m, 1H, H-4),4.02 (m, 1H), 5.28 (dd, J =2.2,7.3Hz, IH,
H-2),7.17 (d, J = 1.7 Hz, 1H, H-6), 7.20-7.24 (m, 2H), 7.30-7.35
(m, 6H), 7.44-7.50 (m, 2H). *C NMR 6 (ppm) 13.9, 19.3, 31.7,
37.9 (C-3), 42.5 (C-4), 69.0, 99.3 (C-2), 106.8 (C-5), 126.4, 126.6,
128.1, 128.4, 129.0, 130.7, 131.9, 142.9, 149.9 (C-6). IR (neat):
3060, 2959, 2932, 2872, 1622, 1578, 1493, 1476, 1455, 1438, 1372,
1345, 1231, 1123, 1072, 1050, 1021, 911, 839, 823, 736, 699 cm™*;
MS (EI, 70 eV) m/z: 388 (20), 386 (10), 288 (80), 286 (42), 179 (28),
157 (PhSe*, 42), 131 (92), 115 (43), 77 (38, Ph*), 57 (34), 41(100).
Anal. calced for C, H,,0,Se (387.36): C, 65.11; H, 6.24. Found: C,
64.99; H, 6.29.

2-tert-Butoxy-4-phenyl-5-phenylselanyl-3,4-dihydro-2 H-pyran
(3g). Yield = 97%; yellow oil; R; = 0.35 (cyclohexane-EtOAc,
97 : 3); 7Se NMR § (ppm) 347.3; '"H NMR ¢ (ppm) 1.34 (s, 9H),
2.28 (m, 2H, H-3), 3.73 (m, 1H, H-4), 5.43 (dd, J = 2.6, 7.2 Hz,
1H, H-2), 7.08 (d, J/ = 1.8 Hz, 1H, H-6), 7.14-7.17 (m, 2H),
7.25-7.32 (m, 6H), 7.35-7.40 (m, 2H); “C NMR ¢ (ppm) 28.7,
39.5(C-3), 43.2 (C-4), 75.8, 94.1 (C-2), 106.5 (C-5), 126.4, 126.6,
128.1, 128.4, 128.9, 129.3, 132.1, 143.0, 150.3 (C-6). IR (neat):
3045, 2958, 2831, 1622, 1614, 1580, 1494, 1477, 1455, 1436, 1393,
1367, 1267, 1240, 1179, 1118, 1057, 1021, 962, 916, 840, 735,
699 cm™'; MS (EI, 70 eV) m/z: 388 (7), 386 (4), 332 (32), 288 (26),
286 (14), 179 (12), 157 (PhSe*, 38), 131 (32), 115 (30), 77 (25,
Ph*), 57 (100). Anal. calcd for C, H,,0,Se (387.36): C, 65.11; H,
6.24. Found: C, 65.21; H, 6.16.

2-Ethoxy-4-(4-methoxyphenyl)-5 - phenylselanyl - 3,4-dihydro-
2H-pyran (3h). Yield = 89%; yellow oil; Ry = 0.26 (AcOEt—
cyclohexane, 3 : 97); '"H NMR 6 (ppm) 1.22 (t, J = 7.0 Hz, 3H),
2.14 (ddd, 1H, J = 2.2, 8.1, 13.7 Hz, H-3), 2.33 (ddd, 1H, J =
2.2, 6.9, 13.7 Hz, H-3), 3.53-3.65 (m, 2H), 3.77 (s, 3H), 3.93 (m,
1H), 5.13 (dd, J = 2.2, 7.3 Hz, 1H, H-2), 6.73-6.76 (m, 2H),
6.97-7.01 (m, 2H), 7.00 (d, J = 1.8 Hz, 1H, H-6), 7.17-7.21 (m,
3H), 7.31-7.35 (m, 2H). ®*C NMR ¢ (ppm) 15.2, 38.1 (C-3), 41.9
(C-4), 55.2, 64.6, 99.2 (C-2), 107.6 (C-5), 113.5, 126.4, 129.0,
129.4, 130.7, 131.9, 134.8, 149.5 (C-6), 158.3; IR (neat): 3056,
2975, 2930, 2834, 1614, 1579, 1514, 1476, 1455, 1439, 1378, 1360,
1344, 1303, 1281, 1251, 1177, 1122, 1057, 1033, 913, 876, 830,
780, 736, 691 cm™~'; MS (EI, 70 eV) m/z: 390 (30), 388 (16), 318
(100), 316 (52), 210 (57), 161 (80), 121 (63), 77 (50, Ph*). Anal.
calcd for C,0H,,O5Se (389.34): C, 61.69; H, 5.69. Found: C, 61.55;
H, 5.88.

2-Ethoxy-3,4-dihydro-4,6-dimethyl-5-phenylselanyl-2 H - pyran
@3i). Yield = 93%; yellow oil; R; = 0.30 (AcOEt-cyclohexane, 5
1 95); ”"Se NMR 6 (ppm) 318.9; '"H NMR ¢ (ppm) 1.18 (d, J =
7.1 Hz, 3H), 1.26 (t, J = 6.8 Hz, 3H), 1.80 (ddd, 1H, J = 6.0,
6.4, 13.6 Hz, H-3), 2.11 (ddd, 1H, J = 2.3, 6.8, 13.6 Hz, H-3),
2.12 (s, 3H), 2.41 (ddd, 1H, J = 1.2, 6.8, 13.9 Hz, H-4), 3.59 (m,
1H), 3.92 (m, 1H), 5.08 (dd, J = 2.3, 6.0 Hz, 1H, H-2), 7.13-7.25
(m, 3H), 7.30-7.34 (m, 2H). *C NMR ¢ (ppm) 15.4, 20.7, 21.5,

31.9 (C-4), 36.4 (C-3), 64.4, 98.7 (C-2), 104.1 (C-5), 125.6, 128.7,
129.1, 133.2, 154.9 (C-6). IR (neat): 2975, 2928, 2873, 1638, 1623,
1578, 1476, 1438, 1377, 1236, 1201, 1157, 1123, 1096, 1054, 1019,
957, 840, 734, 690 cm~'; MS (EI, 70 €V) m/z: 312 (10), 310 (10),
251 (9), 240 (42), 238 (24), 197 (27), 171 (15), 157 (24, PhSe"),
116 (28), 115 (33), 91 (21), 77 (38, Ph*), 51 (39), 44 (54), 43 (100).
Anal. caled for C,sH,,0,Se (311.28): C, 57.87; H, 6.48. Found: C,
57.53; H, 6.37.

2-Ethoxy-3,4-dihydro-4-methyl-6-phenyl-5-phenylselanyl-2 H -
pyran (3j). Yield = 91%; white solid; m.p. = 66 °C; R, = 0.31
(AcOEt—cyclohexane, 5 : 95); "Se NMR J (ppm) 339.2; '"H NMR
o (ppm) 1.27 (dd, J = 1.2, 6.9 Hz, 3H), 1.29 (t, / = 7.0 Hz, 3H),
1.93(ddd, 1H, J =5.9, 7.0, 13.7 Hz, H-3), 2.21 (ddd, 1H, J = 2.6,
7.2, 13.7 Hz, H-3), 2.49 (m, 1H), 3.67 (m, 1H), 4.03 (m, 1H), 5.24
(dd, J = 2.6, 5.9 Hz, 1H, H-2), 7.15-7.45 (m, 10H). *C NMR ¢
(ppm) 15.4, 21.7, 31.4 (C-4), 36.3 (C-3), 64.55, 99.4 (C-2), 106.7
(C-5), 126.0, 127.7, 128.8, 129.1, 129.3, 129.9, 132.8, 137.2, 155.2
(C-6). IR (KBr): 3055, 2960, 2926, 1620, 1596, 1578, 1476, 1438,
1372, 1264, 1134, 1093, 1063, 1023, 1008, 996, 884, 831, 765, 736,
696 cm™'; MS (EI, 70 eV) m/z: 374 (14), 302 (40), 300 (20), 221
(10), 157 (28, PhSe*), 145 (44), 105 (100), 77 (58, Ph*), 51 (18).
Anal. calcd for C,0H,,0,Se (373.34): C, 64.34; H, 5.94. Found: C,
64.49; H, 5.97.

2-Ethoxy-3,4-dihydro-6-methyl-4-phenyl-5-phenylselanyl-2 H -
pyran (3k). Yield = 94%; yellow oil; R, = 0.33 (AcOEt—
cyclohexane, 5 : 95); 7Se NMR ¢ (ppm) 333.7; '"H NMR ¢ (ppm)
1.25(t,J =7,2Hz, 3H),2.14(ddd, 1H, J =7.8,9.0, 13.6 Hz, H-3),
2.24 (d, J = 1.8 Hz, 3H), 2.37 (ddd, 1H, J = 2.2, 7.2, 13.6 Hz,
H-3), 3.57-3.73 (m, 2H), 3.98 (m, 1H), 5.14 (dd, / = 2.2, 7.8 Hz,
1H, H-2), 7.10-7.35 (m, 10H). *C NMR ¢ (ppm) 15.3, 20.8, 38.9
(C-3),44.7 (C-4), 64.6,99.3 (C-2), 102.1 (C-5), 125.9, 126.6, 128.3
(2C overlap), 129.1, 129.4, 132.8, 144.4, 156.8 (C-6). IR (neat):
3059, 2975, 2928, 1694, 1627, 1578, 1476, 1438, 1377, 1233, 1156,
1052, 1022, 871, 761, 691 cm™'; MS (EI, 70 eV) m/z: 374 (8), 372
(4), 302 (24), 300 (13),259 (11), 179 (22), 178 (26), 157 (14, PhSe"),
145 (30), 128 (18), 115 (16), 77 (23, Ph*), 51 (20), 44 (46), 43 (100).
Anal. calcd for C,,H,,0,Se (373.34): C, 64.34; H, 5.94. Found: C,
64.05; H, 5.68.

2-Ethoxy-3,4-dihydro-4,6-diphenyl-5-phenylselanyl-2 H -pyran
@3D. Yield = 93%; yellow oil; R; = 0.40 (AcOEt-cyclohexane, 5:
95); "Se NMR 6 (ppm) 356.0; '"H NMR 6§ (ppm) 1.25 (t, J =
7.2 Hz, 3H), 2.20 (ddd, 1H, J = 8.2,9.2, 17.3 Hz, H-3), 2.42 (ddd,
1H, J =2.0, 7.4, 13.6 Hz, H-3), 3.69 (m, 1H), 4.07 (m, 1H), 5.27
(dd, J =2.0,8.2 Hz, 1H, H-2), 7.10-7.35 (m, 13H), 7.50-7.53 (m,
2H). *C NMR 6 (ppm) 15.3, 39.1 (C-3), 44.4 (C-4), 64.7, 100.3
(C-2), 105.1 (C-5), 126.5, 126.7, 127.7, 128.4, 128.5, 129.0, 129.1,
129.6,131.3,131.9, 136.6, 144.3, 156.8 (C-6). IR (neat) 2973, 2929,
2873, 1691, 1660, 1445, 1376, 1099, 770, 740, 697 cm~'. MS (ESI,
positive mode) m/z: 451 and 453 [M + H + O]*. Anal. calced
for C,sH,,0,Se (435.40): C, 68.96; H, 5.56. Found: C, 68.76; H,
5.64.

2-Ethylsulfanyl-4-methyl-5-phenylselanyl-3,4-dihydro-2 H-pyran
(Bm). Yield = 95%; yellow oil; R; = 0.25 (EtOAc—cyclohexane,
5:95); '"H NMR 6 (ppm): 1.11 (d, J = 6.9 Hz, 3H), 1.33 (t, J =
7.6 Hz, 3H), 1.84 (ddd, J = 4.6, 9.4, 13.7 Hz, 1H, H-3), 2.33 (ddd,
J =2.6,6.3,13.7 Hz, 1H, H-3'), 2.49 (m, 1H, H-4), 2.77 (m, 2H),
5.24 (dd, J = 2.6, 9.4 Hz, H-2), 6.90 (d, J = 1.9 Hz, 1H, H-6),
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7.18-7.26 (m, 3H), 7.42-7.47 (m, 2H). *C NMR ¢ (ppm): 15.2,
20.8,25.1, 31.8 (C-4), 37.65 (C-3), 80.75 (C-2), 108.9 (C-5), 126.3,
129.1,130.0, 132.3, 150.1 (C-6). IR (neat): 2963, 2925, 2869, 1607,
1578, 1476, 1438, 1375, 1299, 1266, 1202, 1143, 1112, 1000, 844,
735, 690 cm™"'. MS (ESI, positive mode) m/z: 431 (M + H + O]*)
(63), 429 (40), 243 (28), 193 (30), 191 (100), 166 (46), 143 (37), 122
(53). Anal. calcd for C,H;OSSe (313.31): C, 53.66; H, 5.79; S,
10.23. Found: C, 53.34; H, 5.68; S, 10.36.

2-Ethylsulfanyl-4-phenyl-5-phenylselanyl-3,4-dihydro-2 H-pyran
(Bn). Yield = 90%; yellow oil; R=0.29 (EtOAc—cyclohexane, 5:
95); '"H NMR ¢ (ppm): 1.33 (t, 3H, J = 7.6 Hz), 2.17-2.29 (m,
1H, H-3), 2.50 (ddd, 1H, J = 2.2, 6.8, 11.7 Hz, H-3), 2.70-2.85
(m, 2H), 3.67 (ddd, J = 1.5, 6.5, 10.2 Hz, 1H, H-4), 5.26 (dd, 1H,
J =19, 10.6 Hz, H-2), 7.07-7.10 (m, 2H), 7.09 (d, J = 1.5 Hz,
1H, H-6), 7.18-7.37 (m, 8H). "C NMR ¢ (ppm): 15.2, 24.8, 39.2
(C-3), 44.4 (C-4), 80.85 (C-2), 107.5 (C-5), 126.6, 127.0, 128.2,
128.4, 129.0, 130.9, 131.8, 142.5 (C-9), 151.6 (C-6). IR (neat):
3060, 2965, 2926, 1607, 1475, 1452, 1437, 1134, 1053, 1021, 758,
737,700 cm~'. MS (ESI) m/z: 393 (M + H + O)*.

2-Ethylsulfanyl-4,6-dimethyl-5-phenylselanyl-3,4-dihydro-2H -
pyran (30). Yield = 91%; yellow oil; Ry = 0.27 (EtOAc-
cyclohexane, 5 : 95); 'H NMR 6 (ppm): 1.15 (d, 3H, J = 6.9
Hz),1.34(t,3H,J=7.4Hz),1.84(ddd, J =4.2,9.4,13.6 Hz, 1H,
H-3), 2.15(d, 3H, J = 1.8 Hz), 2.30 (ddd, J = 2.4, 6.5, 13.6 Hz,
1H, H-3'), 2.50 (m, 1H, H-4), 2.78 (m, 2H), 5.21 (dd, 1H, J = 2.4,
9.4 Hz, H-2), 7.15-7.25 (m, 3H), 7.35-7.38 (m, 2H). "C NMR
o (ppm): 15.3, 21.0, 21.8, 25.2, 33.3 (C-4), 38.1 (C-3), 80.5 (C-2),
104.4(C-5),125.7,128.9,129.2,133.0, 157.2 (C-6). IR (neat): 2970,
2927, 2870, 1610, 1578, 1476, 1438, 1236, 1201, 1151, 1115, 1019,
957,920, 734, 690 cm~'; MS (EI, 70 V) m/z: 330 (2), 328 (5), 240
(53), 238 (30), 197 (24), 171 (13), 157 (25, PhSe*), 116 (28), 115
(34), 88 (30), 77 (24, Ph™), 60 (56), 51 (24), 44 (41), 43 (100). Anal.
calcd for C,5sH,,OSSe (327.34): C, 55.03; H, 6.16; S, 9.80. Found:
C, 55.05; H, 5.81; S, 10.13.

2-Ethylsulfanyl-6-methyl-4-phenyl-5-phenylselanyl-3,4-dihydro-
2H-pyran (3p). Yield = 90%; yellow oil; Ry = 0.33 (EtOAc—
Cyclohexane, 5 : 95); "H NMR ¢ (ppm): 1.34 (t, 3H, J = 7.4 Hz),
2.21(d, J = 1.8 Hz, 3H), 2.15-2.25 (m, 1H, H-3), 2.46 (ddd, J =
1.9, 6.9, 15.6 Hz, 1H, H-3'), 2.80 (m, 2H), 3.73 (m, 1H, H-4), 5.23
(dd, 1H, J = 1.9, 10.8 Hz, H-2), 7.07-7.10 (m, 2H), 7.18-7.28 (m,
8H). "C NMR 0 (ppm): 15.3, 20.95, 24.8, 40.2 (C-3), 46.35 (C-4),
80.7 (C-2), 102.8 (C-5), 126.0, 126.85, 128.0, 128.5, 129.1, 129.6,
132.6, 144.1, 158.85 (C-6). IR (neat): 3058, 3026, 2964, 2925,
2869, 1626, 1577, 1492, 1475, 1453, 1436, 1375, 1265, 1211, 1052,
1014, 972, 735, 701 cm™'; MS (ESI, positive mode) m/z: 407 (M
+ H+OJ*, 100), 405 (55), 319 (29); Anal. calcd for C,H,,OSSe
(389.40): C, 61.68; H, 5.69; S, 8.23. Found: C, 61.35; H, 5.85; S,
8.57.

4-Methyl-2,5-bis-phenylselanyl-3,4-dihydro-2 H-pyran Bo).
Yield = 80%; yellow oil; R; = 0.60 (EtOAc—cyclohexane, 5 : 95);
"H NMR ¢ (ppm): 1.15 (d, 3H, J = 6.9 Hz), 1.98-2.07 (m, 1H,
H-3), 2.45-2.59 (m, 2H, H-4, H-3), 5.76 (dd, 1H, J = 3.2, 8.2 Hz,
H-2), 6.89 (d, 1H, J = 1.5 Hz, H-6), 7.15-7.67 (m, 10H). *C
NMR 6 (ppm): 21.1, 31.6 (C-4), 38.2 (C-3), 78.9 (C-2), 109.1
(C-5), 126.4, 128.2, 129.1, 129.2, 129.3, 130.1, 134.5, 135.3, 149.5
(C-6). IR (neat): 3056, 2961, 2922, 1686, 1579, 1476, 1436, 1301,
1229, 1190, 1140, 1107, 1022, 999, 847, 741, 690 cm™".

4-Methyl-2-phenyl-5-phenylselanyl-3,4-dihydro-2 H-pyran (3s).
Yield = 64%; yellow oil; R; = 0.38 (AcOEt-cyclohexane, 3 : 97);
"H NMR 6 (ppm) 0.97 (d, J = 7.0 Hz, 3H), 1.69 (ddd, J = 2.4,
11.5,13.7Hz 1H, H-3), 2.16 (ddd, J = 1.8, 5.9, 13.7 Hz, 1H, H-3),
2.48-2.59 (m, 1H, H-4),4.91 (dd, J = 1.8, 11.5Hz, 1H, H-2), 6.98
(d, J = 1.8 Hz, 1H, H-6), 7.10-7.40 (m, 10H). *C NMR 6 (ppm)
20.7, 32.2 (C-4), 40.9 (C-3), 78.6 (C-2), 109.0 (C-5), 126.0, 126.2,
128.1, 128.6, 129.1, 129.9, 132.7, 140.9, 151.9 (C-6). IR (KBr):
3057, 1694, 1607, 1577, 1477, 1438, 1388, 1369, 1167, 1068, 1022,
737,691 cm™'; MS (EI, 70 eV) m/z: 330 (34), 328 (18), 226 (100),
224 (50), 207 (26), 157 (36, PhSe*), 117 (44), 115 (40), 105 (42), 77
(52, Ph*), 51 (46), 44 (38).

Typical procedure for the synthesis of selenoxides (4)

To a mixture of dihydropyran 3a (1 mmol, 297 mg) in tetrahy-
drofuran (10 ml), was added slowly H,O, 35%, in water (0.4 ml,
4 eq.) at room temperature. After the reaction was completed,
monitored by TLC (usually 2 hours), the layers were separated and
the organic one dried and concentrated under vacuum. The residue
was chromatographed on silica gel (eluent: MeOH-EtOAc, 1 : 99)
to give 200 mg (64%) of 2-ethoxy-4-methyl-5-phenylseleninyl-3,4-
dihydro-2H-pyran 4a.

2-Ethoxy -4-methyl -5 - phenylseleninyl - 3,4 - dihydro- 2 H - pyran
(4a). Mixture of 2 diastereomers: 53 : 47. Yield = 64%; yellow
oil; Ry = 0.31 (MeOH-ACOEt, 1 : 99); '"H NMR § (ppm) (0.90,
1.26) (d, J = 7.0 Hz, 3H), 1.21 (t, J = 7.0 Hz, 3H), 1.76 (m, 1H,
H-3), 1.94 (m, 1H, H-3), (2.41, 2.55) (m, 1H, H-4), 3.55 (m, 1H),
3.87 (m, 1H), 5.05 (dd, J = 2.6, 5.1 Hz, 1H, H-2), (6.91, 7.04)
(s, 1H, H-6), 7.48-7.55 (m, 3H), 7.70-7.74 (m, 2H). *C NMR ¢
(ppm) (15.1, 15.2), (19.8, 20.4), (24.4, 26.4, C-4), (35.4, 35.7, C-3),
(64.7, 64.8), (99.0, 99.1, C-2), (121.0, 122.2, C-5), (126.1, 126.6),
(129.2, 129.6), (131.2, 131.4), (138.2, 140,1), (146.1, 148.6, C-6).
IR (neat): 3418, 3054, 2930, 1732, 1622, 1456, 1442, 1378, 1279,
1139, 1096, 1076, 1021, 990, 816, 744, 691 cm™~'; MS (EI, 70 eV)
m/z: 314 (44), 312 (40), 234 (20), 232 (12), 157 (100, PhSe*), 154
(60), 117 (15), 78 (16), 77 (75, Ph*), 51 (68), 50 (38).

2-Ethoxy-3,4-dihydro-4,6-diphenyl-5-phenylseleninyl-2 H-pyran
@l). Yield = 80%; yellow oil; R, = 0.34 (AcOEt-cyclohexane,
80 : 20); '"H NMR ¢ (ppm) 1.16 (t, J = 7.1 Hz, 3H), 2.07-2.26
(m, 2H, H-3), 3.54-3.65 (m, 2H), 3.96 (m, 1H), 5.14 (dd, J =
2.4, 7.1 Hz, 1H, H-2), 7.10-7.53 (m, 13H), 7.73-7.78 (m, 2H).
BC NMR ¢ (ppm) 15.1, 39.3 (C-4), 39.7 (C-3), 64.8, 100.6 (C-2),
118.1 (C-5), 126.8, 126.9, 128.0, 128.4, 128.8, 129.0, 129.8, 130.6,
130.7, 134.1, 140.6, 141.3, 160.3 (C-6). IR (neat) 3418, 3061, 2976,
2931, 2360, 2340, 1652, 1615, 1574, 1494, 1455, 1445, 1379, 1275,
1134, 1058, 938, 808, 741, 699 cm™'. MS (ESI, positive mode)
m/z: 453 [M + H]* (100), 451 (80).

Typical procedure for the synthesis of tetrahydrofuranones (5)

To a mixture of dihydropyran 3a (1 mmol, 297mg) in
dichloromethane (10 ml), was added slowly H,O, 35%,, in water
(0.4 ml, 4 eq.) at room temperature. After the reaction was
completed, monitored by TLC, the layers were separated and
the organic one dried and then concentrated under vacuum. The
residue was chromatographed on silica gel (eluent: ethyl Acetate—
cyclohexane, 10 : 90) to give 36 mg (25%) of 5-ethoxy-3-methyl-
tetrahydrofuran-2-one 5a.
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5-Ethoxy-3-methyl-tetrahydrofuran-2-one (5a). Yield = 25%;
yellow oil; Ry = 0.20 (cyclohexane-EtOAc, 80 : 20); '"H NMR ¢
(ppm) 1.18-1.27 (m, 6H), 1.97 (m, 1H, H-4), 2.35 (m, 1H, H-4),
2.83 (m, 1H, H-3), 3.58 (m, 1H), 3.83 (m, 1H), 5.44 (d, IH, J =
5.6 Hz); C NMR ¢ (ppm) 14.95, 15.25, 32.7 (C-3), 37.3 (C-4),
64.94, 101.8 (C-5), 180.0 (C-2). IR (neat): 2978, 2936, 1778, 1738,
1446, 1378, 1349, 1213, 1169, 1112, 1040, 981, 951,917 cm™'; MS
(EL, 70 eV) m/z: 143 (2), 100 (42), 99 (32), 85 (43), 72 (19), 57 (96),
43 (95), 42 (95), 41 (100). Anal. calcd for C;H,0; (144.166): C,
58.31; H, 8.39. Found: C, 57.96; H, 8.43.

5 - Ethoxy - 3 - ((tert - butyl)dimethylsilyl - methoxy) - tetrahydro -
furan-2-one (5b). Yield = 42%; yellow oil; Ry = 0.35 (cyclo-
hexane-EtOAc, 90 : 10); major trans isomer: '"H NMR J (ppm)
0.05 (s, 6H), 0.87 (s, 9H), 1.22 (t, 3H, J = 7.1 Hz), 2.19 (ddd, 1H,
J =1.6,9.4, 13.4 Hz, H-4), 2.46 (ddd, 1H, J = 5.9, 8.6, 13.4 Hz,
H-4), 2.88 (m, 1H, H-3), 3.59 (dq, J = 7.1, 9.5 Hz, 1H), 3.75 (dd,
J=3.1,99 Hz, 1H), 3.86 (dq, J/ = 7.0, 9.5 Hz, 1H), 3.99 (dd, J =
3.7, 10.0 Hz, 1H), 5.48 (dd, IH, J = 1.6, 5.9 Hz, H-5); "C NMR
o (ppm) -5.5, 15.0, 18.2, 25.8, 31.6 (C-4), 41.6 (C-3), 61.3, 65.1,
102.8 (C-5), 177.3 (C-2); IR (neat): 2956, 2931, 2858, 1782, 1472,
1446, 1377, 1349, 1259, 1116, 1004, 955, 901, 837, 779, 736 cm™';
MS (EI, 70 eV) m/z: 230 (2), 229 (8), 218 (20), 217 (100), 171 (70),
143 (94), 129 (16), 99 (24), 75 (84). Anal. calcd for C,;H,0,Si
(274.43): C, 56.90; H, 9.55. Found: C, 57.18; H, 9.63.

Minor cis isomer: '"H NMR ¢ (ppm) 0.06 (s, 6H), 0.89 (s, 9H),
1.23(t,3H,J =7.1Hz),2.18 (ddd, 1H, J =4.6,7.5, 13.5 Hz, H-4),
2.51(ddd, 1H, J = 6.0, 9.7, 13.5 Hz, H-4), 2.78 (m, 1H, H-3), 3.63
(dq, 1H, J = 7.1, 9.3 Hz), 3.83-3.94 (m, 3H), 5.50 (dd, J = 4.6,
6.0 Hz, 1H, H-5); "C NMR ¢ (ppm) -5.4, 15.1, 18.4, 25.9, 31.6
(C-4), 43.2 (C-3), 62.0, 65.9, 103.6 (C-5), 176.2 (C-2).

3-Methyl-tetrahydro-furo|2,3-b]furan-2-one (5¢). Yield = 36%;
yellow oil; Ry = 0.39 (cyclohexane-EtOAc, 50 : 50); '"H NMR ¢
(ppm) 1.27 (d, 3H, J = 7.3 Hz), 1.82-2.08 (m, 2H), 2.93 (m, 1H,
H-4), 3.12 (m, 1H, H-3), 3.96-4.10 (m, 2H), 6.00 (d, 1H, J = 4.8
Hz); *C NMR 6 (ppm) 11.7, 25.1, 38.2 (C-4), 44.2 (C-3), 68.9,
106.6 (C-5), 177.1 (C-2). IR (neat): 2981, 2898, 1777, 1716, 1454,
1379, 1359, 1295, 1251, 1176, 1109, 953, 907, 868, 736 cm~'; Anal.
calcd for C;H,,O; (142.15): C, 59.14; H, 7.09. Found: C, 59.08; H,
7.34.

Tetrahydro-furo[2,3-b]furan-2-one (5d). Yield = 30%; white
solid; m.p. 48-50 °C; R; = 0.37 (cyclohexane-EtOAc, 50 : 50);
'HNMR 6 (ppm) 1.74-1.82 (m, 1H, H-4), 2.17-2.27 (m, 1H, H-
4), 2.44 (dd, J = 3.4, 18.4 Hz, 1H, H-3), 2.88 (dd, J = 10.2,
18.4 Hz, 1H, H-3), 3.12-3.20 (m, 1H, H-8), 3.90-3.99 (m, 1H,
H-5), 4.06-4.13 (m, 1H, H-5), 6.08 (d, J = 5.6 Hz, |H, H-7); “C
NMR ¢ (ppm) 32.3 (C-4), 35.0 (C-3), 38.4 (C-8), 67.4 (C-5), 108.5
(C-7), 175.5 (C-2). IR (neat): 2986, 1770, 1636, 1455, 1418, 1360,
1300, 1252, 1186, 1109, 1004, 968, 871, 834 cm™'; Anal. calcd for
C¢H;0; (128.12): C, 56.24; H, 6.29. Found: C, 56.16; H, 6.43.

5-Ethoxy-3-phenyl-tetrahydrofuran-2-one (5¢). Yield = 44%;
yellow oil; major trans isomer: R; = 0.28 (cyclohexane-EtOAc,
90 : 10); '"H NMR ¢ (ppm) 1.26 (t, 3H, J = 7.1 Hz), 2.48 (ddd,
IH, J =5.5,11.2, 13.3 Hz, H-4), 2.63 (dd, 1H, J = 8.8, 13.3 Hz,
H-4), 3.64 (m, 1H), 3.90 (m, 1H), 4.05 (dd, J/ = 8.8, 11.2 Hz, 1H,
H-3), 5.58 (d, 1H, J = 5.5 Hz), 7.22-7.38 (m, 5H); “C NMR ¢
(ppm) 15.1, 38.4 (C-4), 44.3 (C-3), 65.2, 101.8 (C-5), 127.8, 128.1,
129.1, 136.6, 177.2 (C-2). IR (neat): 2978, 2931, 1775, 1734, 1498,

1456, 1378, 1342, 1206, 1140, 1108, 1040, 996, 935, 899, 752, 695,
642 cm™'; MS (EI, 70 eV) m/z: 207 (24), 162 (66), 133 (56), 105
(100), 104 (31), 103 (30), 92 (10), 77 (35), 51 (22), 44 (48). Anal.
caled for C,H,,05 (206.23): C, 69.88; H, 6.84. Found: C, 69.84;
H, 6.85.

Minor cis isomer: '"H NMR ¢ (ppm) 1.29 (t, 3H, J = 7.0 Hz),
2.33(ddd, 1H, J =4.8,8.2,13.8 Hz, H-4),2.92 (ddd, 1H, J = 5.9,
10.3, 13.8 Hz, H-4), 3.71 (dt, J = 7.1, 9.5 Hz, 1H), 3.84 (dd, J =
8.2, 10.3 Hz, 1H, H-3), 3.98 (dt, J = 7.1, 9.5 Hz, 1H), 5.62 (dd,
1H, J = 4.8, 5.9 Hz, H-5), 7.25-7.38 (m, 5H); *C NMR ¢ (ppm)
15.1, 37.1 (C-4), 46.0 (C-3), 66.1, 102.9 (C-5), 127.7, 128.2, 129.0,
137.0, 176.0 (C-2). IR (neat): 2978, 2929, 1773, 1719, 1498, 1456,
1378, 1353, 1146, 1120, 1043, 996, 927, 753, 698 cm™".

5-Butoxy-3-phenyl-tetrahydrofuran-2-one (5f). Yield = 24%;
yellow oil; Ry = 0.26 (cyclohexane-EtOAc, 90 : 10); 'H NMR
J (ppm) 0.94 (t, 3H, J = 7.3 Hz), 1.40 (m, 2H), 1.60 (m, 2H), 2.49
(ddd, 1H, J = 5.5, 11.2,13.3 Hz, H-4), 2.64 (ddd, 1H, J = 0.9, 8.8,
13.3 Hz, H-4), 3.58 (dt, 1H, J = 6.6, 9.5 Hz), 3.86 (dt, 1H, J =
6.6, 9.3 Hz), 4.05 (ddd, J = 0.9, 8.8, 11.2 Hz, 1H, H-3), 5.59 (d,
1H, J = 5.5 Hz, H-5), 7.25-7.40 (m, 5H); *C NMR ¢ (ppm) 13.9,
19.3, 31.5, 38.4 (C-4), 44.3 (C-3), 69.5, 102.0 (C-5), 127.8, 128.1,
129.0, 136.6, 177.2 (C-2), IR (neat): 3031, 2958, 2873, 1778, 1770,
1728, 1715, 1605, 1497, 1456, 1345, 1264, 1204, 1137, 1107, 1060,
998, 933, 800, 751, 696, 643 cm~'; MS (EI, 70 V) m/z: 191 (10),
190 (52), 161 (12), 134 (28), 133 (40), 105 (100), 92 (61), 78 (28), 77
(29), 57 (21). Anal. calcd for C,;H,50; (234.29): C, 71.77; H, 7.74.
Found: C, 72.10; H, 7.69.

5-tert-Butoxy-3-phenyl-tetrahydrofuran-2-one (5g). Yield =
30%; yellow oil; Ry = 0.20 (cyclohexane-EtOAc, 90 : 10); 'HNMR
o (ppm) 1.32 (s, 9H), 2.53 (m, 2H, H-4), 4.08 (t, 1H, J = 9.8 Hz),
5.87 (dd, 1H, J = 2.8, 3.9 Hz), 7.24-7.38 (m, 5H); *C NMR ¢
(ppm) 28.8, 29.8, 39.5 (C-4), 44.7 (C-3), 97.2 (C-5), 127.7, 128.1,
129.1, 136.9, 177.3 (C-2). IR (neat): 2979, 2930, 2854, 1778, 1770,
1738, 1732, 1606, 1498, 1455, 1395, 1368, 1338, 1266, 1180, 1138,
1102, 995, 933, 900, 858, 798, 750, 694, 641 cm~'; MS (EI, 70 eV)
m/z: 191 (2), 190 (8), 161 (12), 134 (61), 133 (25), 105 (40), 104
(18), 103 (18), 92 (22), 77 (16), 57(100). Anal. calcd for C,,H,50,
(234.284): C, 71.77; H, 7.74. Found: C, 71.74; H, 7.81.

5-Ethoxy-3-(4-methoxyphenyl)-tetrahydrofuran-2-one (Sh).
Yield = 43%; yellow oil; R; = 0.18 (cyclohexane-EtOAc, 90 : 10);
'"H NMR 6 (ppm) 1.26 (t, 3H, J = 7.1 Hz), 2.46 (ddd, 1H, J =
5.7, 11.1, 13.2 Hz, H-4), 2.62 (ddd, 1H, J = 0.8, 8.8, 13.2 Hz,
H-4), 3.64 (m, 1H), 3.80 (s, 3H), 3.90 (m, 1H), 4.01 (dd, J = 8.8,
11.1 Hz, 1H, H-3), 5.58 (d, 1H, J = 5.5 Hz), 6.87-6.92 (m, 2H),
7.16-7.20 (m, 2H); *C NMR § (ppm) 15.0, 38.4 (C-4), 43.4 (C-3),
55.4,65.1, 101.7 (C-5), 114.4, 128.5, 129.2, 159.1, 177.5 (C-2); IR
(neat): 2978, 2933, 1771, 1615, 1515, 1445, 1342, 1249, 1206, 1181,
1142, 1104, 1035, 936, 905, 831, 804, 781, 760, 736, 689 cm™';
MS (EIL 70 eV) m/z: 236 (13), 192 (46), 163 (92), 147 (50), 135
(100), 119 (20), 105 (16), 91 (40), 77 (20), 66 (19). Anal. calcd for
C3H,,0, (236.26): C, 66.08; H, 6.83. Found: C, 66.28; H, 6.62.

1-(3-Phenylfuran-2-yl)ethanone (6). Yield = 21%; yellow oil;
R; = 0.4 (AcOEt-cyclohexane, 15 : 85); '"H NMR ¢ (ppm) 2.46
(s, 3H), 6.66 (d, 1H, J = 1.6 Hz, H-4), 7.36-7.44 (m, 3H), 7.55
(d, 1H, J = 1.6 Hz, H-5), 7.61-7.64 (m, 2H); *C NMR ¢ (ppm)
27.8, 115.0 (C-4), 128.2, 128.6, 129.3, 132.0, 133.5, 144.7 (C-5),
147.3, 188.0. IR (neat) 1676, 1565, 1503, 1474, 1448, 1394, 1356,
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1284, 1241, 1162, 1130, 1096, 1065, 1019, 978, 932, 886, 761, 694,
639 cm™'; MS (EL 70 eV) m/z: 186 (92), 185 (75), 143 (4), 128
(4), 115 (100), 89 (30), 63 (18), 43 (20). Anal. caled for C,,H,,0,
(186.20): C, 77.40; H, 5.41. Found: C,77.04; H, 5.80.

4-Formyloxy-2-methyl-4-phenylbutanoic acid (7s). Yield =
63%; yellow oil; R,=0.66 (AcOEt—cyclohexane, 100 : 0); '"H NMR
o (ppm) 1.15 (d, J = 6.8 Hz, 3H), 1.74-1.82 (m, 1H, H-3), 2.34-
2.44 (m, 2H), 5.85 (dd, J = 5.3, 6.4 Hz, 1H, H-4), 7.16-7.28 (m,
5H), 7.98 (s, IH). *C NMR ¢ (ppm) 17.1, 36.3, 39.7, 73.8, 126.7,
128.6,128.8,139.4,160.4, 182.3. IR (neat): 2977, 2936, 2360, 2341,
1732, 1715, 1456, 1170, 758, 700 cm~". MS (ESI, negative mode)
m/z: 443 (2M — HJ, 100), 221 (M — H]", 37).
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The synthesis and characterisation of a coumarin—dithienylcyclopentene-coumarin symmetric triad
(CSC) and a perylene bisimide—dithienylcyclopentene—coumarin asymmetric triad (PSC) are reported.
In both triads the switching function of the photochromic dithienylcyclopentene unit is retained. For
CSC an overall 50% quenching of the coumarin fluorescence is observed upon ring-closure of the
dithienylcyclopentene component, which, taken together with the low PSS (<70%), indicates that
energy transfer quenching of the coumarin component by the dithienylcyclopentene in the closed state
is efficient. Upon ring opening of the dithienylcyclopentene unit the coumarin emission is restored fully.
The PSC triad shows efficient energy transfer from the coumarin to the perylene bisimide unit when the

dithienylcyclopentene unit is in the open state. When the dithienylcyclopentene is in the closed (PSS)
state a 60% decrease in sensitized perylene bisimide emission intensity is observed due to competitive
quenching of the coumarin excited state and partial quenching of the perylene excited state by the

closed dithienylcyclopentene unit. This modulation of energy transfer is reversible over several cycles

for both the symmetric and asymmetric tri-component systems.

Introduction

Energy (ET) and electron (E,T) transfer between molecular enti-
ties is of continuing interest in the development of molecular based
photonic systems, including photovoltaics,' molecular electronics?
and sensor technologies.* The excellent efficiency in energy and
electron transfer between donor and acceptor components in the
photosynthetic apparatuses of plants and bacteria is achieved
through the optimal supramolecular spatial arrangement and
energetic matching of donor and acceptor units.* Achieving such
control represents a considerable challenge in synthetic systems,
where the tight organization exerted by nature through membrane
and protein structures is not present a priori.*?

Efficient energy transfer in synthetic donor acceptor systems can
be achieved either by through-bond (superexchange) interactions
or by through-space energy transfer. Depending on the mechanism
of through-space energy transfer (e.g., Dexter® or Forster’ energy
transfer) between donor and acceptor chromophoric units, the
efficiency is dependent on the absorption cross-section of the
energy acceptor and its overlap with the fluorescence spectrum
of the donor unit and also on their spatial arrangements. The
electronic properties of the donor and acceptor units can be
tuned synthetically to achieve an optimal energetic overlap.
However, control over the spatial and orientational arrangement
between components is often more difficult to achieve. Overall the
approaches taken to control this latter aspect can be divided into
two groups—i.e. the covalent and non-covalent (supramolecular)
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arrangement of donor—acceptor units. Both approaches have seen
considerable success in achieving efficient energy transfer and in
furthering our understanding of the physical basis of, e.g., Forster
resonance energy transfer (FRET).?

Previously, we have shown that efficient energy transfer can be
achieved in a coumarin donor—perylene bisimide acceptor based
system.>'* In this tetra-coumarin—perylene bisimide system, we
demonstrated that energy transfer with an efficiency of >95%
could be achieved with good stability even under conditions
of high near-UV irradiation flux, without requiring a through-
bond interaction between the donor and acceptor components.
Furthermore, careful matching of the energetics of the donor and
acceptor units avoided potentially deleterious competing electron
transfer processes. However, energy transfer in this molecule,
although efficient, is not subject to post-synthetic control, i.e.
the energy transfer efficiency from the donor coumarin units to
the perylene bisimide acceptor cannot be altered or modulated
reversibly after synthesis.

Controlling energy transfer post-synthetically, e.g., by chang-
ing the direction and efficiency of the process, represents an
interesting, albeit considerable, challenge. The incorporation of
an addressable component into supramolecular systems capable
of attenuating energy transfer from an energy donor to an
energy acceptor would allow for modulation of the emission
output of the donor—acceptor system. Control over fluorescence
intensity has been demonstrated by several groups, and, typically,
this is achieved through quenching of the fluorescence of the
chromophore by an additional unit," whose electronic structure
can be changed upon external perturbation, e.g., by photo-'*** or
electrochemical™ switching, pH change,*'s or by disconnection of
a quenching unit.'®

Dithienylcyclopentene switches, which belong to a class of
photochromic switches that show potential as photoswitchable flu-
orescence quenching units, are suitable candidates to impart func-
tionality in these donor—acceptor systems. These photochromic
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switches undergo a photochemical cyclization reaction upon
irradiation with UV light, which is reversible upon irradiation
with visible light (Fig. 1). Dithienylcyclopentenes show sufficient
stability, good to very good photostationary states (PSS) and
the two states have very different absorption spectra, which are
both thermally stable.'” The synthetic routes, which are available,’®
facilitate attachment of substituents (in this case chromophores).

— uv
—
Riw A\ I N\ Ry, <= [ \
s s vis R s S Ry
(0] 0
Open 0 Closed 0
Fig. 1 Schematic representation of the ring-open and ring-closed state of

a dithienylcyclopentene switch.

Indeed, dithienylcyclopentenes have been employed successfully
already as fluorescence quenchers, examples of which have been
reported by the groups of Lehn,"” Irie,® Tian?! and Branda.”
However, control of energy transfer efficiency between an energy
donor and acceptor pair by a third, addressable, component allows
for more versatile control of excited state properties, such as the
triad system reported by Walz ez al.® This approach to switchable
triad systems has been demonstrated in systems involving electron
transfer also,* however, the present work focuses on through-
space energy transfer. In this contribution we report a covalently
linked donor-switch—acceptor triad based on a coumarin (donor),
a dithienylethene (switch) and a perylene bisimide (acceptor) unit.
The energy transfer between the donor and acceptor units can
be redirected by photochemical isomerization of the central
‘switching’ unit. In the open form, the dithienylcyclopentene acts
as a photophysically innocent bridging unit. In the closed form
it acts to quench the emission of the coumarin donor and, to a
lesser extent, the perylene bisimide acceptor, thereby modulating
the luminescence output of the perylene bisimide unit (Fig. 2),
by reducing the efficiency of energy transfer from the coumarin
donor to the perylene acceptor.

-7 ET RS
~

A)

3’/
.'I|

State 1

State 2

Fig.2 Schematic representation of a donor—switch—acceptor triad in two
different states: (a) the switch is in the open State 1: excitation of the donor
(D), energy transfer to the acceptor (A), followed by sensitized emission.
(b) The switch is in the closed State 2: when D is excited the energy is
quenched by the switch and sensitized emission is prevented.

Results
Synthesis

The symmetric triad, consisting of two coumarin donors and a
central dithienylcyclopentene unit, was prepared to demonstrate
the quenching concept for the selected donor and switchable-
acceptor chromophores (Scheme 1). It was decided to use
amides in combination with piperazines as a ‘molecular resistor’
(i.e. similar to the use of adamantanes®™ or ethers® in other
multicomponent systems) to construct a symmetric triad, in
which the coumarin chromophore is electronically decoupled from
the dithienylcyclopentene. This approach was used successfully
already in building a tetra-coumarin—perylene bisimide system.!
The amide coupling method used here to construct the substituted
dithienylcyclopentene photochromic switching units has been
employed successfully in the synthesis of switchable gelator
systems also.?

O O 0 /Ow
HN —
mw * K/)\‘BOC A Z N/\
1 N

—> 3,R=H

FZ N/\ —

Scheme 1 Synthesis of CSC 5: (A) CDI, CH,CL, RT (92%): (B)
CF,COOH, CH,CL, (quant.); (C) 1. CDMT, NMM, CH,Cl,, 0 °C, 2.
NMM, 3, (16%).

7-Methoxycoumarin-3-acetic acid 1 was coupled to mono
Boc protected piperazine using the amide coupling reagent 1,1'-
carbonyldiimidazole (CDI),” which allows for straightforward
workup and subsequent purification by column chromatography.
The coumarin N-Boc-piperazine 2 was deprotected subsequently
with trifluoroacetic acid (TFA). Two equivalents of the free amine
coumarin piperazine 3 were coupled to the dicarboxylic acid switch
4 using 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT), a reagent,
which has been found to give good yields in combination with
the dicarboxylic acid switch,? and N-methyl-morpholine (NMM)
in CH,Cl, to yield the pure coumarin—switch—coumarin triad
(CSC) 5in 16% yield (non-optimized) after purification by column
chromatography (Scheme 1).

A switch-acceptor unit was constructed, using an amine sub-
stituted perylene bisimide 9 (Scheme 2), which can be coupled
to the dithienylcyclopentene diacid 4. Perylene bisbutylimide 6%
was saponified partially to provide a mixture of the perylene-
bis-anhydride and the perylene-mono-imide-monoanhydride (~2
. 1, respectively, as determined by 'H NMR spectroscopy).”’
The mixture was condensed with 4-amino-1-Boc-piperidine,* to
yield a mixture of substituted perylene bisimides with either two
piperidines or one butyl and one piperidine group at the imide
positions. The mixture was separated chromatographically pro-
viding the mono N-Boc-piperidine mono butyl perylene bisimide
8 in 8.6% yield from the perylene bis-butylimide 6 (Scheme 2).

Attempts to mono substitute the diacid dithienylcyclopentene
4, with the coumarin piperazine 3 followed by coupling to
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Scheme 2 Synthesis of mono piperidine perylene bisimide 9: (A) KOH,
H,0, i-PrOH, 15 h (yield n.d.); (B) 4-amino-1-Boc-piperidine, toluene,
120 °C, 24 h (8.6% from 6); (C) CF;COOH, CH,Cl, (quant.).

the perylene bisimide 9 were unsuccessful due to difficulties in
purification of the mono acid following the first coupling step.
Therefore, it was decided to use a one step procedure with
equimolar amounts of the chromophores followed by isolation
of the desired compound by column chromatography. First one
equivalent of the perylene-mono-piperidine-mono-butyl 8 was
deprotected using TFA and the product 9 (1 equivalent) was
coupled, together with the coumarin piperazine 3 (1 equivalent)
to the diacid dithienylcyclopentene photochromic switch 4 (1
equivalent) to give, in addition to the homo-coupling products,
the target perylene—switch—coumarin triad (PSC) 10 in 4.4% yield
(non-optimized, Scheme 3).

Ho. /\7 OH ABAb {;gL
o 00 o "l
- o]
= —
|COE -
ng C
g ° " =% ° 0 Q

Scheme 3 Synthesis of PSC 10: (A) CDMT, NMM, CH,CL, 0 °C; (B)
NMM, leq3,1eq9,24h.

N_/_\

o

The model compound piperidine-dithienylcyclopentene—
piperidine (pipSpip 11, Fig. 4, right) was prepared by simi-
lar methods as for CSC 5. All compounds were purified by
column chromatography and characterized with 'H and “C
NMR spectroscopy and (MALDI-TOF) mass spectrometry (see
experimental section for details).

Electronic and photochemical properties

Coumarin-switch—coumarin triad (CSC) 5. The absorption
spectrum of CSC 5 in the open and closed (i.e. at the photostation-
ary state (PSS) obtained by irradiation at 4., = 312 nm, PSS;;, )
form are shown in Fig. 3. The spectra show features of both
coumarin and open or closed switch and the maxima correspond
closely to those of the model compounds indicating that no direct,
or through-bond, electronic communication between the switch
and the coumarin is present (Fig. 3 and Table 1). Although
at 298 K, irradiation at A, = 312 nm resulted in 10-20%
decomposition per cycle, at 220 K, photochromic switching was
fully reversible.

400 500 600
Wavelength (nm)
Fig. 3 Absorption spectra of CSC S5 open (—), CSC PSS;,mm (--)

irradiated at 220 K with 435, and coumarin model 2 are shown (- --).
The spectra were recorded at RT in CH,Cl,.

Comparison of the difference spectrum obtained by subtraction
of the spectra of 5 in the open form and in the PSS;),,,, with the
difference spectrum of the closed form of the model compound 11
shows the similarity between the two systems, confirming that the
change in absorption observed upon irradiation at 220 K*' is due
to photochemical ring closure and that the photochromism of the
dithienylcyclopentene is retained in the triad (Fig. 4).

CSC 5 can undergo several ring opening—closing cycles with a
near complete recovery in the absorption spectrum of the open
form after each cycle (see ESI{).*

The fluorescence spectrum of the open form of 5 (4 ~390 nm),
is identical to that of the free coumarin (Fig. 5). As for absorption
spectroscopy, photochemical ring closure results in changes to
the luminescence properties of 5. Irradiation at A3, ,, results in a
decrease in the intensity of the characteristic coumarin emission by

Table 1 Absorption and emission spectra of CSC 5 and PSC 10 open and PSS;;5
Compound Absorption?® A,,./nm (10° ¢/cm™' M) Emission® /,,,/nm
2 Coumarin pip Boc 322(18.3) 393
6  Perylene bisimide butyl 266(40.6), 286(49.6), 451(16.7), 539(26.7), 577(43.1) 608
11 pipSpip open 239(18.0)
11 PipSpip PSS;12um” 236(13.6), 487(29.2)
5 CSC open 321 (31.7) 394
5 CSC PSS;12m © 323 (33.3), 493 (4.0) 395
10 PSC open 267 (50.2), 286 (54.2), 452 (13.4), 540 (22.4), 579 (36.2) 391, 612
10 PSC PSS55m ° 267 (47.5), 286 (52.7), 453 (14.4), 540 (23.2), 579 (36.7) 391, 613

“ Measurements taken in CH,Cl, at RT. ® At RT after irradiation with A;;,,, light at 220 K to PSS.
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Fig. 4 Left: the UV-Vis difference spectrum obtained by subtraction of
the spectrum of the CSC 5 PSS;), .., state from the spectrum of the CSC
5 open form recorded at 298 K; the PSS was obtained by irradiation with
Asinam at 220 K. Right: the difference spectrum obtained by subtraction
of the spectrum of the pipSpip 11 PSS;;,., state from the spectrum of
the pipSpip 11 open form recorded at 298 K; the PSS was obtained by
irradiation with A5, ., at 220 K.
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Fig. 5 Left: absorption spectra of 5 open (—) and CSC 5 PSS;;5 1 (---),
and fluorescence spectra of 5 open (- --) and 5 PSS;;, ., (---). Right: effect
of ring closing and subsequent opening on the fluorescence at 1 = 394 nm
(ring closing with 4., = 312 nm at 220 K and opening with 1 >400 nm at
298 K). Spectra recorded in CH,Cl, at 298 K.

50%, which is reversed by irradiation at A > 400 nm. This change
is not observed when opening and closing a 2 : 1 mixture of the
coumarin model 2 and 11, thus excluding trivial or radiative energy
transfer being responsible for the changes seen in the symmetric
triad 5.

The absence of a change in the absorption of the coumarin band
in the spectrum of 5 upon ring closure of the dithienylcyclopentene
switching unit indicates that the ring closing does not perturb the
electronic structure of the coumarin moieties. Hence the decrease
in emission intensity can be assigned to energy transfer quenching
by the dithienylcyclopentene unit in the closed state. Indeed the
absorption spectrum of the closed dithienylethene unit shows good
spectral overlap with the emission spectrum of the coumarin; a
prerequisite for energy transfer (Fig. 5).

In the open state, the emission of 5 (A, = 337 nm, A, =
420 nm) decays monoexponentially with a fluorescence lifetime of
1.1 ns. At the PSS;, .., in which a mixture of the open and closed
form of the switch are present, it is no longer possible to fit the
emission decay with a monoexponential function. A biexponential
fit provided the expected decay of the coumarin emission 1.1 ns
and a second cross-correlated component, i.e. a component with
a decay lifetime less than the resolution of the instrument (500
ps).*®* This latter component can be attributed to emission from
the coumarin in the closed form of 5 in which efficient energy
transfer results in the coumarin emission lifetime being limited
by the rate of energy transfer from the excited coumarin to the
dithienylcyclopentene unit in the closed state.'

The degree of quenching of coumarin fluorescence observed (in
this case 50% for 5 at the PSS) is dependent on the open—closed
ratio at the PSS state. Separation of a mixture of the open and

closed form of 5 by HPLC was unsuccessful. However, for the
model compound 11, separation was achieved and a ratio of 30%
open-70% closed was determined for PSS;; ,,.>* This value can be
taken as the upper limit for CSC 5 (and for PSC 10, vide infra) since
the PSS is dependent on both the quantum yield for ring opening
and closing, and the relative absorption cross-section of the open
and closed forms at 4, ,,. Since the dithienylcyclopentene switch is
electronically decoupled from the coumarin in 5 the quantum yield
of ring opening and of ring closing are not likely to be significantly
different between 5 and 11. However, the coumarin components
of 5 absorb at 435, and energy transfer from the coumarin to the
closed dithienylcyclopentene component will increase the effective
absorptivity of the closed dithienylcyclopentene at this wavelength
in comparison to 11. This will serve to change the photostationary
state of 5 at 431, in favour of the open state in comparison to 11.

Perylene—switch—coumarin triad (PSC) 10. The absorption
and emission spectra of the PSC triad are shown in Fig. 6 and
Fig. 7, respectively. The absorption spectrum of PSC 10 correlates
closely with the spectrum of a 1 : 1 : 1 mixture of the perylene
bisimide butyl 6, pipSpip 11 and coumarin-pip-Boc 2. The near
perfect overlap of the A, of the perylene bisimide and coumarin
components indicates that the amide based bridging units do
not allow for significant through-bond electronic communication
between the three units or perturbation of the electronic structure
of the individual components.

0.6 4

Abs

300 400 500 600
Wavelength (nm)

Fig. 6 Absorption spectra of PSC 10 (—) and a 1 : 1 : 1 mixture of the
individual components 2, 6 and 11 (---) recorded in CH,Cl, at 298 K.
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Fig.7 Left: emission spectra of 10 (—) and of the model mixture 1 : 1: 1
of 2, 6 and 11 (---) irradiated at As,,, at RT in CH,Cl,; spectra were
corrected for absorption at the excitation wavelength. Right: excitation
spectra of PSC 10 (—) and of the model mixture (a 1 : 1 : 1 ratio of 2, 6
and 11) (---) monitored at Ag ., at RT in CH,Cl,.%
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In contrast to the absorption spectra, the emission spectra of the
PSC triad 10 and of a 1 : 1 : 1 mixture of the separate components
show considerable differences. When the 1 : 1 : 1 mixture is
excited at As, ., the emission spectrum shows the characteristic
emissions of the coumarin (4., = 393 nm) and perylene bisimide
(Zem = 609 nm) components. The excitation spectra recorded at the
maxima of the coumarin and perylene bisimide emissions show
the characteristic shapes of the coumarin and perylene bisimide
absorption spectra, respectively. For the PSC triad 10, excitation at
As22nm ShOWs emission characteristic of the coumarin and perylene
bisimide components also, however, the coumarin emission is very
weak when compared with the 1 : 1 : 1 mixture and the perylene
bisimide emission is more intense (Fig. 7, left). That this is due
to energy transfer from the coumarin to the perylene bisimide
components is apparent from the excitation spectra recorded at
the emission maximum of the perylene bisimide component. The
excitation spectrum of PSC 10 shows that a large contribution
to the emission at Agg., originates from an absorption with a
maximum at 4 ~325 nm, the A,,, of the coumarin absorption.
This contribution is not seen in the excitation spectrum of the

1:1: 1 mixture. This confirms that in 10 in the open state, efficient
intramolecular energy transfer from the coumarin to the perylene
bisimide takes place (Fig. 7, right).

Absorption and emission spectroscopy of 10 at the PSS;;; .
The changes in the absorption spectrum on irradiation to the PSS
at 312 nm are minor, due to the relatively low molar absorptivity
of the switching unit compared with those of the coumarin and
perylene bisimide components (Fig. 8). The changes are more
apparent in the difference spectra and are very similar to those
observed for the model switching unit 11 (Fig. 4 right),* and
confirms that the dithienylethene unit retains its photochromic
behaviour in the PSC triad 10. As for 5, ring opening and closing
of the switching unit of 10 can be performed over several cycles

(see ESIY).
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Fig. 8 Left: PSC 10 open (—) and PSS;,,, (---) irradiated at 220 K*
with A3150m in CH,Cl,, spectra recorded at RT. Right: difference spectrum
for PSC 10 at t = 0 min and PSS after + = 10 min irradiation at A, ,, at
220 K (see Fig. 4 for comparison with 5 and 11).

The absence of a large overlap of the absorption of the
dithienylethene component in the closed state and the emission
spectrum of the perylene unit would suggest that energy transfer
between the two units would be inefficient. However, comparison
of the emission spectra of the perylene unit in the open and
PSS;1h0m states (under direct excitation i.e. A, 450 nm, Fig. 9)
shows that the perylene bisimide emission is quenched significantly
(21%) upon ring closing. Taking the low photostationary state
(i.e. <70% closed form) into account, in the closed state the

efficiency of quenching of the perylene excited state by the
dithienylethene unit is ca. 55-65%.
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Fig. 9 Emission spectra of PSC 10 in the open state (solid line), after
irradiation at As,,, to form the PSS;,,, state (dashed line) and after
visible (>450 nm) irradiation to reform the open state (dotted line). All
traces were recorded by excitation at Ays,, in CH,Cl, at RT.

A decrease of 30% in the intensity of the perylene bisimide
fluorescence of 10 in its PSS;), ,,, is observed (Fig. 10) when excited
at the A, of the absorption of the coumarin (4 = 322 nm). This
could indicate that energy transfer from the coumarin unit is
less efficient in the closed state. This decrease, however, is not
accompanied by a concomitant increase in the fluorescence of the
coumarin component. Hence, the decrease in perylene bisimide
emission intensity is due to the introduction of an alternative
quenching pathway for the coumarin component, and not a
decrease in the overall efficiency of quenching of the coumarin
excited state in the triad.
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Fig.10 Emission spectra of PSC 10 open (—) and PSS;); ., (---) irradiated
at 220 K with 312 nm in CH,Cl,. All traces were recorded by excitation at

322 nm in CH,Cl, at RT.

The reduction in the intensity of the perylene bisimide com-
ponent is reversed upon irradiation at 4 >400 nm and the
closing—opening cycle can be repeated several times with limited
degradation (<8% per cycle, Fig. 11). The reversibility of the
changes in emission spectrum of 10 confirms that the effect is
due to the opening and closing of the dithienylethene switch
component of the triad. A steady increase of the coumarin
fluorescence (Anx = 391 nm) is observed with each cycle, which
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is assigned to photodegradation of the perylene bisimide unit.
Indeed, when irradiating at A,s,.,, rapid decomposition of the
perylene bisimide with a near complete recovery of the expected
emission intensity of the coumarin component is observed (see
ESIT).
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Fig. 11 Above: emission spectra of switching cycles for PSC 10 from PSC

open to PSC 10 closed PSS, irradiated with, respectively, 43;,,, at 220 K
and 4 >400 nm light at RT in CH,Cl,, compensated for absorption. Below:
fluorescence intensity at Ag 4., plotted for three switching cycles of PSC
10 using A3 ., light at 220 K to close and 4 >400 nm at RT to open,
measurements were performed in CH,Cl, and spectra were recorded at
RT.

The fluorescence decay kinetics for the triad show considerable
differences, when comparing the open state and PSS;),,,. In the
open form, the emission decay of 10 (recorded at A.,, = 420 nm) is
biexponential, with a slow component of ~2.0 ns, assigned to the
fluorescence decay of free coumarin, and a short (cross-correlated)
component, which is attributed to energy transfer (between the
coumarin and perylene bisimide unit) rate limited fluorescence
decay of the coumarin component of the triad. This decay time
is comparable with that observed in the tetra-coumarin—perylene
bisimide system reported earlier.>'* Compound 10, at the PSS;, .,
shows biexponential decay kinetics with similar lifetimes and
contributions as in the open state.

The emission decay kinetics of 10 in the open state, recorded at
Aem 615 nm (i.e. the A, of the emission of the perylene bisimide
component), show monoexponential decay kinetics with a decay
lifetime of ~7 ns, which corresponds closely to the lifetime of
the perylene bisimide model compound 6. The same value was
observed for the PSC 10 PSS;), ..., indicating that the closed form

of the switch does not perturb the energy of the emissive excited
state of the perylene, i.e. the radiative and non-radiative decay
rates are unaffected.

Fluorescence decay traces were recorded for 10 in the open,
PSS;, . and reopened state (Fig. 12). Irradiation of the open
state of 10 to the PSS;j,,., (closed) state results in a decrease in
emission intensity, however the emission decay lifetimes measured
in either state are unaffected.
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Fig.12 TCSPC spectra of PSC 10 PSS;), ., irradiated with A;, ., light and
fluorescence decay counts measured at 615 nm. All traces were recorded
over the same acquisition time to enable comparison of the signal intensity,
top (black): PSC 10 open, bottom (dark grey): PSC PSS;), ., by irradiation
with A3, light for 4 min, and middle (light grey): PSC 10 open after
irradiating the PSS;),,, form with A >400 nm light for 20 min, all traces
recorded in CH,Cl, at RT.

This indicates that even though there is less energy being
transferred to the perylene bisimide acceptor from the coumarin
donor, this is not caused by a change in the electronic structure
of the perylene bisimide. Upon irradiation with 2 >400 nm to
reopen the dithienylcyclopentene switch component, the intensity
of the fluorescence increases again, recovering to nearly its original
intensity, as observed by emission spectroscopy (Fig. 12).

Discussion
The symmetric CSC triad 5

In the symmetric triad CSC 5, the ability of the dithienylcy-
clopentene unit to switch between an open and closed state is
apparent from the appearance of the characteristic absorption
band of the closed state in the visible region (4., ~500 nm)
upon UV irradiation and its subsequent disappearance upon
irradiation with visible light. The decrease in the fluorescence
intensity of the coumarin components observed upon ring closing
of the dithienylcyclopentene unit can be assigned to energy
transfer quenching of the excited coumarin unit by the closed
dithienylcyclopentene on the basis of an absence of such an effect
in the 2 : 1 mixture of 2 and 11 and the biexponential nature of
the emission decay upon ring closure. The incomplete quenching
(~50%) of the fluorescence of the coumarin components at
the PSS;), .. 1s not indicative of inefficient quenching, however,
but reflects the low photostationary state achievable for the
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dithienylcyclopentene unit, which is less than 70% in favour of
the closed form. This is supported by the fluorescence lifetime
decay traces where, for the open form, strictly monoexponential
behaviour is observed with a lifetime very similar to the free
coumarin component, whereas at the PSS;,,,, the fluorescence
decay is no longer monoexponential but shows two distinct
contributions—a component identical to that observed in the
open state and a cross-correlated component with a lifetime
considerably less than the instrument resolution (i.e. <500 ps)
(Fig. 13).
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Fig. 13 Energy level diagram of the spectroscopic processes observed in
the open and closed state of 5 (C = coumarin, S = dithienylcyclopentene).

The biexponential decay at the PSS;), ,, reflects the presence of
both the open form and closed form of the symmetric triad in
solution. Nevertheless, it is clear that the dithienylcyclopentene
component can act as a switchable efficient ‘energy sink’ for the
coumarin components.

The asymmetric PSC triad 10

The ability to quench the fluorescence of the coumarin by the
dithienylcyclopentene component in the closed state but not the
open state can be used to modulate the emission output of
coumarin—perylene bisimide based donor-acceptor systems.”! In
the present report the dithienylcyclopentene unit is incorporated
between the energy donating coumarin unit and the energy
accepting perylene bisimide unit, i.e. in the triad 10.

The absorption spectrum of PSC 10 is almost identical to
that of the 1 : 1 : 1 mixture of 2, 6 and 11 indicating that the
amide units employed to link the three components together do
not facilitate ground state electronic communication and that
the covalent tethering of the individual components does not
result in a perturbation of their electronic properties. Indeed the
photochemistry of 11, with respect to ring opening and closing of
the dithienylcyclopentene unit, is retained in 10. With respect to
luminescence, for 10 the covalent attachment of the chromophores
does not affect the spectral shape compared with the emission spec-
tra of the separate components. However, the relative intensities
of each emission component show substantial changes.

When the emission spectrum of the open form of PSC 10 is
compared to that of the model mixture, two aspects are notable.
First it is evident that the intensity of the coumarin fluorescence in
the model mixture is much higher then in the emission spectrum
of 10. Secondly the intensity of the perylene bisimide acceptor
fluorescence is increased significantly in the emission spectrum
of 10 compared with 6. This shows that there is intramolecular
energy transfer from the coumarin-donor to the perylene bisimide-
acceptor only in the triad system and not in the solution of the
mixture of the separate component units.

Comparison of the emission spectra of the open and PSS;;
state of PSC 10 shows an intensity decrease of the perylene
bisimide emission, which is not accompanied by a proportional
increase in emission from the coumarin component. Hence,
energy transfer from the coumarin donor is still taking place,
but is directed elsewhere. Considering 5, it is most likely that
energy transfer from the coumarin to the closed form of the
dithienylcyclopentene unit is taking place. The decrease in
emission intensity of 10 upon irradiation to the PSS;,,, state
is ~30% (Fig. 10), however, this does not take into account the
direct excitation of the perylene bisimide. Surprisingly, in the
closed state however, not only the coumarin emission is quenched
but the perylene bisimide excited state is also partly quenched by
the dithienylethene. This is unexpected since the overlap of the
dithienylethene absorption spectrum and the emission spectrum
of the perylene bisimide is negligible.

Overall the modulation of the fluorescence by photochromic
switching can be attributed to several possible effects. The ring-
closing of the switching unit has two effects, one is an increase in
the rigidity of the triad, thereby increasing the average distance be-
tween coumarin-donor and perylene bisimide-acceptor. Secondly,
by ring closing, a new, low energy chromophore is formed, which
allows for competitive (with the perylene bisimide) energy transfer
quenching of the coumarin emission, as observed for 5. That the
latter mechanism is most likely to be the major effect is confirmed
by the absence of a proportional increase in emission intensity of
the coumarin component in the PSS;),,,, state.

In the open state of 10 it is not possible to quench the coumarin
excited state via the dithienylcyclopentene (open switch) since its
lowest excited state lies higher in energy than that of the coumarin
(vide supra), and the rate of fluorescence decay of the coumarin is
limited by the rate of energy transfer to the perylene bisimide unit
(Fig. 14).
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Fig. 14 Energy level diagram of the spectroscopic processes observed in
the open and closed state of PSC 10 (P = perylene bisimide, C = coumarin,
S = dithienylcyclopentene switch).

In the closed state of 10 there are additional competing energy
transfer and decay processes (Fig. 14). From previous results it
is known that the energy transfer from the coumarin donor to
the perylene bisimide acceptor (k) is a fast process (i.e. ~11 ps,
see ref. 10). For k,, energy transfer from the coumarin to the
closed dithienylcyclopentene, to be competitive, must be of the
same order of magnitude or faster, which in this case is probable
since a ~60% decrease in fluorescence intensity is observed upon
irradiation to the PSS;), ,, of 10. Once energy has been transferred
to the closed dithienylcyclopentene, it can dissipate through a fast
non-radiative decay path (k;) or be transferred to the perylene
bisimide (k,). Energy transfer to the perylene bisimide through
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the Forster mechanism is unlikely since the @, for the closed
dithienylcyclopentene is low?* and a high quantum yield is a
prerequisite for efficient FRET. Nevertheless it is clear from Fig. 9
that the dithienylethene unit in the closed state can itself quench
the emission of the perylene bisimide component (k_,), albeit
with low efficiency (55-65%), implying that the proximity of the
perylene and closed dithienylethene components is sufficient to
allow for energy transfer to take place. This means that energy
transferred to the closed dithienylcyclopentene dissipates through
a fast non-radiative decay pathway. Thus in the closed state the
dithienylcyclopentene component provides a fast and efficient
route to quench the coumarin emission as was observed for 5
and as an inefficient route able to quench the perylene emission
only partially.

The present system is comparable to the system of Walz
et al., who have used energy transfer quenching to influence
intramolecular energy transfer in a triad molecule.” In that system
and in contrast to 10, the photochromic switch (a fulgimide)
is closed and provides the lowest energy state of the system. It
is, therefore, able to quench both of the chromophores’ excited
states (i.e. anthracene and coumarin) and acts as an energy sink
for all intramolecular processes. For the present system (i.e. 10),
the lowest excited state of the photochromic switch in the closed
state lies between the donor coumarin and the perylene bisimide
acceptor excited states (Fig. 14). Hence it is able to quench the
excited state of the coumarin efficiently, however, the perylene
bisimide excited state is quenched only partially.

Conclusions

In the present contribution, two energy transfer donor—acceptor
systems are reported. In the first system, the function of the
dithienylcyclopentene-based photochromic switching unit as a
molecular switch, i.e. turning coumarin emission on and off, is
demonstrated. In the asymmetric PSC triad system 10 we have
demonstrated that energy transfer efficiency in a donor—acceptor
system can be addressed through modulation of the energy transfer
quenching abilities of a photoactive unit. The low PSS achievable
(<70%) and the poor photostability at room temperature in
the present system, both related to intrinsic properties of the
dithienylcyclopentene unit, will be addressed in further studies.
Nevertheless, the synthetic approach taken enables connection
of the photoactive units covalently without loss of molecular
function. These combined observations show that it is possible to
build a molecular triad that allows for modulation of the energy
transfer in a donor—acceptor system by introducing a switchable
selective quencher of the donor unit, thereby allowing control of
the emission output.

Experimental

Uvasol-grade solvents (Merck) were employed for all spectro-
scopic measurements. All reagents employed in synthetic pro-
cedures were of reagent grade or better, and used as received
unless stated otherwise. N-Boc-piperazine,® 2,° 3,° 4% and 6*° were
prepared according to literature. "H NMR spectra were recorded
at 400 MHz; “C NMR spectra at 101 MHz. All spectra were
recorded at ambient temperature, with the residual proton signals
of the solvent as an internal reference. Chemical shifts are reported

relative to TMS. CI and EI mass spectra were recorded on a JEOL
JMS-600 mass spectrometer in the scan range of m/z 50-1000
with an acquisition time between 300 and 900 ms and a potential
between 30 and 70 V. MALDI-TOF spectra were recorded on an
Applied Biosystems Voyager-DE Pro. UV-Vis absorption spectra
(accuracy 2 nm) were recorded on a Hewlett-Packard UV/Vis
8453 spectrometer. Fluorescence measurements were performed
on a SPF-500C (SLM Aminco) or a Jobin-Yvon Fluorolog 3-
22 spectrofluorimeter. Luminescence lifetime measurements were
obtained using an Edinburgh Analytical Instruments (EAI) time-
correlated single-photon counting apparatus (TCSPC) comprised
of two model J-yA monochromators (emission and excitation),
a single photon photomultiplier detection system model 5300,
and a F900 nanosecond flashlamp (N, filled at 1.1 atm pressure,
40 kHz) interfaced with a personal computer via a Norland MCA
card. A 400 nm cut off filter was used in emission to attenuate
scatter of the excitation light (337 nm). Data correlation and
manipulation was carried out using EAI F900 software version
5.1.3. Emission lifetimes were calculated using a single-exponential
fitting function, Levenberg-Marquardt algorithm with iterative
deconvolution (Edinburgh instruments F900 software). The re-
duced %? and residual plots were used to judge the quality of the
fits. Lifetimes are +5%.

(5) Coumarin—switch—coumarin (CSC) triad

Diacid 4 (200 mg, 0.58 mmol) was suspended in CH,Cl, (20 ml)
and placed in an ice bath. Subsequently N-methylmorpholine
(0.13 ml, 1.21 mmol) was added whereupon the solid dissolved. 2-
Chloro-4,6-dimethoxytriazine (192 mg, 1.16 mmol) was added and
the reaction mixture was stirred for 4 h at 0 °C, after which another
two equivalents of N-methylmorpholine (0.13 ml, 1.21 mmol) were
added followed by 3 (350 mg, 1.16 mmol). Stirring was continued
for 1 h at 0 °C, and overnight at room temperature. CH,Cl, (50
ml) was added and the solution was washed with, respectively,
1 M aq. HCI (2 x 20 ml), brine (1 x 20 ml), saturated aqueous
bicarbonate solution (1 x 20 ml) and H,O (1 x 20 ml). The organic
phase was dried over Na,SO, and the solvent was removed in
vacuo. The resulting solid crude product was purified using column
chromatography (2% MeOH in CH,Cl,, Si0,), yielding the light
yellow solid (85 mg, 0.093 mmol, 16%). '"H NMR (400 MHz,
CDCl;) 6 = 7.63 (s, 2H), 7.32 (d, J = 8.6 Hz, 2H), 6.82-6.74 (m,
6H), 3.82 (s, 6H), 3.62 (s, 16H), 3.58 (s, 4H), 2.75 (t, J = 7.4 Hz,
4H), 2.10 (s, 6H), 2.09-1.97 (m, 2H) ppm. "C NMR (101 MHz,
CDCl;) 0 = 168.5(s), 163.2 (s), 162.3 (s), 161.8 (s), 155.0 (s), 141.8
(d), 139.2 (s), 135.3 (s), 135.2 (s), 132.3 (s), 130.7 (d), 128.5 (d),
119.4 (s), 112.8 (s), 112.5 (d), 100.4 (d), 55.6 (q), 45.8 (t), 41.7 (1),
37.6 (1), 34.1 (1), 23.0 (1), 14.3 (q) ppm. MALDI-TOF MS (MW
=916.28) m/z = 916.46 [M~].

(8) Mono butyl mono N-Boc-piperidine perylene bisimide

Partial saponification of N,N’-dibutyl-1,6,7,12-tetra(4-zert-
butylphenoxy)perylene-3,4,9,10-tetracarboxylic acid bisimide 6
(3.3 g, 3.0 mmol) was carried out with KOH (75 g, 134 mmol) in
a mixture of isopropyl alcohol (500 mL) and H,O (50 mL) under
a dinitrogen atmosphere by stirring at reflux for 13 h, followed
by separation of the basic aqueous layer. The organic layer was
poured onto an aqueous 10% HCI (1 1) solution and left overnight,
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during which the color changed from green to orange to dark red.
Filtration and thorough washing and drying, yielded a mixture of
perylene bisanhydride and perylene mono butylimide in a ratio
of ~2:1 (3.3 g) as determined by '"H NMR spectroscopy. This
mixture was heated at reflux under a dinitrogen atmosphere in dry
toluene (330 ml) with 4-amino-1-Boc-piperidine (2 g, 10 mmol)
for 3 d. The solvent was evaporated and the remaining crude
product was purified by column chromatography (0.5% MeOH in
CH,Cl,, SiO,) providing the mono butyl mono N-Boc-piperidine
perylene bisimide as a red solid (315 mg, 0.26 mmol, 8.6%). 'H
NMR (400 MHz, CDCl;) 6 = 8.22 (s, 2H), 8.20 (s, 2H), 7.26-7.20
(m, 8H), 6.87-6.79 (m, 8H), 5.18-5.02 (m, 1H), 4.42-4.05 (m,
3H), 2.91-2.66 (m, 1H), 2.66 (dq, J = 11.8, 3.5 Hz, 2H), 1.72-1.57
(m, 4H), 1.45 (s, 9H), 1.39 (dd, J = 15.1, 7.5 Hz, 2H), 1.29 (s,
36H), 0.94 (t, J = 7.3, 7.3 Hz, 3H) ppm. *C NMR (101 MHz,
CDCl;) § = 163.7 (s), 163.4 (s), 155.9 (s), 155.8 (s), 154.4 (s),
152.8 (s), 152.8 (s), 147.2 (s), 132.9 (s), 132.7 (s), 126.6 (d), 122.6
(s), 122.4 (s), 120.5 (s), 120.4 (s), 119.9 (d), 119.8 (d), 119.4 (s),
119.4 (s), 119.3 (d), 119.2 (d), 79.4 (s), 52.0 (d), 44.3 (1), 43.5 (1),
40.3 (1), 34.3 (1), 31.4 (q), 30.1 (t), 28.4 (q), 20.3 (t), 13.7 (q) ppm.
MALDI-TOF MS (MW = 1221.6) m/z = 1221.6 [M*].

General deprotection method for BOC protected amines 2 and 8

The Boc protected amine was stirred in a mixture of 1 : 1 CH,Cl,—
CF;COOH for 4 h. An equal volume of water was added and the
mixture was neutralized by addition of solid NaHCO,;, after which
the aqueous layer was separated and the organic layer washed with
a saturated NaHCO; solution (aq). The organic layer was dried
over Na,SO, and solvent removed in vacuo. The product was used
in subsequent steps without further purification.

(10) Perylene—switch—coumarin (PSC) triad

Diacid 4 (93 mg, 0.27 mmol) was suspended in CH,Cl, (20 ml)
and placed in an ice bath. Subsequently N-methylmorpholine
(0.06 ml, 0.56 mmol) was added whereupon the solid dissolved.
2-Chloro-4,6-dimethoxytriazine (98 mg, 0.56 mmol) was added
and the reaction mixture stirred for 4 h at 0 °C, after which
another two equivalents of N-methylmorpholine (0.06 ml, 0.56
mmol) were added followed by the deprotected mono butyl mono
N-Boc-piperidine perylene bisimide 9 (300 mg, 0.27 mmol) and 3
(81 mg, 0.27 mmol). Stirring was continued for 1 h at 0 °C, and
overnight at room temperature. CH,Cl, (50 ml) was added and the
solution was washed with, respectively, | M aq. HC1 (2 x 20 ml),
brine (1 x 20 ml), saturated aqueous bicarbonate solution (1 x 20
ml) and H,O (1 x 20 ml). The organic phase was dried on Na,SO,
and the solvent was evaporated. The resulting solid crude product
was purified using column chromatography (2% MeOH in CH,Cl,,
Si0,), providing a dark red solid (20 mg, 0.012 mmol, 4.4%). 'H
NMR (400 MHz, CDCl;) 6 = 8.20 (s, 2H), 8.19 (s, 2H), 7.61 (s,
1H),7.29(d,J =9.2Hz, 1H),7.23(d, J =8.9 Hz, 8H), 6.94 (s, 1H),
6.85-6.76 (m, 11H), 5.27-5.17 (m, 1H), 4.48 (s, 2H), 4.13-4.07 (m,
2H), 3.82 (s, 3H), 3.66-3.52 (m, 8H), 2.94 (s, 2H), 2.83-2.62 (m,
6H), 2.15 (s, 2H), 2.02 (s, 2H), 2.09-1.98 (m, 1H), 1.61 (s, 3H),
1.76-1.59 (m, 4H), 1.47-1.32 (m, 2H), 1.29 (s, 18H), 1.82 (s, 18H),
0.93 (t, J = 7.3 Hz, 3H) ppm. "C NMR (101 MHz, CDCl;) ¢ =
168.8, 164.0, 163.6, 163.6, 163.3, 162.5, 162.1, 156.3, 156.1, 155.4,
153.1, 153.0, 147.6, 142.0, 139.6, 138.7, 135.6, 135.6, 135.5, 135.5,

133.5,133.1,133.0,132.6, 131.2,130.2, 128.7, 126.9, 122.8, 122.71,
120.9, 120.5, 120.3, 120.0, 119.9, 119.7, 119.6, 119.6, 119.5, 113.2,
112.7, 100.7, 55.9, 51.8, 46.1, 42.1, 40.6, 38.2, 37.9, 34.6, 34.4,
31.7, 30.4, 28.7, 23.3, 20.6, 14.7, 14.4, 14.0 ppm. MALDI-TOF
MS (MW = 1735.71) m/z = 1735.89 [M+].

(11) PipSpip

11 was synthesized using a procedure similar to CSC 5 using
piperidine as amine and starting from 4 (200 mg, 0.58 mmol).
Purification provided pipSpip as a cream solid (42 mg, 0.087 mmol,
15%). '"H NMR (400 MHz, CDCl;) 0 = 6.84 (s, 2H), 3.59-3.49
(m, 8H), 2.76 (t, / = 7.4 Hz, 4H), 2.05 (s, 6H), 2.09-1.97 (m, 2H),
1.70-1.59 (m, 4H), 1.59-1.47 (m, 8H) ppm. “C NMR (101 MHz,
CDCL) 6 = 163.0 (s), 138.1 (s), 135.1 (s), 134.9 (s), 133.4 (),
129.9 (d), 37.9 (1), 26.0 (t), 24.6 (), 22.9 (1), 14.3 (q) ppm. MS(EI)
for C;HyN,O,S, m/z 482 [M*], HRMS calcd for C,,H3;N,O,S;:
482.2061, found: 482.2073.
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An efficient three component one-pot method was developed to assemble 2-heteroaryl-2-aryl acetates
via VNS 4-SyAr and VNS,,-Sy reaction by using N-methylpyrrolidone (NMP) as general solvent.

Introduction

2-Polyarylsubstituted acetates have been found to possess several
biological activities.! Some derivatives were found to interact with
either muscarinic receptors or butyrylcholinesterase 1.2 Others
have been patented as herbicides 2%or as potential drugs for
treatment of hyperproliferative disorders 3* (Fig. 1).

<~ < 1
NO,  EC ~ a R NN NO,
|O Cﬂ |
b7
N 7 N

HiC CO,C,Hs R® CO,R? R CO,C,H;s
1 2 3

Fig. 1

Multi-component reactions are useful and efficient methods in
organic synthesis. Compared with the conventional multi-stage
synthesis of the target compound, multicomponent reactions take
advantage of effecting several reactions in a single synthetic
operation without the need for isolation of intermediates.® In
this paper, we wish to report a novel synthetic method for
ethyl 2-heteroaryl-2-aryl acetate derivatives via a three-component
reaction using substituted nitrobenzene, ethyl 2-chloropropionate
and heteroaryl halide under mild reaction conditions.

Results and discussion

There are several conventional step-by-step methods for the
synthesis of these important diaryl acetates.® Disadvantages of
these methods include harsh reaction conditions, use of hazardous
reaction chemicals, complicated workup, uncommon and expen-
sive chemicals and solvents.

The vicarious nucleophilic substitution of hydrogen (VNS,,),
developed by Makosza et al, has become a useful tool for
introducing C-linked substituents into electrophilic arenes.” Most
VNS reactions reported in the literature can be further quenched
by in situ with a variety of electrophiles such as alkylating reagent,?
aldehyde,” oxidant' and n-deficient carboaromatic halide! to give
the para-functionalised nitroarene.
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In continuation of our research on the synthesis of bioactive
heterocyclic compounds, we have focused our interest on develop-
ing an efficient method for the synthesis of compounds 2 and 3.
The retrosynthetic analysis of compound 2 is shown in Scheme 1.
It indicates that compound 2 can be divided into three easily
available building blocks. Therefore, we propose that the synthesis
of 2-polyarylsubstituted acetates 2 could be achieved via a process
involving sequential VNS, (step a), and followed by quenching
the reaction mixture with pyridine (pyridylation, SyAr, step b).

VNS reaction

F4C cl

a Pyridylation g |\

2 b

COOR P

R o, ;‘N/ 0 N
PRGN z = R 5
O,N cl CF, Cl

[ Jw
2 P

Scheme 1 Retrosynthetic analysis of compound 2

According to the literature'!, most activated arenes that have
been used as electrophiles are fluoronitroarenes. Up to now,
there have been no reports on the use of heteroaromatic halides
as electrophiles to quench the VNS reaction. Generally pyridyl
chloride is a much less reactive class of n-deficient substrate'? than
fluorodinitroarenes, therefore it is necessary to reinvestigate the
reaction conditions.

It is well known that the selection of solvent is important for
the VNS reaction. The common polar aprotic solvents are DMF,
DMSO, THF, liquid ammonia etc. Following the literature pro-
cedures, reaction of nitrobenzene with ethyl 2-chloropropionate
in the presence of NaH in DMF at 0 °C, and then quenching
with S-trifluoromethyl-2,3-dichloropyridine at room temperature
gave just two major side products 4 and 5 (Scheme 2). No
desired product was separated. It is obvious that compound 4
was obtained by the vicarious nucleophilic substitution (VNS,,)
reaction, and the 2-dimethylamino compound 5 was obtained
by reaction of 5-trifluoromethyl-2,3-dichloropyridine with solvent

CH; F5C Cl
COOCH,CHj X -CHj

NN

4 5 CH

Scheme 2
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dimethylformamide which acted as a nucleophile.”®* Therefore,
DMF cannot be used as solvent when 5-trifluoromethyl-2,3-
dichloropyridine is reacted with a VNS carbanion.

Because the reaction of nitrobenzene with ethyl 2-
chloropropionate is an exothermic reaction, it is best to cool the
flask with an ice bath. Although dimethyl sulfoxide (DMSO) is
a good solvent for VNS reactions, a practical disadvantage in
certain important situations is that DMSO cannot conveniently
be used in cold environments (mp: 18 °C). Attempts to try THF
as solvent were also unsuccessful. Finally, we tested another
good polar aprotic solvent N-methylpyrrolidone to perform this
reaction at 0 °C and ambient temperature. But only a few expected
products were obtained. Considering that 5-trifluoromethyl-2,3-
dichloropyridine is a relatively weak electrophile, we carried out
the SyAr reaction at a higher temperature (60 °C). To our delight,
the reaction proceeded smoothly in NMP at 60 °C after the
carbanion has been formed. (Scheme 3).

ON
:@ NO,
R R NMP, 60°C, NaH

NMP, 0°C
HyC.__COEt ——— = H3C___COEt —_— Y~ 6af
NaH VNSy cl CF;
Cl ¢l Ij/ :
carbanion SNAr

Scheme 3

The position of the substituents on the nitrobenzene derivatives
played an important role in this reaction. When groups such as
chloro, methyl and methoxy were substituted at the ortho position
to the nitro group, both the VNS,, and SyAr reactions proceeded
satisfactorily, and the final products were obtained (Scheme 4, 6a—
f). But when the meta position of the nitro group was substituted
by other substituents, no matter whether it is electron-withdrawing
group or electron-donating group, the reaction stopped at the first
step, and gave VNS product. This is due to the steric effect of
the substituent attached at the meta position relative to the nitro
group, and the anion failed to undergo further SyAr reactions. This
reaction mechanism is supposed to be VNS,,-SyAr (nucleophilic
aromatic heterocyclic substitution) two step process.

ON H Cw)OL
3 A\,
D 0" "CHs FsC. al NO,
R a
+

6a R=H
| A *  6b R=CH;0

NaH _ 6c R=Cl

N R 6d R=CH

NMP 3

FiC Al H;C CO,CoHs 6e R =(CH;),CHO
| 6f R=CH,=CHCH,0
N al
Scheme 4

After the successful application of NMP as solvent in the
synthesis of 2-polysubstituted acetates containing a pyridine
ring, we next wished to synthesize 2-polysubstituted acetates
containing other heterocyclic rings. So, 4,5-dichloropyridazinone
was used as electrophile to react with the carbanion. Unlike
fluorodinitroarenes and 5-trifluoromethyl-2,3-dichloropyridine,
4,5-dichloropyridazinone lacks strong electron-withdrawing sub-
stituents such as nitro, trifluoromethyl, cyano on the pyridazinone
ring. Even more significantly, pyridazinone is not an aromatic ring.
The = electrons in the ring are localized, and cannot form a delo-
calized big m bond to stabilize the transition state. Theoretically,
it might be difficult for 4,5-dichloro-pyridazinone to undergo the

SyAr reaction with carbanion. Fortunately, quenching the VNS
reaction with 4,5-dichloropyridazinone in NMP gave the expected
product in a moderate yield (Scheme 5, 7a—e). It is also necessary
to heat the mixture at this stage to effect formation of the final
compounds.

0

ON cl

2! \© R;}I\/)Kl[ (0]
cl NO,  7a R=CHs
v N NaH RN 7b R =n-C3H,
—_— N = 1-C(CHy);
e o] P N 7e R =t-C(CHy);
e Ao,
cl

7d R = CgHs
7e R =CcHsCH,

Scheme 5

In order to explore the scope of the reaction, a series of 4-
chloro-5-nitro-pyridazinones were used as substrates for this study.
Generally, a chloro group at the 4-position in the pyridazinone ring
is less reactive toward nucleophile than a chloro group at the 5-
position. But due to the strong electron-withdrawing nitro group
attached at the S5-position of the pyridazinone ring, the chloro
group at the 4-position is doubly activated by nitro group and
carbonyl group. Therefore, a higher temperature may probably not
be needed. The second step SyAr reaction proceeded efficiently at
room temperature using NMP as a solvent with a short reaction
time, and gave a slightly higher yield (Scheme 6, 8a—e).

0 NO,
ON al
v R- I?I ﬁ 8a R=CyHs
[ j Na 8b R=n-C3H,
+ No, _ NaH _ 0 8¢ R=t-C(CHy);
o NMP o CO,CoH; 8d R =CgHs
HyC A~ Y[ CHs 8¢ R=CgHsCH,
0”7 “CH; Ny
cl NO,

Scheme 6

Finally, we also used a series of 5-aryl-2-(chloromethyl)-1,3,4-
oxadiazoles as electrophiles for this reaction in NMP. Because
there is an electron-withdrawing heterocyclic ring neighboring the
methylene, the reaction is easy to perform (Scheme 7, 9a—f).

O, o
@ Hzcﬁ/U\o/\C“S ON R 92 R=CH;0
a _
: Lo LT R
N ‘ OW—CHECI NMP o 0sc i N—N fogra
N—N of R=Cl

Scheme 7

In summary, we have developed a new efficient method
to construct ethyl 2-heteroaryl-2-arylacetates by quenching the
VNS reaction with heteroaromatic halides in a one-pot three-
component reaction using N-methylpyrrolidone (NMP) as general
solvent.

Experimental
General methods

Melting points were recorded in an open capillary using a Biichi
melting point B-540 apparatus. Analytical thin-layer chromatog-
raphy (TLC) was carried out on precoated plates (silica gel 60
F254), and spots were visualized with UV light. All chemicals used
were reagent grade procured commercially and used with further
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purification. '"H NMR and *C NMR spectra were recorded on
a Bruker AV-400 (400 MHz) or a Bruker WP-500SY (500 MHz)
spectrometer in CDCl; using TMS as internal standard. High-
resolution mass spectra were recorded under electron impact
conditions using a MicroMass GCT CA0S55 instrument.

General procedure for compounds 6a—f

To a solution of sodium hydride (60% dispersion in oil, 9 mmol)
in dry NMP (3 mL) was added dropwise a solution of ethyl
2-chloropropionate (3 mmol) and the appropriate nitrobenzene
(3 mmol) in dry NMP (3 mL) at 0° C under nitrogen atmosphere
and the mixture was stirred for 30 min. 5-Trifluoromethyl-2,3-
dichloropyridine (3 mmol) in anhydrous NMP (2 mL) was then
added, the reaction mixture was allowed to warm to 60° C and
stirred for a further 2-4 h (monitored by TLC). After the reaction
was complete, the solution was poured onto ice and hydrochloric
acid (15 mL, 1 M) and extracted three times with 15 mL of
dichloromethane. The combined organic layers were washed with
distilled water and then saturated aqueous sodium bicarbonate
solution (3 x 15 mL) and dried on magnesium sulfate, and the
solvent was removed under reduced pressure. The crude product
was purified by column chromatography on silica gel using a
petroleum ether/ethyl acetate (3:1) mixture as eluent to afford
the pure target compound.

Ethyl 2-(3'-chloro-5'-trifluoromethyl-pyridin-2'-yl)-2-
(4"-nitrophenyl)propanoate (6a)

Yellow viscous liquid. Yield: 68%. '"H NMR (CDCI;) & 8.76 (s,
1H), 8.17 (d, J = 8.8 Hz, 2H), 7.92 (s, 1H), 7.59 (d, J = 8.8 Hz,
2H), 4.25 (q, J = 7.0 Hz, 2H), 2.12 (s, 3H), 1.23 (t, J/ = 7.1 Hz,
3H); *'C NMR (CDCl,) 6 171.7, 162.2, 147.6, 146.9, 143.2, 135.6,
131.9, 128.9, 126.8, 123.1, 122.5, 62.2, 58.4, 25.0, 13.8; HRMS:
calcd. for C,;H,CIF;N,O, (M*): 402.0594, found: 402.0596.

Ethyl 2-(3'-chloro-5'-trifluoromethyl-pyridin-2'-yl)-2-
(3”-methoxy-4"-nitrophenyl)propanoate (6b)

White solid. Yield: 61%. Mp: 95.1-96.2 °C. '"TH NMR (CDCl;)
6 8.76 (s, 1H), 7.92 (s, 1H), 7.78 (d, J = 8.6 Hz, 1H), 7.46 (s,
1H), 6.85 (dd, J = 8.6 Hz, J = 1.3 Hz, 1H), 4.27-4.22 (m, 2H,
nonequivalent geminal hydrogens), 3.94 (s, 3H), 2.09 (s, 3H), 1.23
(t,J=7.1Hz,3H); B\CNMR (CDCl;) 171.9, 162.2, 152.6, 147.5,
143.2, 138.3, 135.5, 132.0, 126.8, 125.3, 121.5, 119.7, 113.8, 62.1,
58.3, 56.5, 25.4, 13.9; HRMS: calcd. for C;3H,,CIF;N,O5 (M*):
432.0700, found: 432.0681.

Ethyl 2-(3'-chloro-5'-trifluoromethyl-pyridin-2'-yl)-2-
(3”-chloro-4"-nitrophenyl)propanoate (6¢)

Yellow solid. Yield: 65%. Mp: 75.0-75.6 °C. "H NMR (CDCl,) §
8.75 (s, 1H), 7.93 (s, 1H), 7.84 (d, J/ = 8.6 Hz, 1H), 7.68 (d, J =
2.0 Hz, 1H), 7.40 (dd, J = 8.6 Hz, J = 2.0 Hz, 1H), 4.27-4.22 (m,
2H, nonequivalent geminal hydrogens), 2.09 (s, 3H), 1.23 (t, J =
7.1 Hz, 3H); *C NMR (CDCl;) §171.3, 161.6, 146.6, 146.5, 143.3,
135.7, 131.8, 131.5, 127.3, 127.0, 126.9, 125.1, 122.4, 62.4, 58.0,
24.9, 13.8; HRMS: calcd. for C;H,;CL,F;N,O, (M*): 436.0204,
found: 436.0205.

Ethyl 2-(3'-chloro-5'-trifluoromethyl-pyridin-2'-yl)-2-
(3”-methyl-4"-nitrophenyl)propanoate (6d)

Yellow viscous liquid. Yield: 60%. "HNMR (CDCl;) 68.75 (s, IH),
7.94 (s, 1H), 7.92 (s, 1H), 7.41 (s, 1H), 7.34 (dd, J = 84 Hz, J =
1.6 Hz, 1H), 4.27-4.21 (m, 2H, nonequivalent geminal hydrogens),
2.60 (s, 3H), 2.10 (s, 3H), 1.23 (t, J = 7.2 Hz, 3H); "C NMR
(CDCly) 6 171.8, 162.3, 147.9, 145.8, 143.2, 135.6, 133.3, 132.2,
131.9, 126.7, 126.6, 124.4, 122.5, 62.1, 58.2, 24.9, 20.9, 13.8;
HRMS: calcd. for C;3H,,CIF;N,0O, ([M + H]*"): 417.0829, found:
417.0848.

Ethyl 2-(3'-chloro-5'-trifluoromethyl-pyridin-2'-yl)-2-
(3”-isopropoxy-4"-nitrophenyl)propanoate (6¢)

Yellow viscous liquid. Yield: 61%. "HNMR (CDCl;) 68.76 (s, 1H),
7.91 (s, 1H), 7.71 (d, J = 8.8 Hz, 1H), 7.38 (d, J = 1.6 Hz, 1H),
6.85(dd, J =8.8 Hz, J = 1.6 Hz, 1H), 4.65-4.58 (m, 1H), 4.24 (q,
J =17.2Hz,2H), 2.08 (s, 3H), 1.36 (d, J = 6.4 Hz, 6H), 1.23 (t, J =
7.2 Hz, 3H); *CNMR (CDCl;) 6171.9, 162.3, 150.8, 146.8, 143.1,
139.6, 135.5, 132.0, 126.7, 125.0, 122.5, 118.5, 116.8, 72.7, 62.1,
58.2, 25.4, 21.8, 13.9; HRMS: calcd. for C,H, CIF;N,O; ([M +
H]*): 461.1091, found: 461.1099.

Ethyl 2-(3'-chloro-5'-trifluoromethyl-pyridin-2'-yl)-2-
(3”-allyloxy-4"-nitrophenyl)propanoate (6f)

Orange-yellow viscous liquid. Yield: 63%. '"H NMR (CDCl;)
8.76 (s, 1H), 7.91 (s, 1H), 7.78 (d, J = 8.4 Hz, 1H), 7.37 (d, J =
1.2 Hz, 1H), 6.91 (dd, J = 8.8 Hz, J/ = 1.6 Hz, 1H), 6.04-5.95 (m,
1H), 5.42(dd, J =17.2Hz,J = 0.8 Hz, 1H), 5.29 (d, J = 10.4 Hz,
1H), 4.65 (d, J = 4.8 Hz, 2H), 4.24 (q, J = 7.2 Hz, 2H), 2.08 (s,
3H), 1.23 (t, / = 7.2 Hz, 3H); “C NMR (CDCl,) § 171.8, 162.2,
151.5,147.3,143.1, 138.6, 135.5, 132.0, 131.8, 126.8, 125.2, 122.5,
119.8, 118.3, 115.3, 70.1, 62.1, 58.2, 25.4, 13.8; HRMS: calcd. for
CyH,yCIF;N,O5 (IM + HJ*): 459.0935, found: 459.0919.

Compounds 7a—e

Compounds 7a—e were prepared by the same procedure as that for
compounds 6a—f, using 4,5-dichloropyridazinone as electrophile
to quench the VNS reaction.

Ethyl 2-(4'-chloro-2'-ethyl-3'-oxopyridazin-5'-yl)-2-
(4”-nitrophenyl)propanoate (7a)

Viscous liquid. Yield: 63%. "HNMR (CDCl;) §8.26 (d, / = 8.8 Hz,
2H), 7.72 (d, J = 8.4 Hz, 2H), 7.19 (s, 1H), 4.34-4.18 (m, 4H),
2.05 (s, 3H), 1.40 (t, J = 7.2 Hz, 3H), 1.24 (t, J = 7.2 Hz, 3H); “C
NMR (CDCl;) 6 170.6, 156.7, 147.6, 145.6, 143.3, 135.4, 134.7,
129.1, 123.8, 62.8, 54.6, 48.3, 22.3, 13.8, 13.2; HRMS: calcd. for
C;H3CIN,O4 (M*): 379.0935, found: 379.0936.

Ethyl 2-(4'-chloro-2'-propyl-3'-oxopyridazin-5'-yl)-2-
(4”-nitrophenyl)propanoate (7b)

Viscous liquid. Yield: 63%. '"HNMR (CDCL,) §8.26 (d, J = 9.2 Hz,
2H),7.71(d, J = 9.2 Hz, 2H), 7.19 (s, 1H), 4.32-4.09 (m, 4H), 2.05
(s, 3H), 1.88-1.78 (m, 2H), 1.24 (t, J = 7.2 Hz, 3H), 0.98 (t, J =
7.6 Hz, 3H); *C NMR (CDCl,) §170.6, 156.9, 147.6, 145.6, 143.2,
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135.4, 134.5, 129.1, 123.8, 62.8, 54.7, 54.6, 22.4, 21.4, 13.8, 11.1;
HRMS: caled. for C,3sH,,CIN;O5 (M*): 393.1091, found: 393.1099.

Ethyl 2-(2'-tert-butyl-4'-chloro-3'-oxopyridazin-5'-yl)-2-
(4”-nitrophenyl)propanoate (7c)

White solid. Yield: 60%. Mp: 121.4-122.6 °C. '"H NMR (CDCl;)
8 8.27 (d, J = 9.0 Hz, 2H), 7.73 (d, J = 9.0 Hz, 2H), 7.27 (s,
1H), 4.31-4.18 (m, 2H, nonequivalent geminal hydrogens), 2.05
(s, 3H), 1.64 (s, 9H), 1.25 (t, / = 7.1 Hz, 3H); "C NMR (CDCl;) 8
170.7, 157.1, 147.6, 145.7, 142.6, 136.1, 132.9, 129.1, 123.8, 66.7,
62.7,54.5,27.6,22.1, 13.8; HRMS: calcd. for C;yH,,CIN;O5 (M*):
407.1248, found: 407.1249.

Ethyl 2-(4'-chloro-2'-phenyl-3'-oxopyridazin-5'-yl)-2-
(4"-nitrophenyl)propanoate (7d)

Yellow solid. Yield: 65%. Mp: 130.1-130.8 °C. '"H NMR (CDCl;)
6 8.30 (d, J = 8.8 Hz, 2H), 7.78 (d, J = 8.8 Hz, 2H), 7.65-7.43
(m, 5H), 7.33 (s, 1H), 4.33-4.20 (m, 2H, nonequivalent geminal
hydrogens), 2.12 (s, 3H), 1.28 (t, J/ = 7.2 Hz, 3H); "C NMR
(CDCl,) 8 170.5, 156.5, 147.7, 145.4, 143.3, 141.1, 136.6, 135.4,
129.1, 128.8, 128.7, 123.9, 123.4, 62.9, 54.7, 22.2, 13.8; HRMS:
calcd. for C, H;sCIN;O5 (M*): 427.0935, found: 427.0941.

Ethyl 2-(2'-benzyl-4'-chloro-3'-oxopyridazin-5'-yl)-2-
(4”-nitrophenyl)propanoate (7¢)

White solid. Yield: 64%. Mp: 115.8-116.9 °C. '"H NMR (CDCl;)
68.26 (d, J =9.2Hz,2H), 7.70 (d, J = 8.8 Hz, 2H), 7.50-7.35 (m,
SH),7.17 (s, 1H), 5.33(dd, J = 13.6 Hz, 2H, nonequivalent geminal
hydrogens), 4.30-4.12 (m, 2H, nonequivalent geminal hydrogens),
2.03 (s, 3H), 1.24 (t, J = 7.2 Hz, 3H); *C NMR (CDCl;) &
170.5, 156.8, 147.6, 145.4, 143.5, 135.7, 135.1, 135.0, 129.4, 129.1,
128.7, 128.4, 123.9, 62.8, 56.5, 54.6, 22.2, 13.8; HRMS: calcd. for
C,,HyCIN;O5 (M*): 441.1091, found: 441.1096.

Compounds 8a—e

Compounds 8a-e were prepared by the same procedure as
that for compounds 6a—f, using 4-chloro-5-nitro-pyridazinone as
electrophile to quench the VNS reaction. Except that the second
step was carried out at room temperature.

Ethyl 2-(2'-ethyl-5'-nitro-3'-oxopyridazin-4'-yl)-2-
(4"-nitrophenyl)propanoate (8a)

Yellow solid. Yield: 72%. Mp: 99.7-100.9 °C. '"H NMR (CDCl;) §
8.16(d,J=9.2Hz,2H),7.95(s, IH),7.65(d,J =9.2Hz,2H), 4.30-
4.21 (m, 2H, nonequivalent geminal hydrogens), 4.14-4.05 (m,
2H, nonequivalent geminal hydrogens), 2.18 (s, 3H), 1.41 (t, J =
7.2 Hz, 3H), 1.16 (t, / = 7.2 Hz, 3H); “C NMR (CDCl,) § 170.3,
158.7, 147.5, 144.5, 136.6, 129.9, 128.1, 123.4, 62.4, 53.6, 48.6,
19.7, 13.7, 13.2; HRMS: calcd. for C;H;;N,O, (M*): 390.1175,
found: 390.1156.

Ethyl 2-(2'-propyl-5'-nitro-3'-oxopyridazin-4'-yl)-2-
(4"-nitrophenyl)propanoate (8b)

Yellow solid. Yield: 72%. Mp: 119.9-120.7 °C. 'H NMR (CDCl;)
§8.16 (d, J = 9.2 Hz, 2H), 7.95 (s, IH), 7.65 (d, J = 9.2 Hz, 2H),

4.23-4.02 (m, 4H), 2.17 (s, 3H), 1.87-1.82 (m, 2H), 1.15 (t, J =
7.2 Hz, 3H), 0.98 (t, J = 7.4 Hz, 3H); "C NMR (CDCL,) § 170.3,
158.9, 147.5, 147.4, 144.5, 136.6, 129.8, 128.1, 123.4, 62.4, 54.8,
53.6, 21.6, 19.7, 13.7, 11.0; HRMS: caled. for C,yHyyN,O; (M*):
404.1332, found: 404.1336.

Ethyl 2-(2'-tert-butyl-5'-nitro-3'-oxopyridazin-4'-yl)-2-
(4”-nitrophenyl)propanoate (8c)

Yellow solid. Yield: 72%. Mp: 99.7-100.9 °C. '"H NMR (CDCl;)
5 8.14 (d, J = 8.8 Hz, 2H), 7.88 (s, 1H), 7.64 (d, J = 9.2 Hz,
2H), 4.16-3.98 (m, 2H, nonequivalent geminal hydrogens), 2.19
(s, 3H), 1.65 (s, 9H), 1.15 (t, J/ = 7.2 Hz, 3H); "C NMR (CDCl;) §
170.6, 159.5, 147.5, 147.1, 144.7, 137.0, 128.1, 127.9, 123.3, 67.5,
62.3, 53.5, 27.6, 20.1, 13.7; HRMS: calcd. for C,,H»,N,O; (M*):
418.1521, found: 418.1523.

Ethyl 2-(2'-phenyl-5'-nitro-3'-oxopyridazin-4'-yl)-2-
(4”-nitrophenyl)propanoate (8d)

Yellow solid. Yield: 75%. Mp: 194.5-195.8 °C. '"H NMR (CDCl,)
5 8.18 (d, J = 8.8 Hz, 2H), 8.08 (s, 1H), 7.71 (d, J = 8.8 Hz,
2H), 7.56-7.45 (m, 5H), 4.18-4.03 (m, 2H, nonequivalent geminal
hydrogens), 2.23 (s, 3H), 1.16 (t, J = 7.2 Hz, 3H); "C NMR
(CDCl,) 6 170.2, 158.9, 147.6, 147.2, 144.4, 140.5, 138.3, 130.6,
129.3, 129.1, 128.1, 125.1, 123.5, 62.5, 53.9, 19.8, 13.7; HRMS:
caled. for C,;HsN,O; (M*): 438.1175, found: 438.1173.

Ethyl 2-(2’-benzyl-5'-nitro-3'-oxopyridazin-4'-yl)-2-
(4”-nitrophenyl)propanoate (8e¢)

Yellow viscous liquid. Yield: 75%. "H NMR (CDCl;) 88.13(d, J =
8.8 Hz, 2H), 7.95 (s, 1H), 7.61 (d, J = 9.2 Hz, 2H), 7.45-7.35 (m,
5H), 5.34(dd, J =13.6 Hz, 2H, nonequivalent geminal hydrogens),
4.10-3.92 (m, 2H, nonequivalent geminal hydrogens), 2.16 (s, 3H),
1.02 (t, / = 7.2 Hz, 3H);"*C NMR (CDCl;) 8 170.1, 158.8, 147.5,
147.4,144.4,137.2, 134.7, 130.1, 129.1, 128.8, 128.6, 128.0, 123.4,
62.4, 56.7, 53.6, 19.7, 13.6; HRMS: calcd. for C,,H, N,O; (M*):
452.1332, found: 452.1332.

Compounds 9a—f

Compounds 9a—f were prepared by the same procedure as that for
compounds 6a—f, using 4,5-dichloropyridazinone as electrophile
to quench the VNS reaction. Except that the second step was
carried out at 40° C.

Ethyl 2-{[5'-(4"-methoxyphenyl)-1',3',4'-oxadiazol-2'-yllmethyl }-
2-(4"-nitrophenyl)propanoate (9a)

Yellow solid. Yield: 74%. Mp: 123.6-124.5 °C. '"H NMR (CDCl;)
8 8.22 (d, J = 8.8 Hz, 2H), 7.78 (d, J = 9.2 Hz, 2H), 7.56 (d,
J = 8.8 Hz, 2H), 6.96 (d, J = 8.8 Hz, 2H), 4.28-4.20 (m, 2H,
nonequivalent geminal hydrogens), 3.87 (s, 3H), 3.67 (dd, J =
15.2 Hz, 2H, nonequivalent geminal hydrogens), 1.83 (s, 3H), 1.23
(t,J =7.2Hz,3H); "*CNMR (CDCl;) 5 173.4,164.8, 162.6, 162.4,
148.6,147.2,128.4,127.2,123.8,115.9,114.5,62.1,55.5,49.7,35 .4,
22.4,13.9; HRMS: calcd. for C,;H, N;O4 (M*): 411.1430, found:
411.1431.
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Ethyl 2-{[5'-(4"-methylphenyl)-1’,3' 4 -oxadiazol-2'-yl]methyl } -
2-(4""-nitrophenyl)propanoate (9b)

Yellow solid. Yield: 72%. Mp: 69.6-70.5 °C. "H NMR (CDCl;)
§8.20 (d, J = 8.8 Hz, 2H), 7.72 (d, J = 8.4 Hz, 2H), 7.55 (d,
J = 8.8 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 4.26-4.19 (m, 2H,
nonequivalent geminal hydrogens), 3.67 (dd, J = 15.2 Hz, 2H,
nonequivalent geminal hydrogens), 2.40 (s, 3H), 1.82 (s, 3H), 1.22
(t,J =7.2Hz, 3H); *CNMR (CDCl;) 6173.4, 165.0, 162.9, 148.6,
147.2,142.4,129.8,127.2,126.6,123.8,120.7,62.1,49.7,35.3,22.4,
21.6, 13.9; HRMS: calcd. for C, H, N;O5 (M*): 395.1481, found:
395.1482.

Ethyl 2-{[5'-(4"-ethylphenyl)-1',3',4'- oxadiazol-2'-yllmethyl }-
2-(4"-nitrophenyl)propanoate (9¢)

Orange viscous liquid. Yield: 72%. '"H NMR (CDCl,) 6 8.22 (d,
J = 8.8 Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.8 Hz,
2H), 7.28 (d, J = 8.0 Hz, 2H), 4.27-4.21 (m, 2H, nonequivalent
geminal hydrogens), 3.67 (dd, J = 15.2 Hz, 2H, nonequivalent
geminal hydrogens), 2.71 (q, J = 7.6 Hz, 2H), 1.83 (s, 3H), 1.28—
1.21 (m, 6H); *CNMR (CDCl;)8173.4,165.0,162.9, 148.6, 148.6,
147.2,128.6,127.2,126.7,123.8,120.9, 62.1,49.7, 35.4,28.9, 22 4,
15.2, 14.0; HRMS: calcd. for C,,H,;;N;O5 (M*): 409.1638, found:
409.1623.

Ethyl 2-[(5’-phenyl-1’,3' ,4'-oxadiazol-2'-yl)methyl]-2-
(4”-nitrophenyl)propanoate (9d)

Yellow viscous liquid. Yield: 70%. '"H NMR (CDCl;) & 8.21 (d,
J = 8.8 Hz, 2H), 7.85 (d, J = 8.8 Hz, 2H), 7.56 (d, J = 8.8 Hz,
2H), 7.51-7.44 (m, 3H), 4.27-4.19 (m, 2H, nonequivalent geminal
hydrogens), 3.68 (dd, J = 15.2 Hz, 2H, nonequivalent geminal
hydrogens), 1.83 (s, 3H), 1.22 (t, J = 7.2 Hz, 3H); C NMR
(CDCl,) 8 173.4, 164.9, 163.2, 148.6, 147.2, 131.8, 129.1, 127.2,
126.6, 123.8, 123.5, 62.1, 49.7, 35.4, 22.5, 13.9; HRMS: calcd. for
CHsN;05 (M*): 381.1325, found: 381.1313.

Ethyl 2-{[5'-(4"-fluorophenyl)-1’,3',4'-oxadiazol-2'-yl|methyl }-
2-(4"-nitrophenyl)propanoate (9¢)

Orange viscous liquid. Yield: 68%. '"H NMR (CDCl,;) 6 8.21 (d,
J = 8.4 Hz, 2H), 7.85 (dd, J = 8.8 Hz, J = 5.6 Hz, 2H), 7.56
(d, J = 8.8 Hz, 2H), 7.15 (t, J = 8.4 Hz, 2H), 4.28-4.17 (m,
2H, nonequivalent geminal hydrogens), 3.67 (dd, J = 15.2 Hz,
2H, nonequivalent geminal hydrogens), 1.84 (s, 3H), 1.22 (t, J =
7.2 Hz, 3H); "C NMR (CDCl;) & 173.4, 166.0, 164.1, 163.3,
148.5, 147.2, 128.9, 127.2, 123.8, 119.8, 116.5, 62.2, 49.7, 35.3,
22.4,14.0; HRMS: caled. for C,0H ;sFN;O5 (M*): 399.1230, found:
399.1226.

Ethyl 2-{|5'-(4"-chlorophenyl)-1',3' ,4'-oxadiazol-2'-yljmethyl } -
2-(4"-nitrophenyl)propanoate (9f)

Yellow solid. Yield: 68%. Mp: 85.0-85.9 °C. '"H NMR (CDCl,)
8 8.22 (d, J = 8.4 Hz, 2H), 7.79 (d, J = 8.4 Hz, 2H), 7.56
(d, J = 8.4 Hz, 2H), 7.45 (d, J = 8.4 Hz, 2H), 4.27-4.17 (m,
2H, nonequivalent geminal hydrogens), 3.67 (dd, J = 15.2 Hz,
2H, nonequivalent geminal hydrogens), 1.84 (s, 3H), 1.22 (t, J =
7.2 Hz, 3H); *CNMR (CDCl;) 6173.3, 164.1, 163.4, 148.5, 147.2,
138.1,129.5,127.9, 127.2, 123.8, 122.0, 62.2,49.7, 35.4,22.4, 13.9;
HRMS: calcd. for C, H sCIN;O5 (M*): 415.0935, found: 415.0935.
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Dihydroxyalkenes or their monoprotected alcohol deriva-
tives are transformed to 5,5- and 5,6-spiroketals through a
sequence involving an initial iodocyclization, followed by a
silver triflate mediated spiroketalization step on the derived
hydroxy-iodoether.

Introduction

Spiroketal subunits comprise the structures of several groups
of biologically interesting natural products.! Their conforma-
tional and geometric characteristics also make them attractive as
scaffolds in diversity-oriented synthesis.> Accordingly, spiroketal
synthesis has attracted considerable attention. Classically, spiroke-
tals have been synthesized through acid-catalyzed cyclization of
ketodiol precursors.'*® Several elegant methodologies have been
devised to address structural complexity.* Methods that employ
straightforward segment coupling reactions and mild conditions
for spiroketalization are particularly appealing. In this vein, we
envisaged an approach in which a dihydroxyalkene or a partially
protected derivative 1 is transformed to a spiroketal 4 (Scheme 1).
Todoetherification of 1 could lead to iodinated cyclic ethers like
2.* Dehydroiodination of 2 provides a highly reactive enol ether
3, which would undergo spiroketalization under mildly acidic
conditions. In essence, the alkene moiety in 1 is regioselectively
functionalized to an acetal, and acts as an alkyne synthon. The
strategy may be therefore complementary to the metal-promoted
spiroketalization of dihydroxyalkynes (e.g. 5).° Importantly, since
precursors like 1 are obtainable via straightforward olefination re-
actions, this methodology allows for a highly convergent synthesis

oleﬁ,nation !
! HO Ry It ®) R m\ 0 Ro
m > — R " - Ry
Ry ( 1 ( HO (
OR A OR n n
1 (R = H or protecting group) 2 3
n
m\ _0o_ R
HO //HO —_— R4 O(
R
R m ! "
5 4

Scheme 1 Synthetic strategy.
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of complex spiroketals. We have reported a preliminary application
of this strategy to the ABCD bis-spiroketal system of azaspiracid
1.6 Herein, we describe a more detailed investigation into the scope
of this method.

Results and discussion

Except for 29, the dihydroxyalkene derivatives were prepared via
an olefin cross-metathesis (CM) using an excess of one of the olefin
partners (Table 1).” The metathesis reactions were performed on
various highly oxygenated alkene partners and afforded yields of
the CM product ranging from 65-85%.® For yield optimization,
easier purification of the CM product or the requirement for
a partially protected dihydroxyalkene, it was sometimes more
practical to perform the CM with protection of the alcohol groups
in one or both of the reaction partners. The diene precursor 29
was assembled through the Wittig olefination of known aldehyde
11° and phosphonium salt 18.

Spiroketal precursors 19, 21, 23 and 24 were designed to get a
preliminary evaluation of the feasibility with respect to different
ring sizes (Table 2). Based on previous investigations'® on the
relative rates of iodoetherification of hydroxyalkenes, we argued
that dihydroxyalkenes like 19 and 21 or 23 should favor the
5-exo-trig and the 6-exo-trig pathways, respectively, over other
modes of cyclization. Therefore, it should be possible to use
substrates 19, and 21 or 23 in which the eventual alcohols
of the spiroketal are unprotected, as precursors to 5,5- and
5,6-spiroketal frameworks, respectively. Thus, treatment of 19,
21 and 23 with IDCP (iodonium dicollidine perchlorate) in
dichloromethane provided a mixture of cyclization products in
85, 85 and 70% yield respectively. However, the NMR data
for these structures did not allow for distinction between the
possible regioisomeric cyclization products. These structures were
tentatively assigned as 31, 32 and 33 based on the aforementioned
regioselectivity considerations. Exposure of the individual product
mixtures to silver triflate in dichloromethane in the presence of
collidine led to 5,5-spiroketal 43a,b in 70% yield, and the 5,6
frameworks 44a,b and 45a,b in 74 and 55% yield respectively.
The mixture 43a,b was chromatographically inseparable and this
made stereochemical assignment of the spiroketal configuration in
individual components impossible. However, mixtures 44a,b and
45a,b were separable, and their stereochemistry was assigned by 2D
COSY and NOESY NMR (see ESIT). It should be noted that while
the gross structures of spiroketals 43a,b, 44a,b and 45a,b support
the structures assigned to 31, 32 and 33 respectively, the possibility
that the corresponding regioisomer resulting from the 5-endo-trig
pathway could also lead to the identical spiroketal products, makes
structures 31, 32 and 33 ambiguous. In the event, the isolation of
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Table 1 Synthesis of dihydroxyalkene derivatives and 23

Olefination precursor®

Olefination precursor®

Dihydroxyalkene derivatives (yield)

OH OH OH OH
PIVOM \/\)\/\OBH PlVOM”WOBn
6 (1 equiv) 12 (3 equiv) 19 (88%)
OPMB S~~~ OR
OBn
iy
TIPSO A TIPSO I A ™~ A=08
\)\/\ OAc OPMB 7 HaT OB
7 (3 equiv) OAc OR
13 (1 equiv) 20 R = PMB (65%)
DDA 21 R=H (81%)
OPMB \ OR
OBn
Uy
TIPSO Y TIPSO N OBn
\)\/\ OAc OPMB P
7 (3 equiv) 14 (1 equiv) OAc OR
DDQ(zz R= PMB (56%)
23 R=H (67%)
HO OBn OTBS HO OBn OTBS
PivO x X OBn PIVO\M/\ oBn
8 (1 equiv) 15 (3 equiv) 24 (67%)
AcO 0\ \/\/?i/\ ,H\)Oi/\
OMe X OBn AcO ~ OBn
H* o_ ,OM
\ 12 (1 equiv) " €
0__0
PaS 5. B
9(3 equiv) 7<
25 (67%)
AcO N x OPiv AcO - OPiv
O_ ,OMe = O_ ,OMe A
g OBn OH OBn OH
— 16 (1 equiv) _/
°x<° 00
9 (3 equi
(3 equiv) 26 (50%)
OBn \/\/\/OH OBn
BnO 0 . BnO 0
an 17 (4 equiv) BnWOH
OH OR
10 (1 equiv) 27 R=H (75%)
MeOH, PPTS ( 28R = Me (80%)
+O IPPh3/\/\,pl\,OPMB . OM
o_X cHo 18 (1 equiv) 1 =" OPMB

11 (3 equiv)

1. MeOH, PPTS , 29 Ry, Ry = Me,C (76%)
2. PivCl, Py (30 R1 = Piv; Ry = H (75%)

“ Except for 29, the dihydroxyalkene derivatives were prepared by CM with 10 mol% Grubbs 2nd generation catalyst in CH,Cl, using an excess of one of
the olefin partners. For optimal yields, CM’s were in certain cases performed on protected alcohol derivatives and the CM product deprotected to give
the precursor for the iodoetherification step. The homodimer derived from the alkene that was used in excess was obtained as a side product. Compound

29 was prepared through a Wittig olefination.

a single spiroketal framework starting from dihydroxyalkenes 19
and 21 in reasonable yields suggests that for 5,5- and 5,6-spiroketal
systems, selective protection of the alcohols that constitute the
eventual acetal residue may not be necessary.

The extension of the strategy to 6,6-spiroketals was next
examined using the hydroxyalkene 24 as a test substrate. In
this case, the expectation that 5-exo-trig would be favored over
6-exo-trig or 6-endo-trig pathways meant that protection of one

of the two alcohols of the eventual spiroketal would be necessary.
Accordingly, 24 was treated with IDCP under the standard
conditions, and the product 34 was desilylated to provide 35, the
precursor for the spiroketalization step. However, treatment of 35
under the standard conditions led to adjacently linked THF-THP
47, and not the desired spiroketal 46. This result suggested
that the iodoetherification step yielded 34 as expected, but the
subsequent AgOTf-mediated reaction favored THF rather than
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Table 2 Synthesis of iodoethers and spiroketals

Alkene Iodoether (yield) Spiroketal (yield of mixture, epimer ratio)”
19 (o) OBn PivO
o
PVO /\/\(D/\/ o
OH |
1
31(85) 43a:b (70, 1:1)
21 O, " OBn TIPSO
TIPSO™ Y
oH I T
OAc
32 (85) OAC
44a 44a:b (74, 3:1) 44b
23 TIPSO oBn TIPSO o8
TIPSO 7
OAc
33 (70) 45a:b (55, 2:1)
24 |
OBn (o) O,
(o) OBn ; OBn
PIVO ; Pwow
RO PivO -
3 BnO
BnO 34r=T8S CSA,
35R = H (68, 2 steps) # MeOH BnO 46 (not obsv'd) 47 (85)
RO,
0. ! OMe
H\
O¢© 36 R=Ac KoCOs 48a: b (76, 1:1)
37 R=H (72, 2 steps) ¥ MeOH
26

QXQ
o On. OPiv
an

(0]
X 38R =Ac KoCO;3 49a:b (65, 4:1)
39 R=H (60, 2 steps) 4 MeOH

28 OBn
BnO BnO
BnO BnO
OMe |

50a:b (52, two steps, 6:1)

o)
PivO ©
Plvow 1\
X
41 R=PNMB DDQ.

30

42R = H (68, 2 steps) JCH,Cl, 51a:b (70, 1.2:1)

“Jodocyclization reactions were performed by treatment of the dihydroxyalkenes or their mono-protected derivatives with IDCP in anhydrous CH,Cl,.
® Except for 50, spiroketals were obtained by exposure of the hydroxy-iodide precursor to a mixture of AgOTf and collidine in anhydrous CH,Cl,. For
50, the iodo-acetal 40 was treated with AgOTf in wet THF.

spiroketal formation. This result suggests that application and consequently we focused on evaluating the synthetic
of this strategy to 6,6-spiroketals might in general be problematic, scope for 5,5- and 5,6-frameworks.
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The results for carbohydrate-derived substrates 25 and 26
illustrate the compatibility in more highly functionalized settings.
The mono-acetates 25 and 26 (as opposed to their deacetylated
diol derivatives) were initially screened because these were the
direct products from the CM reaction. Thus, iodoetherification of
25 and 26, followed by acetate hydrolysis of the resulting acetoxy-
iodoethers, provided the spiroketalization precursors 37 and 39.
Treatment of the latter with AgOTf in the presence of collidine
provided the 5,5- and 5,6-spiroketals 48a,b and 49a,b in 76 and
65% vyield respectively. When the deacetylated diol derivatives
of 25 and 26 were subjected to a two-step iodoetherification—
spiroketalization sequence, 48a,b and 49a,b were produced in
similar overall yield and epimer ratio to the material obtained from
the three-step iodoetherification—deacetylation—spiroketalization
sequence on 25 and 26.

In order to determine whether the stereochemistry in the
iodoether impacts on the stereoselectivity of the AgOTf-mediated
spiroketalization reaction, the latter was performed on individual
diastereomers of THP-iodide 33 and THF-iodide 37. In both cases
the ratio of spiroketals produced from the individual iodoether
diasterecomers was very similar to that obtained from the corre-
sponding mixture (that is, ca. 2 : 1 for 45a:45b and 1 : 1 for 48a:48b
respectively). These results suggested that the stereochemistry of
the iodoether precursor is not directly transferred to the spiroketal
product.

The conversion of hydroxy-acetal-alkene substrate 27 to the bis-
spiroketal 50 was next investigated. However, iodoetherification
of 27 produced a complex mixture, in part due to unwanted 5-
endo-trig cyclization involving the OH group of the lactol. The
methyl acetal 28 was therefore subjected to the iodocyclization
procedure and the crude product exposed to AgOTf in wet THF
(without added collidine). This sequence afforded a mixture of
bis-spiroketals 50a,b in 52% overall yield from 28.

The transformation of 30 to 51a.b illustrates that the chemos-
elective elaboration of diene substrates may be possible. Thus,
IDCP cyclization on 30 followed by removal of the PMB protecting
group provided the hydroxy-iodo-dihydropyran 42, which led to
the spiroketal mixture 51a.b.

The observation that the stereoselectivity of the spiroketaliza-
tion step is not affected by the stereochemistry of the iodoether
precursor is consistent with a mechanism involving the cyclic
oxocarbenium ion 55. However, the pathway leading to 55 is more
conjectural (Scheme 2). Intermediate 55 could arise from proto-
nation of an initially formed exocyclic enol ether 54, or via iodide
activation in 53 and cation formation, followed by hydride transfer.
That enol ether 54 (or its endocyclic isomer) was not observed in

[
\HO_Re o R Ag* R O
R1_( LR colldine 1™ o (
oH ( N o (% TR A
53 Agt 54

52 n=0,1
N [collidine-HJ*
hydride shift
N
(o] Ry /0 Ry
R Rz
o on|
n n
56 55

Scheme 2 Mechanistic analysis.

the crude reaction mixture, even though spiroketalization occurs
in the presence of excess collidine, supports the direct formation of
55 from 53. However, the possibility that 54 is formed then rapidly
converted to product under the reaction conditions cannot be
excluded.

Conclusion

In conclusion, the transformation of dihydroxyalkenes or their
partially protected derivatives to highly substituted 5,5- and 5,6-
spiroketal frameworks has been explored. The compatibility of
this strategy with a wide variety of functional groups and the
availability of the dihydroxyalkene precursors through straight-
forward olefination procedures, of which the olefin metathesis
is a prominent example, makes this an attractive methodology
for the convergent assembly of complex targets. More extensive
mechanistic and synthetic investigations are underway and will be
reported in due course.
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The solid state structures of a number of ortho-substituted arylboronic acids, ortho-bromophenyl,
ortho-phenylphenyl, pentamethylphenyl, and 10-bromo-9-anthryl, were determined by X-ray
diffraction techniques. All boronic acids investigated form dimers in the solid state, but the
interconnection of dimers to ribbons differs from that of the parent phenylboronic acid.
Pentamethylphenylboronic acid only uses one hydrogen bond but an additional OH-r interaction for
connection of dimers, while all others investigated employ two hydrogen bonds for interconnection of

dimers to ribbons. 10-Bromo-9-anthrylboronic acid is found to undergo spontaneous resolution of its

enantiomers to a racemic conglomerate upon crystallization.

Introduction

Boronic acids are invaluable reagents for transition metal catalyzed
cross-coupling reactions' and thus comprise an important class of
auxiliary compounds in modern organic synthesis.> Along with
the boroxins, their cyclic trimeric anhydrides, boronic acids also
are of current interest in supramolecular chemistry and crystal
engineering.>® The use of boronic acids as building blocks in the
assembly of discrete supermolecules has been motivated by the
formation of self-complementary dimers (I), akin to carboxylic
acids (II; Scheme 1).°

i
O--H— 0--H—0
/ \ 7
R—B B—R R4< />7R
\ /
0—H--0 0—H--0

Scheme 1 Homodimeric units of boronic acids (I) and carboxylic acids

(1.

The formation of dimers is generally observed in the crystal
structures of arylboronic acids, but there are some examples which
do not crystallize within motif 1.'" Most of these examples
have in common a hydrogen bond acceptor on the phenyl ring,
which interacts with one of the B(OH), hydroxyl groups of
another molecule. Another exception is 4-methoxyphenylboronic
acid where one molecule is hydrogen bonding to four other
monomers.*

The two additional hydrogen atoms in boronic acid dimers allow

for interaction of homodimeric units in the solid state through

“Organische Chemie II, Ruhr-Universitdt Bochum, Universitdtsstr. 150,
44780, Bochum, Germany. E-mail: Holger. Bettinger@rub.de; Fax: +49
234/322-4529
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T Electronic supplementary information (ESI) available: Graphical visu-
alization of crystal structures using displacements ellipsoids; crystallo-
graphic data in CIF or other electronic format (CCDC reference numbers
670992-670996). See DOI: 10.1039/b719282¢

hydrogen bonding, which is not available to carboxylic acid dimers.
In prototypical phenylboronic acid 1, the structure of which has
been known since 1977," each dimer unit is interacting with four
other dimers by hydrogen bonds (Scheme 2, I-A). Here, the planes
defined by the hydrogen bonding network within the four dimers
are almost orthogonal to the plane of the central dimer.

T
B B B
HO* S0 —H--0""0—H---0" “OH
H H k‘| H
HO"B’D--H_O\B/O“_H_O"I?'GH
| |
R R R
A
A
? \Q7H7(|) \QfH”? \QiH
ERERE
H=0_  0--H—-0_ _0-+H-0_ 0O
| | |
R R
I-B

Scheme 2 Schematic representation of the interaction of homodimeric
arylboronic acid dimers in the solid state. In I-A a central dimer interacts
with four other dimers (only monomers are shown for clarity) which are
oriented almost perpendicularly to the central dimer. In I-B each dimer is
interacting with two other dimers resulting in ribbons.

However, another connectivity of the homodimeric units
was observed for a few arylboronic acids, like 2,6-
difluorophenyl (2),' 2,6-bis(trifluoromethyl)phenyl (3)"” and 2,2'-
ethynylenedibenzeneboronic acid (4; Scheme 3)."® In the solid state
structures of these compounds each dimer is bound to only two
other homodimers by hydrogen bonds (Scheme 2, I-B). This con-
nectivity results in eight-membered rings with an almost coplanar
arrangement of oxygen and hydrogen atoms. Compounds 2—4

This journal is © The Royal Society of Chemistry 2008
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have in common non-hydrogen substituents in positions ortho
to the boronic acid functionality, and it is tempting to assume
that the steric requirements of the ortho substituent might be
responsible for the preference of structural motif I-B in the solid
state. Establishing such an influence of the molecular structure on
the crystal structure would be very valuable for crystal engineering
applications utilizing arylboronic acid synthons.* However, the
crystal structures of three other arylboronic acids indicate that the
absence or presence of ortho substituents not necessarily results
in the preferred formation of motif I-A or I-B, respectively. For
example, p-styrylboronic acid (5) and 1,4-phenylenediboronic acid
(6) also crystallize within motif I-B, but do not have any non-
hydrogen groups in the ortho position." On the other hand, in
the crystal structure of pentafluorophenylboronic acid motif I-B
is not observed in spite of the two fluorine atoms.?

This brief survey of the crystal structures of arylboronic acids
shows that it is difficult to clearly establish a link between
molecular and crystal structures, even for such seemingly simple
compounds. In view of the future utilization of arylboronic
acids in crystal engineering, additional structural information
is required to gain a deeper understanding of the influences
of substituents at the arene ring on the crystal structures of
phenylboronic acids. We have therefore investigated the solid
state structures of a-substituted arylboronic acids 7-10 and 9-
anthracenylboronic acid dimethyl ester (11; Scheme 4), which have
not been described previously, and present our results here. We
have selected these compounds because they are of interest in our
ongoing research, which is aimed at the synthesis of kinetically
stabilized benzoborirenes.

Results and discussion
Synthesis and spectral properties

The phenylboronic acids 7, 8, and 10a have been reported earlier as
intermediates in complex syntheses, but their detailed preparations
and spectroscopic properties have not yet been described. All
phenylboronic acids studied in the present paper, including the
novel compound 9, were synthesized from the corresponding
bromoarenes as depicted in Scheme 5.

All compounds showed the required 'H, *C, and "B NMR and
mass spectra, but obtaining acceptable elementary analyses can

B(OH), B(OH),
7 8 9
R R
B(OH), B(OCHa),
10 a.R=H 11
b: R =Br
Scheme 4
1. BuLi
B 2.B(OMe) B@H).
R R 3 Hcl R" 7:R=Br,R'=H
- 8.R=Ph,R'=H
R R' R R 9:R.R'=CHj
R R
1. BuLi
Br 2. B(OMe), B(OH);
3. HCl
0 —— QO
R R
10a: R=H
10b: R = Br

Scheme 5 General scheme for synthesis of substituted phenylboronic
acids.

be difficult. This is most likely due to the equilibrium between the
boronic acids and their cyclic anhydrides.?"*

Solid state structures

Relevant crystallographic details for all compounds are compiled
in Table 1. The molecular parameters (Table 2) are as expected
for arylboronic acids. For example, the BC bond in 7, 1.58 A,
is longer than in the meta or para isomer (1.53 A)2* but it
is well within the range (1.57-1.59 A) typically observed for a-
substituted phenylboronic acids.''#2°252° The tilt angles, which
describe the relative rotations of the aryl rings and the BO, planes,
range between 34-75° for the boronic acids 7-10b. The BO bonds
have similar lengths and do not deviate significantly from values
in other phenylboronic acids.

As expected, all acids 7-10 form dimers, but they differ in
the way dimers are interconnected in the solid state. Among
the series investigated, the geometrically least hindered 2-
bromophenylboronic acid (7) forms the motif I-B. Within each
dimeric unit, the boron and oxygen atoms are coplanar. Each
dimer in turn is connected by hydrogen bonds to two other dimers,
one on either side, thereby creating a ribbon-like infinite structure
(Fig. 1).

The boron and oxygen atoms within this ribbon are almost co-
planar and the hydrogen atoms are only slightly above and below
this plane. The aryl rings are tilted in the opposite direction,
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Table 1 Crystallographic information for 7-11

7 8 9 10b 11a
Empirical formula C¢H;BBroO, C,H,,BO, C,,H,,BO, C,H,,BBrO, C,¢H,sBO,
Molecular weight 200.83 198.02 192.06 300.94 250.09
Temperature/K 108(2) 108(2) 108(2) 113(2) 294(2)
Wavelength/A 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Orthorhombic Orthorhombic Monoclinic
Space group, Z P1,2 Pl,4 Aba2, 16 P2,2,2,4 C2/¢,8
a/A 4.957(8) 8.264(1) 31.624(4) 8.264(1) 31.502(3)
b/A 7.056(1) 9.289(1) 15.161(1) 17.094(1) 7.6126(6)
c/A 10.757(2) 14.548(2) 9.156(1) 4.9200(2) 12.1156(7)
a/® 95.77(1) 98.51(1) 90.0 90.0 90.0
p/° 92.22(1) 105.00(1) 90.0 90.0 110.10(1)
y/° 96.61(1) 99.90(1) 90.0 90.0 90.0
Volume/A? 371.4(1) 1040.7(2) 4390(1) 1216.8(1) 2728.5(4)
Density/g cm™ 1.796 1.264 1.162 1.643 1.218
Ormins Omax/° 3.32,27.49 2.95,25.00 2.68,27.49 2.82,27.49 2.76,25.23
R, (observed) 0.0241 0.0615 0.0406 0.0240 0.0530
WR, (all) 0.0595 0.1590 0.1014 0.0490 0.1597
Flack parameter n. a. n. a. n. a. —0.014(8) n. a.

Table 2 Geometrical parameters (in Angstroms and degrees) of molecules 7-11 as determined by crystal structure analysis

Parameter 7 8 9 10b 11a
r(CB) 1.583(3) 1.556(5) 1.574(4) 1.580(3) 1.581(3)
r(BO) 1.368(3); 1.369(3)

Averaged tilt angle 34.0

1.364(4); 1.374(4)
50.9

1.350(3); 1.377(3)
74.7

1.355(3); 1.359(3)
52.5

1.344(2); 1.346(2)
90.0

Fig. 1 Two different views of the arrangement of dimers of 2-bromophenylboronic acid (7) in the solid state.

if viewed along the B-C bond, giving rise to a symmetric
arrangement of boronic acid monomers with respect to inversion
in the center of the dimer. The compound crystallizes in the space
group P1, as does 1,1’-biphenyl-2-yl-boronic acid 8. The latter
also forms ribbons of dimer units in the solid similar to 7 and
thus displays the hydrogen bonding motif I-B. The boron and
oxygen atoms are no longer coplanar in the dimer units and
these are strongly tilted with respect to each other (Fig. 2). It
appears reasonable to ascribe these distortions compared to 7 to
the sterically more demanding ortho-phenyl group in 8.

An aggregation of dimer units into ribbons with hydrogen bond-
ing motif I-B is also obtained in (10-bromo-9-anthracenyl)boronic
acid (10b). As with 8 coplanarity of the boron, oxygen, and
hydrogen atoms is lost and the dimer units are tilted against
each other, but the distortions are not as severe. Also some of the

hydrogen atoms in the hydrogen bonding network are disordered
(Fig. 3).

Most importantly, the aromatic rings are tilted in the same
direction, looking along the B-C bond, on either side of the
ribbon. Therefore, the inversion center is lost, and the compound
crystallizes in the Sohncke space group P2,2,2. The molecule 10b
does not have an element of symmetry, and is thus dissymmetric,
i.e., it is not superimposable with its mirror image.** However,
the barrier for rotation around the C-B bond is expected to be
too low to allow separation of enantiomers at room temperature
and thus a racemate of two very quickly equilibrating optical
isomers exists in solution. Only one of the two enantiomers is
found in the single crystal we have analyzed. Thus the crystal
structure of 10b provides an example of spontaneous resolution
upon crystallization under formation of a racemic conglomerate.

This journal is © The Royal Society of Chemistry 2008
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Fig.3 Two views of the arrangement of dimeric units of 10-bromo-9-anthracenylboronic acid (10b) in the solid state.

While this is not an uncommon phenomenon, it is less often
observed in apparently achiral compounds.®-* The reason why
homochiral chains are formed in 10b, but not in the structurally
closely related 7 and 8, is unclear, as is so often the case
when molecules resolve spontaneously upon crystallization.’**’
Molecules with large permanent dipole moments appear to have
a somewhat higher tendency towards conglomerate formation,®
and the bromine substituent should cause an increased dipole
moment in 10b.

In an effort to learn if the formation of a racemic conglomerate
is unique to the bromo derivative 10b, parent compound 10a was
synthesized and crystals were grown from chloroform solution.
Unfortunately, we could not obtain a satisfactory crystal structure.
In order to grow better crystals, we transformed boronic acid
10a into the novel dimethyl ester 11a. It is obtained easily upon
heating of 10a in methanol, and during slow cooling needles of
11a crystallize. Crystal structures of esters of arylboronic acids
and small alcohols are rather scarce, possibly due to the fact that
they are usually liquid and quickly hydrolyze. The large anthryl
group efficiently protects the boron atom from attack of water as
11a is stable under atmospheric conditions. Compound 11a is no
longer dissymmetric as the tilt angle is 90° (Fig. 4, Table 2). It
appears that the lack of hydroxyl groups, which are necessary for
formation of the supramolecular ribbon structure in 10b, results
in a packing which is dominated by weaker non-covalent interac-
tions.

Fig. 4 Arrangement of two molecules of 9-anthracenylboronic acid
dimethyl ester (11a) in the solid state with face to face interaction of
the anthryl groups.

Lastly, a different packing mode than in boronic acids 7, 8,
and 10b is observed in (2,3,4,5,6-pentamethylphenyl)boronic acid
(9), which also forms dimers in the solid state. Again, the boron
and oxygen atoms are almost coplanar within a dimeric boronic
acid unit (Fig. 5). But in contrast to the earlier examples, dimers
of 9 are interconnected by only one hydrogen bond.

Which factors are responsible for giving up one hydrogen bond
in 9 compared to having two such interactions between two dimeric
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Fig.5 Two views of the arrangement of dimeric units of (2,3.4,5,6-pentamethylphenyl)boronic acid (9) in the solid state.

building blocks in 7, 8, and 10b? We observe the close proximity
of the OH group, which is not engaged in a hydrogen bond,
to the pentamethylphenyl ring. The OH group is not exactly
located above the center of the aryl ring, resulting in three shorter
(O---Cpy:3.05-3.22 A) and three longer contacts (O. . .C,y: 3.45—
3.58 A). Such an attractive OH-7 interaction®* could partially
compensate the loss of a more stable hydrogen bond.

Conclusions

Four structurally related arylboronic acids have been synthesized
and their solid state structures have been analyzed by single-crystal
X-ray crystallography. We find that all of them prefer the formation
of dimeric units in the solid state, but the interconnection of
dimeric units differs from that in the parent phenylboronic acid.
Infinite ribbons are formed by 7, 8, and 10b, in which the
dimeric units are interconnected by two hydrogen bonds. In the
sterically most crowded pentamethylphenylboronic acid (9), the
two dimeric units within the ribbons are only connected by one
hydrogen bond. We have found an example of a dissymmetric,
but achiral molecule under ambient conditions, 10-bromo-9-
anthrylboronic acid (10b), to undergo spontaneous resolution
upon crystallization.

Experimental
General

All reactions were carried out under a dry argon atmosphere
in oven dried Schlenk type glassware with magnetic stirring.
Temperatures are reported as bath temperatures. Et,O and THF
were continuously refluxed and freshly distilled from sodium using
benzophenone as indicator. MeOH was dried with activated 3 A
molecular sieves. All commercially available reagents were used
without further purification, and were purchased from Aldrich
Chemical Co., Acros Organics or Merck. -BuLi was used as a
15% solution in pentane (1.48 M), and n-BuLi was used as a
15% solution in hexane (1.59 M). TLC was performed on Al-
backed plates coated with silica gel with F,s, indicator (Polygram
SIL G/UV from Macherey-Nagel); the chromatograms were
visualized under UV light (254 nm). R; values refer to silica gel
(eluent: pentane—ethyl acetate (4 : 1)). Melting points (uncorrected

values, °C) were obtained with open capillary tubes. 'H and “C
NMR spectra were recorded with a Bruker DRX 400 calibrated
on TMS (tetramethylsilane) as an internal standard (6 = 0.0 ppm),
and "B NMR spectra with a Bruker DPX 250 calibrated on
BF;-OEt, (0 = 0.0 ppm). All spectra were measured in acetone-
d¢. Mass spectrometry (EI, 70 eV) was performed with a VG
Autospec. The intensities are reported as a percentage relative
to the base peak after the corresponding m/z value. Elemental
analyses were determined with a Carlo-Erba Elemental Analyser
1106. FT-IR spectroscopy was performed with a Bruker Equinox
55 (KBr, v in em™). UV/Vis spectra were recorded with a Cary
Varian 1 (A, in nm, ¢ in m?> mmol~"') in CH,Cl,.

X-Ray analysis

Intensity data for 7, 8, 9, 10b and 11a were collected on an Oxford
Diffraction Xcalibur2 CCD using MoK, radiation and employing
the w scan method. The data were corrected for Lorentz, polar-
ization and absorption (multi-scan) effects. All structures were
solved by using direct methods (SHELXS-97)* and refined by
using a full-matrix least-squares refinement procedure (SHELXL-
97).* The protons bonded to carbon were placed at geometrically
estimated positions while in all cases the proton bonded to oxygen
was found in the Fourier difference synthesis and refined freely
with only the distance fixed to the literature value. In 10b the
protons had to be split into two positions due to a disorder
(2-fold axis). Compound 9 crystallizes in the polar space group
Aba2. As 9 contains no heavy atom the absolute structure could
not be determined. Therefore the Friedel pairs have been merged
resulting in a meaningless Flack parameter of —10(10). In contrast
10b contains a bromine atom. Here (space group P2,2,2) the
absolute structure could be determined as 68% of the Friedel pairs
had been measured. The Flack parameter refines to —0.014(8).
Crystallographic data for the structure reported in this paper are
available as ESIT (CIF format).

General procedure for the preparation of boronic acids (8, 9, 10).
A solution of the arylbromine in THF was cooled to —90 °C with
a nitrogen/isopropanol cooling bath and the lithium compound,
t-BuLi (2.1 eq.) or n-BuLi (1.1 eq.), were added quickly. The
coloured reaction mixture was stirred for 45 min, while the
temperature rose to —65 °C. The reaction was treated with an
excess of B(OMe);, warmed slowly to room temperature and
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stirred overnight. After the addition of water (80 cm?) the reaction
mixture was acidified with 0.5 M hydrochloric acid (pH ~ 3-5) and
extracted with Et,O (2 x 70 cm?). The organic layer was washed
with brine and water (2 x 25 cm®) and dried over MgSO,. The
solvents of the organic layer were removed by rotary evaporation.
The residue was refluxed in water for 2 h, and filtered scalding hot
(recrystallization). The filtrate was cooled to 0 °C for 10 min and
the white product was isolated by filtration, washed with pentane
and water (2 x 20 cm?®).

2-Bromophenylboronic acid (7). A solution of ortho-
dibromobenzene (0.5 cm®, 4.15 mmol), THF-Et,O (25 cm® :
25 cm?) was cooled to —115 °C with a nitrogen/ethanol cooling
bath and pre-cooled (=78 °C) t-BuLi (5.9 cm’, 8.73 mmol) was
added very quickly. The yellow reaction mixture was stirred for
35 min at —115 °C, and the reaction was treated with a pre-
cooled solution (=78 °C) of B(OMe); (5 cm®, 44 mmol) in Et,O
(10 cm?) and stirred for two hours at —115 to —105 °C. The
solution was quenched with 5 cm® EtOH-conc. HCI (8 : 2) at
—115 °C and warmed slowly to room temperature. Workup (see
general procedure) and recrystallization from water (150 cm?) gave
7 (0.55 g, 66%) as a white solid, mp 183 °C (from water), R; 0.35.
Single crystals (colourless needles) were obtained from chloroform
solution by slow evaporation. dy 28.8; 0y 7.25-7.35 (2 H, m), 7.51—
7.54 (2 H, m); o 126.38, 126.94, 131.16, 132.31, 135.09; MS (EI):
m/z (%): 547 (39) 469 (6), 410 (13), 281 (8), 200 (91)[M**], 156 (57),
130 (42), 103 (7), 77 (100), 50 (33); IR (KBr) in cm": 3300, 1586,
1556, 3017, 2360, 1594, 1558, 1466, 1376, 1291, 1165, 1122, 1007,
822,770, 736, 589; UV/Vis (CH,Cl,) Ay, (loge) =237 (3.76), 283
(3.02); calc. for C¢H¢BBrO,: C 35.88, H 3.01; found: C 36.03, H
3.06. HRMS calc. 199.96442, found 199.96438.

1,1’-Biphenyl-2-yl-boronic acid (8). According to the general
procedure, 2-bromo-1,1'-biphenyl (0.8 cm®, 4.63 mmol) in THF
(50 cm?®), n-BuLi (3.2 cm?, 5.09 mmol) and B(OMe); (5 cm?,
44 mmol), gave 8 (0.74 g, 81%) as colourless needles after
recrystallization from water (150 cm®). Mp (from water) 194
196 °C, R; 0.35. 03 30.6; oy 6.89 (2 H, s, OH), 7.34-7.54, (8 H,
m), 7.67-7.71 (1 H, m); dc 126.43, 127.18, 128.47, 128.86, 129.10,
133.38, 143.80, 145.81; MS (EI): m/z (%): 540 (19) 198 (100)[M*"],
180 (43) (29), 154 (58), 128 (5), 77 (8), 51 (4); IR (KBr) in cm™":
3456, 3222, 3058, 3017, 2360, 1594, 1558, 1499, 1476, 1433, 1370,
1152, 1115, 1093, 1073, 1009, 824, 781, 742, 698; UV/Vis Ay
(log &) = 250 (3.90); calc. for C,,H,;BO,: C 72.78, H 5.60, found
C 72.17, H 5.53. HRMS calc. 198.08562, found: 198.08542.

(2,3,4,5,6-Pentamethylphenyl)boronic acid (9). According to
the general procedure, 1-bromo-2,3,4,5,6-pentamethylbenzene
(3.0 g, 13.21 mmol) in THF (180 cm?®), 7-BuLi (18.7 cm?,
27.7 mmol) and B(OMe); (10 cm’, 88 mmol) afforded 9 after
recrystallization from water (400 cm®) as colourless needles (2.21 g,
87%), mp (from water) 185 °C, R; 0.35. d; 31.8; d,; 2.19 (6 H, s,
meta-H), 2.23 (3 H, s, para-H), 2.30 (6 H, s, ortho-H), 4.45 (2 H,
br s, OH); dc 20.16 (meta-C), 20.58 (para-C), 25.16 (ortho-C),
131.53, 131.70, 134.20; MS (EI): m/z (%): 192 (94)[M**], 174 (29),
159 (37), 148 (30), 133 (100), 117 (15), 105 (13), 91 (19), 77 (9), 65
(6), 53 (6), 41 (8); IR (KBr) in cm™': 3488, 3408, 3229, 2924, 1574,
1477, 1224, 1152, 1086, 1022, 995, 941, 827, 746, 565; UV/Vis
Amax, (l0g &) =229 (3.37), 273 (2.25); calc. for C;;H,;BO,: C 68.79;

H 8.92, found: C 68.53, H 8.96. HRMS calc. 192.13303, found:
192.13290.

9-Anthracenylboronic acid (10a). *** According to the general
procedure, 9-bromoanthracene (3.5 g, 13.61 mmol) in THF
(140 cm?), n-BuLi (10.0 cm®, 15.9 mmol) and B(OMe); (10 cm?,
88 mmol), gave 10a (1.94 g, 64%) as a pale yellow solid after
recrystallization from water (650 cm?®), mp (from water) 217 °C. R;
0.30; 3 32.5; 0y 7.40-7.46 (4 H, m), 7.90 (2 H, s, OH), 7.97-8.00
(2 H, m), 8.12-8.14 (2 H, m), 8.42 (1 H, s); ¢ 125.01, 125.04,
126.60, 128.55, 129.04, 131.31, 133.47, MS (EI): m/z (%): 222
(MH[M*°], 204 (7), 178 (100), 151 (9), 139 (2), 126 (3), 89 (14), 76
(13),63(3),51(2),40 (2); IR (KBr)incm™': 3268, 3047, 1621, 1558,
1511, 1485, 1415, 1353, 1303, 1181, 1069, 888, 849, 834, 728, 607;
UV/Vis A, (loge) =244 (4.17), 329 (3.44), 345 (3.72), 363 (3.88),
382 (3.85); calc. for C;,H,;BO,: C 75.73, H 4.99, found: C 75.62,
H 5.00. HRMS calc. 222.08495, found: 222.08482. Hydrolysis and
recrystallization of 11a in hydrochloric acid (1000 cm?, 0.5 M) for
2 h at 100 °C gave 10a as pale yellow needles of higher purity.

(10-Bromo-9-anthracenyl)boronic acid (10b). According to the
general procedure, 9,10-dibromoanthracene (4.0 g, 11.90 mmol)
in THF (180 cm?), n-BuLi (8.24 cm’, 13.1 mmol) and B(OMe);
(15 cm?, 132 mmol), gave 10b (2.48 g, 69%) as a pale yellow
solid after column chromatography on silica (eluent: pentane—
ethyl acetate (4 : 1)) and washing with pentane (50 cm®), mp (ethyl
acetate) 179 °C. R, = 0.3; d3 32.0; 6y 7.55-7.68 (4 H, m), 7.95
(2 H, s, OH), 8.15-8.17 (2 H, m), 8.50-8.52 (2 H, m); J. 123.58,
127.06, 128.93, 129.11, 131.38, 131.64, 135.65; MS (EI): m/z (%):
300 (8)[M*°], 282 (6), 256 (100), 208 (11), 176 (54), 151 (22), 128
(16), 88 (37), 75 (13), 63 (3), 43 (3); IR (KBr) in cm': 3298, 1954,
1928, 1620, 1546, 1483, 1413, 1298, 1261, 1149, 1036, 947, 883,
828, 753, 655, 618; UV/Vis Ay, (loge) = 246 (4.14), 338 (3.45),
355 (3.73), 374 (3.87), 395 (3.85); calc. for C;,H,;,BBrO,: C 55.87,
H 3.35, found: C 56.11, H 3.19. HRMS calc. 298.99771, found:
298.99710.

9-Anthracenylboronic acid dimethyl ester (11a). Recrystalliza-
tion of dry 10a (5.2 g, 23.42 mmol) from sparse MeOH,,, under
argon gave 11a (3.26 g, 56%) as pale yellow needles, mp (MeOH)
81 °C. R; 0.35; d3 32.3; 6y 3.61 (6 H, s, O-CHs), 7.43-7.53 (4 H,
m), 7.86-7.89 (2 H, m), 7.99-8.08 (2 H, m), 8.52 (1 H, s); d 52.70,
126.09, 126.59, 128.08, 128.91, 129.74, 132.15, 134.32; MS (EI):
m/z (%): 250 (100)[M*], 234 (4), 219 (5), 204 (41), 192 (78), 178
(52), 165 (6), 151 (9), 139 (2), 126 (3), 88 (4), 73 (11), 43 (5); IR
(KBr) in cm™': 3301, 2950, 2871, 1622, 1473, 1452, 1415, 1414,
1329, 1266, 1165, 1049, 1003, 888, 839, 736, 663; UV/VIis .
(log &) = 245 (3.83), 315 (3.13), 329 (3.40), 346 (3.58), 364 (3.64),
382 (3.61); calc. for C,sH;sBO,: C 76.84, H 6.05, found: C 76.69,
H 5.88. HRMS calc. 250.11798, found: 250.11733. Hydrolysis and
recrystallization of 11a in hydrochloric acid (1000 cm?®, 0.5 M) for
2 h at 100 °C gave 10a as pale yellow needles of higher purity.
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Since our emerging area article, diversity-oriented synthesis (DOS), which aims to prepare efficiently
collections of skeletally diverse small molecules, has developed in the synthetic approaches it employs.
This article describes three general strategies, highlighting some successful examples. The utility of
DOS, in the interrogation of chemical space and in the identification of novel biologically active lead

compounds, is also discussed.

Introduction

Nature ‘sees” molecules as three-dimensional surfaces of charges,
polarities and other specific bonding interactions. In natural
products these interactions are displayed on a multitude of
complex and diverse molecular architectures. Diversity-oriented
synthesis (DOS) aims to prepare collections of skeletally diverse
small molecules to mimic this variety. As a result of its non-
focused nature, a DOS library displays a wide range of physical
and biological properties and, as such, can be useful in assays to
identify novel lead compounds.

As it is still in its infancy, the potential of DOS, as with many
new technologies or concepts, can be easily overstated. Conse-
quently, the short term results may not meet initial expectations.
Eventually, however, a ‘rational’ analysis phase occurs when the
realities, including where DOS can best be applied, are appreciated
better. Although not a comprehensive review, the purpose of this
perspective article is to highlight the synthetic concepts employed
in DOS, particularly examples since our emerging area article." We
also comment on its application to explore chemical space and, in
so doing, to identify biologically active compounds.
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Small molecules and chemical genetics

Asan alternative to traditional genetic approaches, chemical genet-
ics has provided scientists with a set of complementary chemical
tools to investigate biological systems.” Chemical genetics uses
small molecules to perturb the function of gene products (e.g.
proteins), thus facilitating the dissection of biological processes
by chemical intervention.® In forward chemical genetics (Fig. 1)
it is common for the lead compound (or compounds) identified
in the screening processes to be novel in structure and hence
not predictable prior to experimentation. The ultimate goal of
chemical genetics is to identify small molecules that perturb
the function of every gene product specifically; this is known
as ‘chemical genomics’.® Reverse chemical genetics (Fig. 1) on
a genome-wide scale would allow the systematic use of small
molecules to explore biological systems.*

The enormous challenge faced by chemical genomics highlights
one of the major drawbacks of the chemical intervention method;
their lack of generality. For all of the approved therapeutic drugs,
only 324 validated biological targets have been identified.® It is
estimated that only 10% of the human genome (estimated 25 000
genes) encodes proteins that will bind drug-like compounds (the
‘druggable genome’);® however, only approximately a thousand
of these have known chemical modulator partners.® Therefore,
an enormous number of small molecules that perturb protein
function specifically are still required. Chemical modulators can
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Fig. 1 (A) In forward chemical genetics a small molecule eliciting a desired phenotype (abnormal mitotic behaviour in this example; in the cell images
tubulin is shown in green, DNA in blue) is identified; its protein partner is discovered subsequently. (B) In reverse chemical genetics, the phenotype
resulting from protein modulation by its small molecule partner is observed. In this example, binding of an agonist (e.g. N-(3-oxododecanyl)-L-homoserine
lactone) to a LuxR-type protein (e.g. LasR in Pseudomonas aeruginosa) in Gram-negative bacteria, activates transcription of a diverse range of processes
(e.g. pigment production). In the image, pigments are produced under quorum sensing control by the bacteria Serratia marsescens (red), Chromobacterium

violaceum (purple), and P. aeruginosa (light green).”

be identified by screening collections of structurally diverse
small molecules. These collections can originate from nature or
combinatorial chemistry campaigns (commercially available and
proprietary). These sources do, however, have their short-comings
(see below) and an alternative is de novo library preparation using
diversity-oriented synthesis."!!

Another major challenge for the chemical intervention method
in biology is that of selectivity. Apart from identifying compounds
with the desired activity, it is equally important that promising
lead candidates do not exhibit too much promiscuity against
other targets.”> Here, especially in the case of a protein target
with a large number of homolog members (such as kinases,
proteases or phosphatases), compound selectivity is of major
concern. Diversity-oriented synthesis is a tool to explore new
areas of chemical space efficiently. It can be argued that more
diverse starting points for lead optimization are more likely to
lead to scaffolds showing a superior selectivity profile, compared
to narrowly defined chemical libraries.

Small molecules and chemical space

Chemical genetics may benefit from access to collections of
small molecules that are both structurally complex and diverse.
Although there is debate in the literature,'* it has been argued
that structural complexity aids specificity in the interactions of
chemical modulators with proteins.® Incorporating structural
diversity into a collection may increase the chances of identifying
novel lead compounds. This viewpoint is supported by evidence
showing a direct correlation between the chemical space occupied
by a collection of compounds and its functional (biological)
diversity.” Methods of analysing and describing chemical space,
therefore, may be useful in assessing the quality of a compound
collection.'s"”

Using computer algorithms, an abstract representation of a
molecule can be constructed based on an analysis of its associated
chemical descriptors.’*®2 These descriptors contain information
regarding either the bulk properties of the compound® or
its topological features.”> Each molecule, therefore, resides at
a discrete point in chemical space (more correctly known as
multidimensional descriptor space), with the whole of chemical
space being defined by the total descriptor space available to
all molecules.”® Thus, the more chemical space interrogated by
a compound collection, the more structurally diverse the library.

In order to represent chemical space visually, and to aid the
assessment of structural diversity, principle component analysis
(PCA) can be used to condense a high-dimensional descrip-
tor space into a representation that is accessible to human
interpretation.’ Recently, this concept has been used to asses the
structural diversity of compound collections.'>'¢*?* Interestingly,
performing this type of analysis on any class of bioactive molecules
demonstrates that they are not clustered in a discrete region
of the chemical space occupied by known pharmacologically
active compounds (MDL Drug Data Repository). For example,
inhibitors of the cyclooxygenase-1 enzyme are shown in chemical
space with the MDL Drug Data Repository in Fig. 2. Thus, the
nature of the chemical space coverage displayed by these inhibitors
supports the argument for screening skeletally diverse compound
collections.

Although graphical representations generated by computa-
tional analysis are gratifying visually, they can be misleading. For
example, analysing a collection of amides synthesized hypotheti-
cally from diverse commercially available amines and carboxylic
acids can, in our experience, appear diverse when examined using
certain chemical descriptors and PCA. The diversity generated
is the result of the different building blocks used and not by
virtue of the amide bond forming reaction. A more powerful
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= Cyclooxygenase-1 Inhibitors

Fig. 2 Visual representation of the diversity of different chemical
collections in chemical space. Cyclooxygenase-1 inhibitors (pink squares)
are shown on a background of MDL Drug Data Repository compounds
(grey squares).

technique to achieve diversity would be to combine this method
of combinatorial building block variation with methods that also
incorporate skeletal diversity.

This amide synthesis example underlines the difficulties of
programming human intuition (here diversity assessment) into
a computer; it is often difficult to make explicit what really con-
stitutes diversity, and, furthermore, how to calculate it. Therefore,
although useful, it should be remembered that diversity assessment
is a very subjective process and depends on which chemical
descriptors are used; it is the numerical values of those descriptors
that are analysed and not the structures of the compounds
themselves. More importantly, in the search for biological probes
it is the functional diversity and not the structural diversity of
the compound collection that is its measure of success. If a
collection does not yield hits, no matter how structurally diverse,
an experimenter will deem their research efforts as less than
successful.

Although structural diversity is rarely the ‘end-game’ in a
synthesis project, it is, nevertheless, an important consideration
when the target molecule is unknown, as in forward chemical
genetics. In these instances, libraries that interrogate larger areas
of chemical space are useful, since a greater sample of the bioactive
chemical universe increases the chance of identifying a compound
with desired properties.'s

Sources of small molecules

There are a number of potential sources of small molecule col-
lections. Traditionally, nature has been a rich source of molecules
that effect biological systems, many of which act on specific protein
targets. Natural products, which are indeed complex and diverse
in structure, have been used for centuries as medicines and have
had a profound impact on human lives, but such compounds do
have their disadvantages. For example, natural products may be
isolated in low quantities and, due to the difficulties associated
with purification and characterization, are sometimes screened
as mixtures. Furthermore, the structural complexity of natural
products makes chemical derivatization, a process especially
relevant to drug discovery, extremely challenging.?>%

Commercially available combinatorial libraries and pharma-
ceutical proprietary compound collections are both alternative
sources of small molecules. Although a traditional combinatorial
library may offer complexity, it may show limited structural
diversity by virtue of the ‘one-synthesis/one-skeleton’ approach
in general use." However, by combining many of these libraries
together, a certain degree of chemical diversity (and complexity)
can be achieved in practice, such as in the compound archives
of large pharmaceutical companies, which typically comprise 1
million to 5 million compounds from different sources. Perhaps
one drawback of pharmaceutical companies’ compound collec-
tions is that they tend to be biased by the requirements of previous
focused drug discovery programmes? or by meeting certain pre-
defined criteria, e.g. the Lipinski rule of 5 (RO5).® Although
these ‘rules’ are useful, there has been debate about restricting
chemists to synthesising RO5 compounds,®*® and, furthermore,
these rules are less applicable to biological probes than to drugs.'
Extensive analysis of properties of natural products vs. drugs
vs. combinatorial chemistry products has been performed, for
example mean values for molecular weight (414 : 340 : 393),
number of chiral centres (6.2 : 3.3 : 0.4), and number of rings
(4.1 : 2.6 : 3.2) have been calculated from various databases.*!
These data highlight differences, but also surprising similarities.

Natural products and currently available compound collections
occupy only a small proportion of bioactive chemical space.!*?
So what do we do if we would like to exploit compounds from
the unexplored areas of chemical space? The first step is to
appreciate that the total number of possible ‘drug-like’ molecules
is astronomic and unobtainable.! The second step is to think about
how to synthesize molecules efficiently to interrogate wide areas
of chemical space simultaneously. This is the aim of diversity-
oriented synthesis.

Diversity-oriented synthesis and chemical space

DOS collections of small molecules interrogate larger areas of
chemical space, by virtue of their structural diversity, compared
with libraries produced using more traditional combinatorial
chemistry. As a result, the functional (biological) diversity is
greater, also.'

In contrast to target oriented synthesis (TOS), preparing a
collection of compounds using DOS requires the development of a
‘forward planning’ algorithm to enable simple starting materials to
be converted into products.! DOS, therefore, differs from TOS as,
in the latter case, retrosynthetic analysis is used to plan a synthesis
from a complex product to structurally simple building blocks
(Fig. 3). As aresult of their differing goals, the diversity generating
potential of a DOS algorithm is far greater than traditional
approaches using TOS. A TOS aims either to populate a discrete
point in chemical space, e.g. a total synthesis, or to populate more
densely a specific area of interest, e.g. a focused library synthesis.
Conversely, a DOS aims to achieve a diverse and non-focused
coverage of biologically active chemical space (Fig. 3, also see
Scheme 2B).*> However, as is the case in a TOS, a DOS project also
requires highly efficient, high yielding and stereoselective reactions
to be effective."* Since the term DOS is used freely in the literature,
it is worth expanding on the concept of diversity.

By definition, when any collection of compounds is synthesized,
since they are not identical, a degree of structural diversity

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 1149-1158 | 1151





Target-Oriented Synthesis: Focused Library Synthesis: Diversity-Oriented Synthesis:
Convergent Divergent Divergent \
[} 1
b )
Q 4 s X
™ () Single .<_:° Similar e g Diverse X X X
Q— @— L3 Target i Ea Target
PR— Target X @ Struciures X < ~ <% Structures x X
-~ - | L O%O - X X ~a
Q
i . Forward
Simple g Complex Simple w Cosr_np_llex & Simple & Synthetic Complex &
Analysis Analysis imitar Similar Aridtyiie Diverse

Fig. 3 TOS, focused library synthesis and DOS; a comparison of the planning strategies used (i.e. retrosynthetic or forward synthetic analysis and
convergent or divergent synthesis) and the chemical space interrogated (i.e. a focused point/area or diverse coverage).

is incorporated. As an extension of this, in an extreme case,
the racemic synthesis of enantiomers could be classified as a
DOS. Clearly this is not our definition or understanding of the
term. It may be useful, therefore, to consider structural diversity
as a spectrum ranging from, in one extreme, the synthesis of a
discrete target compound to, in the other extreme, a situation
where maximal chemical space coverage is achieved (Fig. 4).

Although there are caveats associated with diversity assessment
and a direct quantitative analysis is sometimes not possible, it
should be the goal of a DOS to synthesize, in a qualitative
sense, collections as near as possible to the right hand side of
the ‘molecular diversity spectrun?’. In the future, developments in
computational approaches may lead to a better quantification of
this spectrum.

Approaches to diversity-oriented synthesis

A successful DOS algorithm must address three principle types
of diversity: substitutional (appendage) diversity, stereochemical
diversity, and skeletal diversity.'3*3* Thus, the products of a DOS
should not only be diverse in the appendages they display but
also in the three-dimensional orientations of these appendages.
The first of these can be achieved by combinatorial variation of
building blocks; the second by use of stereocontrolled reactions.
The most challenging facet of DOS, and of critical importance
to its success, is the ability to incorporate skeletal diversity into
a compound collection, i.e. the efficient generation of multiple
molecular scaffolds from the same starting material.** This method
is the most effective way of increasing structural diversity.*
Before returning to consider some recent strategies used, the
parallel approach of ‘DOS based on privileged scaffolds’ will be
considered.

DOS around privileged scaffolds and biologically-oriented
synthesis

Although there is a need to explore areas of chemical space not
occupied by natural products and synthetic drugs,"'* basing a
synthesis on so-called ‘privileged’ structures, i.e. those structural
motifs common to bioactive molecules,***! could be advantageous
in some instances. The rationale behind this approach is that
evolution over millions of years has made natural products,
and hence compounds that resemble them structurally, more
likely to exhibit bioactivity.** This approach has been cited
as being distinct from the process of focused combinatorial
library synthesis, for example in lead compound optimization,
as efforts are directed toward identifying compounds with novel
biological properties, discrete from those of the original privileged
compound.® Tt has been argued that these strategies of so-called
‘rational’ diversity oriented synthesis are superior to ‘DOS from
simple starting materials’ in the identification of lead compounds
for drug discovery.®

This approach is exemplified by the research of Park and
co-workers who synthesized 22 unique core skeletons with an
embedded privileged benzopyran motif 1.3 The discrete skeletons
were accessed using two major branching pathways (Path A and
Path B, Scheme 1) down which the substrates 2 and 3 could be
channelled. Subjecting 2 and 3 to identical transformations gave
access to the 11 core scaffolds 4-14 and hence 22 discrete skeletons
(Scheme 1). As predicted, the privileged motif (1) conferred
‘drug-likeness’ to the compounds and a range of ICs, values
(biological diversity) were reported against a human cancer cell
line. More interestingly, the variations in bioactivity were shown
to be a function of the molecular skeleton and not the appendages
displayed. Further examples of ‘natural product-like’ libraries and

DOS library
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4 Combinatorial library
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% i
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Fig. 4 The ‘molecular diversity spectrun’. In qualitative terms, diversity can be viewed as a spectrum ranging from a TOS to the synthesis of all possible
molecular entities. Traditional combinatorial chemistry, where diversity primarily arises from building block variation, and DOS, where skeletal diversity
is also incorporated, produce compound collections between these two extremes.
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the starter units 2 and 3), 11 distinct scaffolds could be generated using branching pathways. As a result of the variation in the R groups of 2 and 3, 22
core skeletons were generated. These were found to display a range of ICs, values (biological diversity) against a cancer cell line.*®

DOS around a privileged scaffold can be found in some recently
published reviews and articles.3¢4**

An extension of the ‘DOS around privileged structures’ ap-
proach to library design uses the concepts of ‘protein structure
similarity clustering’ (PSSC)* and the ‘structural classification of
natural products’ (SCONP).* The SCONP represents biologically
active scaffolds in a hierarchical manner; this hierarchy can be
used to identify potential ‘pre-validated’ scaffolds. PSSC classifies
proteins depending on the topology and inhibitory profile of
their active-site folds; this can be used to predict the nature of
likely small molecule inhibitors to a target protein. Thus, by using
information from both of these methods of analysis, compounds
have been designed in a hypothesis-driven fashion.*! This relatively
new approach of using the SCONP and PSSC has been termed
‘biologically oriented synthesis’ (BIOS) by Waldmann and co-
workers and has shown initial success.*!

Clearly, when a specific protein target is in mind, BIOS and DOS
around privileged scaffolds are advantageous approaches. When
a less focused approach is required however, such as in a forward
chemical genetics experiment, DOS from simple starting materials
may be more appropriate.

DOS from simple starting materials

The remainder of this article will focus on DOS strategies used to
create diverse libraries from simple starting materials; the process
is described by Schreiber in much of his pioneering work in this
field. ¢

Although there are a number of general strategies that can
be used in DOS to incorporate diversity,*? this article will focus
on the use of branching pathways to access distinct molecular
scaffolds. Branching pathways are of particular interest in DOS
if they also serve to increase structural complexity. Complexity-
generating reactions, when used in branching pathways, allow the

generation of the complex three-dimensional scaffolds required for
the specific interaction with a biomolecule.'** Furthermore, when
the product of one complexity-generating reaction is the substrate
for the next (a tandem process), structural complexity and diversity
are increased efficiently over a short number of steps.'!

Skeletal diversity

Skeletal diversity can be achieved principally in two ways.
The first involves the use of different reagents and a common
starting material. This ‘reagent-based approach’ is also known
as a branching pathway. Alternatively, in the ‘substrate-based
approach’, different starting materials, containing suitably pre-
encoded skeletal information, are subjected to a common set of
conditions leading to different skeletal outcomes (Fig. 5).3

A review of the literature suggests successful DOS processes
utilize these two approaches in a number of ways by either: (1) the
use of a pluripotent functionality, where the same part of a molecule
is subjected to different transformations induced by different
reagents; (2) the use of a densely functionalized molecule, where
different functionalities in the same molecule are transformed by
different reagents (i.e. pairing different parts of the same densely
functionalized molecule); or, (3) the use of a folding process, where
different structurally encoding elements (), contained in different
substrates, are subjected to the same reaction conditions (i.e.
pairing same parts of different densely functionalized molecules).
Examples of these will now be discussed. Strategies 1 and 2
represent reagent-based approaches and Strategy 3 represents the
substrate-based approach.

Strategy 1: Pluripotent functional group strategy

In an analogy with stem cell differentiation, branching pathways
involve typically the reaction of a pluripotent functionality, i.e.
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one that can participate in a number of different reactions to give
discrete molecular scaffolds.®*®* An example of this was published
by Wyatt et al. who exploited the highly reactive and versatile
diazo moiety.*® The fluorous tagged diazoacetate 15 was utilized in
divergent reactions to give a wide variety of molecular frameworks,
including 16-21 (Scheme 2A). Using this algorithm, a diverse
small molecule collection of 223 compounds, with 30 distinct
molecular frameworks, was synthesized. The diversity of the
library was assessed using molecular descriptors and PCA. The
chemical space coverage was then compared with that of a focused
library and also with that of known pharmacologically active small
molecules (Scheme 2B). In addition to occupying chemical space
common to the pharmacologically active compounds, the DOS
library covered a larger area of chemical space than the focused
library.® Normalized diversity on a per-compound basis is about
15 times as diverse for the DOS library* than for the focused
library, while still only being half as diverse as the drug set derived
from the MDDR. Given that the MDDR database comprises
compounds from all kinds of sources, such as plant- and marine
organism-derived natural products as well as drugs identified via
HTS and compounds more similar to industry chemicals such as
acetylsalicylic acid, it can be understood that it would be hard to
mimic this degree of diversity using a single synthetic approach.

Multicomponent coupling reactions (MCR) feature regularly
in DOS, since they bring together efficiently three or more
building blocks. Unfortunately, they usually produce compounds
of identical molecular architecture. This issue can be overcome by
using a build—couple—pair sequence,* either by: a MCR to produce
a densely functionalized molecule that can then be diversified
further (Strategy 2);* or, by incorporating a ‘folding process’ into
the MCR (Strategy 3).%!

Strategy 2: Multiple group pairing strategy

Schreiber and co-workers synthesized the highly functionalized
B-amino alcohol 22, via the Petasis three-component coupling
reaction of 23-25 followed by amine propargylation of the

A
Step 2 R
) . N
o \:'::) Ocozm _cs ; _CO,R'
s < (- ] 16 19
(- )
DOS [ CORr
Strategy :

Step 1
Rg=CgF13CH,CHo—

= Focused Library
= DOS Library
MDDR Library

PC2 (13.4%)
o

-20 -15 -10 -5 0 5 10 15 20 25
PC1 (30.8%)

Scheme 2 (A) Conditions: (a) C¢Hg, Rh,(0,CCF;),, 70%; (b) RCCH,
Rh,(OAc),, [BuCCH, 57%)]; (c) RNH,, NaOH then MeOH, H,SO,,
[MeNH,, 35%]; (d) dienophile [dimethyl acetylenedicarboxylate, 59%];
(e) CsH,, 92%; and Ry = C¢F,;CH,CH,- (B) Visual representation of
the diversity of different chemical collections in physicochemical and
topological space using MOE descriptors followed by principal component
analysis (PCA). The DOS library is depicted as small red diamonds. For
comparison, a focused library (small blue squares) and the MDL Drug
Data Repository (small grey dots) are depicted.

resulting compound 26. Compound 22 was densely functionalized
and displayed appendages at specific points; these acted as handles
for further diversification (Scheme 3).%

The stereochemical outcome of the Petasis reaction was
substrate controlled (by the lactol 23) and, therefore, allowed
potentially the complete matrix of stereoisomers of 22 to be
accessed (stereochemical diversity). Four of the functional groups
present in 22, i.e. the hydroxyl, the alkene, the alkyne and the
cyclopropane moieties, were capable of participating in further
complexity and diversity generating reactions (Scheme 4).

Initially, the template 22 was derivatized at each type of
functionality affording 27-33. In some cases the further reaction of
selected skeletons furnished a second generation of compounds,
i.e. 34-39. For example, using conditions similar to those used
in the diversification of 22, the lactone 32 could be transformed
into 35-38. Also, reactions yielding 1,3-dienes, such as 28, 35 and
39, were used in tandem with a Diels—Alder reaction to increase
diversity and yield the products 34, 40 and 41, respectively. The
reaction scheme could be repeated using alternative amine building
blocks in the Petasis reaction. In total, 15 different molecular
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Scheme4  Conditions: (a) [Pd(PPh;),(OAc),] (10 mol%), benzene, 80 °C; (b) [CpRu(CH;CN);PF4] (10 mol%), acetone, RT; (c) [Co,(CO)s], trimethylamine
N-oxide, NH,Cl, benzene, RT; (¢') [Co,(CO);], trimethylamine N-oxide, benzene, RT; (d) Hoveyda—Grubbs second-generation catalyst (10 mol%), CH,Cl,,
reflux; (e) 4-methyl-1,2,4-triazoline-3,5-dione, CH,Cl,, RT; (f) NaAuCl, (10 mol%), MeOH, RT; (g) NaH, toluene, RT; (h) mCPBA, THF, —78 — 0 °C.*

skeletons were produced in this elegant example of incorporating
complexity, rigidity and diversity (substitutional, stereochemical
and skeletal) into a small molecule library.

Another example of the use of a densely functionalized substrate
in a divergent branching pathway was reported by Porco and co-
workers.” In their approach, substrate 42 was synthesized in an
enantioselective 1,4-addition of a substituted dicarbonyl to a f3-
nitrostyrene. Using a similar concept to that reported by Schreiber
and co-workers® different pairings of the pendant functional
groups of 42 allowed for the synthesis of multiple scaffolds 4345

(Scheme SA). Further diversification was achieved by performing
a Diels—Alder reaction with the 1,3-diene substrate 45 to yield
another molecular skeleton.

Where the folding reactions left the nitro and ester groups of the
densely functionalized starting material untouched (e.g. 42 — 45),
their pairing in a later reaction sequence led to the construction of
further molecular skeletons. For example, 46 was converted to the
Diels—Alder adduct 47, via the diene 48, in an 82% yield over two
steps. A further pairing reaction of the unaltered nitro and ester
functionalities then yielded 49 (Scheme 5B).
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Scheme 5 (A) The pairing reactions of 42 to give the skeletons 43-45. (B) An example of the sequential use of pairing reactions to give 49.%

Strategy 3: Folding pathway strategy

In a synthesis reported by Garcia-Tellado and co-workers, an
organocatalyzed ABB’ multicomponent coupling reaction be-
tween an alkyne 50 and an a-dicarbonyl compound 51, in the
presence of the nucleophilic catalyst 52, was reported.’' Pre-
encoded structure determining elements in the substrates (both
50 and 51), sometimes referred to as o-factors,*® determined the
skeletal outcome of the folding process and gave the architectures
53-55 (Scheme 6).

Path A:
with acidic a-dicarbonyls

Path B:
with less/non- acidic a-dicarbonyls

a | with a-keto esters

(Nuc = R3N)
MeOZCx o) b1 b2
o with a-amides (Nuc = RgN)  with non-enolisable
| © or branched a-keto esters a-keto esters
R' (Nuc = RgP) (Nuc = RgN)
53 RO, gt i
COXR
CO,Me
0—(\R1
f Rl 0
coM RXOC |
RXOC Xy -C0Me
- o MeO,C
54 55

Scheme 6 A summary of the ABB' MCR used to synthesize 53-55.5'

After the formation of the active allenoate species 56, via the
reaction of 50 with a nucleophilic catalyst 52, initial chemodiffer-
entiation resulted from the acidity of 51. With acidic a-dicarbonyl
compounds the reaction proceeded down path A, whereas path
B was accessed when less/non acidic a-dicarbonyl compounds
were used. The distinct skeletons 53-55 then resulted from three
kinetically controlled reaction pathways, i.e. path a, path bl or path
b2. In addition to being affected by the acidity of the substrates,
the chemodifferentiation in this sequence was also dependent on
the nucleophilicity of the catalyst 52 (either R;N or R;P) and
the electrophilicity of the a-dicarbonyl compound 51. The use
of alternative ABB’ multicomponent coupling reactions has also
been reviewed recently.®

Folding processes, similar to that described above, have been
reported more commonly in DOS pathways as discrete steps.3*5+55
An excellent example of this was reported by Oguri and Schreiber
who were able to synthesize three distinct indole scaffolds 57-59,
under the same reaction conditions, from 60 (Scheme 7).* By
displaying different combinations of a silyl ether linker 61, an o-
diazo ketocarbonyl group 62 and an indole moiety 63 at the sites
A, B, and C of the common scaffold 60, discrete folding pathways
could be accessed. These reaction mechanisms initially involved
a Rh(11) induced cyclization of 60, which led to the formation of
the carbonyl ylides 64. The newly formed ylides 64 could then
participate in intramolecular 1,3-dipolar cycloaddition reactions
with the pendant indole groups, thus yielding 57-59 (Scheme 8).

Conclusion

Over the last few years, novel and imaginative strategies have been
used to prepare structurally diverse collections of small molecules
by DOS. In many cases these collections have been exploited
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Scheme 7 The use of folding pathways to produce the complex and
diverse skeleton 57-59 from the starting material 60. The relative locations
of the moieties 61-63 determined the skeletal outcome of the reaction.™

Scheme 8 A mechanistic overview of the Rh(11) induced cyclization used
to prepare 57-59 from 60.

successfully to identify modulators for biological systems.35:3%:56-5

The primary aim of this review has been to highlight the different
‘forward synthetic planning’ strategies being used in DOS to
achieve skeletal diversity. Populating diverse regions of chemical
space using DOS still represents a significant, and potentially
rewarding, challenge for organic chemists.
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Azeotropic reflux chromatography (in which the eluent is
continuously recycled by means of refluxing) was used to
separate a mixture of spiroketal intermediates in the scale-up
synthesis of spongistatin 1, leading to an improved separation
and an approximately 35-fold reduction in the amount of
solvent used.

Introduction

Since the seminal publication over one hundred years ago by
Tswett,! liquid chromatography has grown in popularity and
has been used in different forms to separate a great variety of
compounds. Although other techniques, such as crystallisation
and distillation, prove to be more efficient in many cases, they
often entail some optimization and require the compounds to be
either crystalline or volatile. Liquid chromatography, on the other
hand, frequently provides satisfactory results with a minimum of
groundwork and can, by and large, be applied to a much wider
range of compounds. Indeed, in many academic research labs it
has become the accepted paradigm for compound purification and
separation.> A major disadvantage, however, is that the method
requires the use of solvent, often in relatively large quantities
that scale with the amount of material to be separated. Typically,
the solvents used are flammable and, as such, their use is highly
undesirable from a safety standpoint. In addition, there may be
a significant environmental impact. Cases where the compounds
to be separated elute at very similar rates generally necessitate
using larger amounts of solvent. During the scale-up synthesis of
spongistatin 1 (1), we encountered a similarly difficult separation.
This led to the development of the chromatographic method that
we describe herein.

Spongistatin 1 (1), with typical GI;, values of 0.025-0.035 nM
when tested against the US National Cancer Institute’s panel of
sixty human cancer cell lines, is the most active of the spongistatin
family of antitumour marine macrolides and has potential for use
in anticancer chemotherapy.* Unfortunately, these compounds are
only available in minute quantities from nature and thus total
synthesis remains as the only viable source of further material.
Significant interest in these molecules has led to several total
syntheses being reported.* We recently disclosed a milligram scale
total synthesis of spongistatin 1 (1)* and, confident of our synthetic
strategy, we sought to repeat the synthesis on a significantly larger
scale. More specifically, we aim to produce meaningful gram

Department of Chemistry, University of Cambridge, Lensfield Road,
Cambridge, UK CB2 1EW. E-mail: mo263@cam.ac.uk, Fax: +44 (0) 1223
336442; Tel: +44 (0) 1223 336398

quantities of spongistatin 1 (1) for further biological and clinical
evaluation.

Synthetic strategy

Our retrosynthetic analysis of this molecule is based upon a late
stage C28-C29 Wittig olefination and C1-C41(OH) macrolac-
tonisation, resulting in the advanced ABCD fragment 2 and EF
fragment 3, thus allowing for a convergent synthesis (Scheme 1).
Further examination of the ABCD fragment 2 reveals a high level
of latent C,-symmetry about C15 (Scheme 2). With this in mind, a
synthetic route was developed in which both the C1-C15 fragment
4 and C16-C28 fragment 5 can each be differentially elaborated
from the diastereomeric precursors 6 and 7 respectively. These, in
turn, can both be derived from the acid catalysed deprotection—
spiroketalisation of ketone 8, which is a 1 : 1 mixture of epimers at
C5 (each epimer leading to the C11 and C19 stereochemistries in 4
and 5 respectively). Thus, a single synthetic sequence can be used
to supply the common intermediate. Compared with our previous

"OMe

OTBS

s PPhjl )

Scheme 1  Structure and retrosynthetic analysis of spongistatin 1 (1).
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syntheses of the AB and CD fragments,® this approach is far more
efficient from a scale-up point of view, dramatically decreasing the
total number of steps required to construct this key unit. However,
whilst this has obvious benefits, it relies on the ability to separate
the very similar AB and CD spiroketal fragments prior to further
elaboration. Indeed, it was recognised at an early stage that the
success of the entire scale-up synthesis would hinge on this crucial
separation. In the small scale synthesis it was found that treatment
of ketone 8 with dilute aqueous perchloric acid in acetonitrile—
dichloromethane smoothly effected cleavage of the acetonide and
triethylsilyl protecting groups with concomitant cyclisation to
generate three different spiroketals corresponding to the AB bis-
anomeric stabilised unit 6 (AB4,) and the two CD anomeric
isomers, bis-anomeric 11 (CD,,) and mono-anomeric 7 (CD ) in

1:00

TESO

8

aratio of 1.00 : 0.74 : 0.26 respectively (Scheme 3). The undesired
CD,, isomer 11 can easily be converted to the desired CD,g
spiroketal 7 under calcium perchlorate epimerisation conditions
(Scheme 3). As such, 7 and 11 can be considered as a single entity
in terms of separation. The key goal then is the separation of AB
spiroketal 6 from the CD spiroketals 7 and 11. During the small
scale synthesis it was found that flash column chromatography
could be used to efficiently separate the two CD spiroketals 7
and 11 but attempts to separate the AB spiroketal from the CD
spiroketals using this technique failed. In the end, the separation
was carried out using preparative HPLC (silica gel). However,
the maximum loading capacity of the columns at hand (tens of
milligrams) meant that multiple HPLC runs had to be performed
in order to obtain sufficient quantities of separated material. This

0.74 : 0.26

Scheme 3  Reagents and conditions: (a) 10% aq. HC1O,, MeCN-CH,Cl,, r.t., 30 min, 86%; (b) 3.5% aq. HCIO,, 5 equiv. Ca(ClO,),-4H,0, MeCN-CH,Cl,,

r.t., 18 h, 87% after three recycles.
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Fig.1 TLC (SiO,) chromatograms of the mixture (m) of 6, 7 and 11 against reference samples. (a) Et,O x 1 (b) 80:20 Et,O-PE x 8 (¢) 1: 1 Et,0-DCM x

1(d) 1:1Et,O-pentane x 15 (e) DIPE x 10 (all plates stained with vanillin).

process would quite clearly be impractical for the amounts of
material required for our scale-up synthesis (ca. 40 g each of AB,,
(6) and CD,; (7)). Rather than spend time investigating the use of
expensive, high-capacity HPLC columns, attention turned to the
reinvestigation of traditional silica-gel column chromatography.
In order to determine a suitable solvent for flash chromatog-
raphy, TLC studies were carried out on a variety of binary and
ternary solvent systems. Unfortunately, no combination led to the
resolution of the three spiroketals into individual spots on the
chromatogram. An example chromatogram (neat diethyl ether)
is shown in Fig. la. It can be seen that the spots streak and
tend to merge into each other. Multiple-elution TLC (whereby
the processes of elution and drying are repeated several times
prior to development) was then attempted in an effort to afford
resolution. Of the solvent mixtures initially assayed, those based
on diethyl ether—petroleum ether were found to provide the best
resolution. Shown in Fig. 1b is a chromatogram of the crude
spiroketal mixture run 8 times in 80 : 20 diethyl ether—petroleum
ether. Three separate spots, corresponding to each spiroketal, can
easily be seen. Solvents based on the diethyl ether-DCM system
led to a greater separation of 7 and 11 (even in single elution) but
no separation between 6 and 7. Pleasingly, when the diethyl ether—
petroleum ether solvent system was used in preparative TLC, three
resolved bands were obtained (using UV light to visualise) from
which analytically pure ("H NMR) samples could be extracted.

Column chromatography

Having established a potential solvent system, small scale column
chromatography was attempted. After some experimentation, the
use of a solvent gradient was found to give optimal results. For
example, the crude product from reaction of 40 mg of the ketone
8 was loaded onto 7 g of silica gel (packed using neat petroleum
ether) with 1 mL 1 : 1 DCM-petroleum ether and was eluted
with 500 mL 1 : 1 diethyl ether—petroleum ether collecting 10 mL
fractions. The column was then eluted with a solvent gradient
from 1 : 1 diethyl ether—petroleum ether to 70 : 30 diethyl ether—
petroleum ether over 800 mL. At this point all of the AB,,
(6) and CD,; (7) had eluted. The remainder of the CD,, (11)
was then eluted with 300 mL diethyl ether. The fractions were
combined into four samples: 10 mg clean 6, 3 mg 2 : 16 : 7,
2 mg clean 7, 8 mg clean 11 corresponding to an 89% yield for
the reaction and 83% separation of 6. As these small scale studies

afforded reasonable levels of separation, a larger scale separation
was attempted. The crude product from reaction of 24 g of ketone
8 was loaded onto 2 kg of silica gel (packed in petroleum ether)
with 30 mL 1 : 1 : 1 DCM-diethyl ether—petroleum ether. The
column was then eluted with 50 L 1 : 1 diethyl ether—petroleum
ether, collecting fractions of 500 mL. A solvent gradient was then
started from 1 : 1 diethyl ether—petroleum ether to diethyl ether
over 150 L, after which time all the AB,, (6) had eluted. The
solvent was then drained and the column flushed with acetone
until all the CD,, (11) had eluted (11 L). After combination
of fractions three samples were obtained: 6.19 g clean 6, 2.68 g
1:1:16:7:11,535¢g1:87: 11. This corresponds to
a 92% vyield and an 87% separation of the AB,, spiroketal 6.
Although this level of separation was acceptable, two major issues
were encountered. Firstly, the amount of solvent used for the
column was well over 200 L, which is unacceptable in terms of
cost, safety and environmental concerns. Secondly, the time spent
running the column (i.e. refilling the solvent reservoir, changing
fraction vessels and evaporating solvent) was extremely long (over
40 h). As significantly greater amounts of material would need to
be purified, an alternative, more efficient method was sought for
the separation of these spiroketals.

We envisaged that a system in which the solvent is continually
recycled by means of reflux, thereby combining the properties of
the chromatography column with those of the Soxhlet extractor,
might lead to a dramatic reduction in solvent volume and
operating effort. Whilst this concept had been demonstrated on
a limited number of other examples,” it had not been used to
separate stereoisomers. Additionally, we were concerned about the
stability of our compounds to prolonged heating after elution and
therefore wished to investigate the use of relatively low-boiling
solvents, including low-boiling azeotropic mixtures (which, to
our knowledge, have not been employed previously). To test the
applicability of the general concept on a small scale, we fashioned
a prototype apparatus using equipment to hand (Fig. 2a), which
operates as follows: the solvent in the collecting round bottomed
flask is heated to reflux with stirring and the vapour travels up the
glass tubing at the side of the column, the condensate collects on
the top of the column through which it travels on its way back to
the round bottomed flask. Of course, the difference in elution times
of the compounds to be separated has to be greater than the length
of time collecting each fraction to avoid remixing in the collecting
vessel. As the solvent cycle involves reflux, this would severely limit
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Fig. 2 Prototype reflux chromatography apparatuses.

the solvent system used due to the phenomenon of azeotropic
distillation. In order to keep the eluting solvent isochratic we
could either employ a single solvent or use a low-boiling azeotrope
with the required properties. Both options were investigated. To
simplify matters, we abandoned the use of petroleum ether as this
is an ill-defined mixture of hydrocarbons whose composition may
vary from batch to batch.

Diethyl ether was initially retained as the polar component.
Hexane, which is a constituent of petroleum ether and has
comparable chromatographic qualities, could not be used as the
non-polar partner as it fails to form an azeotrope with diethyl
ether. Instead, we considered pentane, which is inexpensive and
forms an azeotrope with diethyl ether of almost 1 : 1 composition
(b.p. 34 °C).2 TLC studies supported this choice. Shown in Fig. 1d
is a multiple-elution chromatogram of the mixture of spiroketals
eluted 15 times in 1 : 1 diethyl ether—pentane before development.
As an alternative to an azeotrope we also considered the use
of a less polar dialkyl ether. In terms of boiling point and
cost/availability, two obvious options were methyl zerz-butyl ether
(MTBE, b.p. 56 °C) and diisopropyl ether (DIPE, b.p. 69 °C).
Whilst MTBE afforded insufficient separation in TLC studies,
DIPE seemed to be the solvent of choice. As shown in Fig. le,
when eluted 10 times in DIPE, the CD,; (7) spot runs much
closer to that of the CD,, (11) spiroketal and the separation
between the former and the topmost AB,, (6) spot is higher. Using
the diethyl ether—pentane azeotrope, we conducted a small scale
trial of the process using the apparatus shown in Fig. 2a. Crude
spiroketal mixture resulting from reaction of 50 mg of ketone 8
in2mL 1:1:1 diethyl ether-DCM-pentane was loaded onto
2 g silica gel (loading: 25 mg g'), which was packed with 1 :
1 diethyl ether—pentane. The 100 mL round bottomed flask was
charged with 80 ml 1 : 1 diethyl ether—pentane and heated to
reflux and collection began. The contents of the collecting flask
were monitored by TLC analysis. After 3 h only spots higher than
the AB44 (6) (mainly due to triethylsilyl byproducts) were present;

the solvent was changed and collection continued. The AB,, (6)
material then began to elute. At 6 h, slight traces of CD,g (7)
were observed by TLC and the solvent was changed once more.
At 7 h, no AB,, (6) was observable, only CD,; (7) and CDy,
(11). The column was flushed with acetone (20 mL) and these

Fig. 3 (a) 20 cm jacketed coil condenser; (b) screw-thread connector
(GL 25); (c) side-arm adapter (23 mm o.d.); (d) L-shape glass tubing
(15 mm o.d.); (e) Rodaviss™ B24 ground glass joint; (f) 80 mm jacket
condenser (B34 male cone incorporated into jacket); (g) Rodaviss™ B34
ground glass joint; (h) side-arm and insulation (5 mm cotton wool within
10 mm polystyrene insulating foam covered with aluminium foil); (i)
column, 15 cm o.d., height 19 cm (excluding taper), porosity 3 sinter;
(j) retaining ring; (k) screw-thread connector (GL 14, lined with PTFE
tape) to cut-down luer-lock 2 mL glass syringe; (1) polythene luer-luer tap;
(m) 150 mm 14 G stainless steel syringe; (n) B14 latex suba-seal (syringe
and seal wrapped with PTFE tape and Parafilm®); (o) 1 L 3-neck round
bottomed flask; (p) aluminium heating block; (q) stirrer-hotplate.
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flushings were combined with the 6 h—7 h fraction. After removal
of solvent, two fractions were obtained: 16 mg 10: 16 : 7 (3 h—
6h), 14dmg1:37:11 (6 h-7 h plus the acetone flush material)
corresponding to a 92% yield. Although the separation was not
complete, we felt this could be improved by collecting fractions at
shorter intervals. The same experiment was also carried out using
DIPE as solvent. A similar level of separation was observed but,
in this case, the material obtained seemed to be impure by NMR
analysis. This degradation may have been due to the higher boiling
point of DIPE (69 °C). This, added to the fact that DIPE has a
noted tendency to form explosive peroxides,® led us to abandon
its use and we settled on the diethyl ether—pentane mixture for
all subsequent work. Using the slightly larger apparatus shown
in Fig. 2b, the separation was carried out with crude spiroketal
mixture from reaction of 1.5 g of ketone 8. In this case, 46 g
of silica gel (loading: 33 mg g') was used and three fractions
were obtained: 425 mg 6, 55 mg 5:36:7,412mg1:37:11.
This corresponds to a 92% reaction yield and 93% separation of
the AB,, spiroketal (6). Having established that the concept was
applicable, we designed and built' a larger apparatus that would
allow for the separation of significant quantities of the spiroketal
materials (Fig. 3). In previously reported systems, where very few
fractions were collected, the column is placed vertically above
the solvent reservoir/collector, connected to it by a ground glass
joint.” We felt that this would make the process of changing solvent
fractions difficult. As we intended to collect several fractions,
we kept the configuration of our prototype system in which the
column is held separately, horizontally removed from the solvent
reservoir/collector but attached to it by connections that are easily
removed during solvent change. A second condenser (Fig. 3f) was
included, between the column and side arm adapter (Fig. 3c),
to provide cooling to the solvent condensate. The column was
designed to hold at least 1 kg of silica gel and was relatively wide
to provide sufficient solvent flow through the porosity 3 sinter as

well as to keep the total height of the apparatus within reasonable
working limits. The volume between the sinter and the luer outlet
was the minimum that could be achieved within the practical limits
of construction. This diminished any post-column remixing of
eluates. The side arm was lagged with a layer of cotton wool
inside insulating foam covered with aluminium foil. With this
in place, a sufficient rate of reflux of the diethyl ether—pentane
azeotrope could be maintained with the heating block at around
100 °C. The flow rate from the column packed with 1 kg of silica
and solvent at the level of the side arm adapter was an acceptable
80 mL min".

On this larger scale, a slightly higher loading (42 mg g™') of
material was used. The crude product from reaction of 42 g of
ketone 8in45mL 1:1:1DCM-diethyl ether—pentane was loaded
onto 1 kg of silica gel packed with 1 : 1 diethyl ether—pentane.
After the solvent had been adsorbed, the silica gel was covered
with a 2 inch layer of sand (low in iron) and 1 : 1 diethyl ether—
pentane was added up to the level of the side-arm adapter. The
1 L round bottomed flask was charged with 800 mL 1 : 1 diethyl
ether—pentane and heated to reflux. After solvent had started to
condense above the column, the tap at the bottom was opened and
elution began. The contents of the collecting flask were monitored
periodically by TLC analysis. Fractions were collected on average
every 7 h. Fraction collection involved turning off the heating,
allowing the heating block to cool until reflux had stopped (about 5
minutes), closing the luer-luer tap, disconnecting the screw thread
connector (Fig 3b) and hypodermic needle (Fig 3m), removing the
side arm (Fig 3d) and changing the solvent in the round bottomed
flask before reversing the process. In total, the time needed to
collect each fraction was around 10 minutes. The AB,, (6) began
to elute at 21 h (fraction 4, Fig. 4). Prior to this, the triethylsilyl
byproducts had completely eluted. The CD,g (7) started to co-
elute with the AB,, at 58 h (fraction 11, Fig. 4). After 93 h (fraction
16, Fig. 4), the last traces of AB,, (6) had eluted and the CDy,

3 EEE iz 1 0 0 B 0B @ 0 B 0 B 0B B 0 @} I |

M 1 2 3 4 5 6 7 8 9 10

11

12 15 14 15 16 17 18 19 20 21 22

Fig. 4 TLC chromatogram of fractions from reflux chromatography against reference a mixture (M) of 6, 7 and 11. Eluted with 10 x 80 : 20

Et,O-petroleum ether (stained with vanillin solution).
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(11) was the major component of the eluate. After 124 h (fraction
19, Fig. 4), the CD,4, (11) appeared to have completely eluted by
TLC analysis. At this point the reflux was stopped and the column
was allowed to drain under gravity and then flushed with 3 L of
acetone. Interestingly, the acetone washes (fractions 19-22, Fig. 4)
contained significant quantities of the CD,, spiroketal (11). After
combination of fractions and evaporation of solvent, three samples
were obtained: 11.4026,3.74 g26:58:166:7:11,10.12 g 11 (a,
b and c in Fig. 4). This corresponds to a 93% reaction yield and a
92% separation of AB,4 (6). The total amount of solvent used was
17 L. Using the measured flow rate of 80 mL min~', the amount of
solvent required to run the same column in the traditional manner
is estimated to be in excess of 590 L. Thus, the requisite volume
of solvent has been significantly reduced, by a factor of around
35. Not only does this signify a considerable reduction in cost,
but it also represents a substantial lessening of the environmental
impact of the process. Furthermore, as our solvent system is an
azeotropic mixture, it has the same composition after distillation
and can be collected from the rotary evaporator after product
isolation to be reused in subsequent separations. This idea is
currently being employed as we continue our scale-up synthesis of
spongistatin 1 (1).

Conclusion

Our route to spongistatin 1 (1) exploits the high level of C,
pseudosymmetry present in the ABCD fragment 2, and relies
on the ability to separate the AB,, fragment 6 from the CD
fragments 7 and 11. We have developed a novel system which
is cost-effective and uses a very simple apparatus to continu-
ously recycle the azeotropic solvent mixture. The method allows
for a dramatic reduction in the amount of solvent required,
uses no expensive equipment and is easy to construct and
operate.

We suggest that this little-used technique could have a much
broader application in organic synthesis programmes in the
future.
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The readily available and inexpensive new chiral oxazolidine 2a in combination with Ti(O'Pr), was
found to catalyze the reaction of an alkynylzinc reagent with various types of aldehydes to generate
chiral propargylic alcohols with high enantioselectivities (up to 95%) and excellent yields (up to 98%).

Introduction

The asymmetric alkynylzinc addition to aldehydes can simul-
taneously form a new C-C bond and a stereogenic centre in
one step, which has become the preferred way of synthesizing
useful chiral propargylic alcohols.! In recent years, the catalytic
enantioselective addition of terminal alkynes to aldehydes has
generated great amount of interest, and some impressive results
have been obtained since the leading example reported by Corey.”

Among the catalysts developed, those based on ephedrine
or 1,1’-bi-2-naphthol are the outstanding representatives.® Since
axially chiral symmetric ligands have proved to be exceptionally
versatile and effective in many asymmetrically catalytic processes,*
development of such catalysts for asymmetric alkynylation addi-
tions is meaningful.

Recently, Du has developed the complex of a C;-symmetric
tris(B-hydroxyamide) ligand (A, Fig. 1) and Ti(O’Pr), for asym-
metric alkynylation, and moderate to excellent enantioselectivities
(up to 92% ee) have been obtained.” Under the same conditions,

Ph
Ph, NH c)HO]J\Ph Bn EEt
OHO N~ ph O2SNH OH
H
HN” 0 O,SNH OH
> éEt
PR Y OH Bn Et
Ph
A B

Fig. 1 Previously reported chiral axial symmetric ligands.>”

Key Laboratory of Organic Synthesis of Jiangsu Province, College of Chem-
istry and Chemical Engineering, Suzhou (Soochow) University, Suzhou,
215123, China. E-mail: jemao@suda.edu.cn

1 Electronic supplementary information (ESI) available: '"H NMR, “C
NMR and IR spectra of ligands and products; HPLC data; expanded
version of Table 1; crystal structure data in CIF format (CCDC reference
number 667689. See DOI: 10.1039/b719624¢

the ligand A afforded higher chemical selectivity and enantios-
electivity than the corresponding C,- or C,-symmetric ligands.
Wang and co-workers also reported that the C,-symmetric bis-
sulfonamide ligand B catalyzed the asymmetric alkynylation of
aldehydes and ketones to give chiral products with high ee values.®
In addition, C,-symmetric bisoxazolidine ligand C has been used
for highly enantioselective addition of alkynes to aldehydes, while
oxazolidine ligand D afforded the corresponding product with
only 17% ee.’

However, it is a dilemma that C, or C;-symmetric ligands
definitely have higher synthetic cost and are more difficult to
synthesize than C,-symmetric ligands. Therefore, the development
of easily accessible and operationally simple ligands is still a
challenge. In the long run, we are interested in ligands which
are easily prepared by a short pathway from readily available
starting materials, and their applications in asymmetric transition
processes.®

With the current interest in oxazolidine catalysts, we have
designed and synthesized chiral ligands derived from (1R,2S)-
cis-1-amino-2-indanol (1).° However, poor results were obtained
during their application to asymmetric alkynylzinc additions to
benzaldehyde.

In contrast to the traditional oxazolidine or bisoxazolidine
catalysts, which did not require Ti(O'Pr),, addition of Ti(O'Pr),
to the reaction unexpectedly provided a highly effective catalytic
system. In this paper, we report an example of highly enantios-
elective addition of terminal alkynes to aldehydes using a very
simple oxazolidine-titanium complex catalyst with high yields and
excellent enantioselectivities.

Results and discussion

Initially, ligand 2a was synthesized from 1, a readily available
chiral source (see the Experimental section). When 2a was used as
the ligand to catalyze the asymmetric addition of phenylacetylene
to benzaldehyde, only (S)-product with 21% ee was obtained."
To our surprise, the addition of an equivalent of Ti(O’Pr), not
only resulted in reversal of the configuration of the product, but
also enhanced ee values greatly. Thus this ligand, traditionally
believed to be rather poor, became an excellent catalyst (Fig. 2).
The reaction used THF as the solvent, with a reagent ratio of
phenylacetylene-Et,Zn-benzaldehyde-ligand-Ti(O'Pr), = 1: 1 :
0.5:0.1:0.2, and was conducted under argon at room temperature.
We also synthesized three similar ligands (2b-2d), all of which
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85% ee, (R)-product 87% ee, (R)-product

2c 2d
85% ee, (R)-product 73% ee, (R)-product

Fig.2 The chiral ligands evaluated in this paper, and the results of using
them in the asymmetric addition of phenylacetylene to benzaldehyde.

afforded good enantioselectivities in the presence of Ti(O'Pr),, as
can be seen from Fig. 3.

ee (%)

80| 2 , THF

Toluene
12 3 4 5 6 7 8
Ti(O'Pr) fligand

404

Fig. 3 The relationship between ee values and the Ti(O'Pr),~ligand
ratio when different solvents were used in the asymmetric addition of
phenylacetylene to benzaldehyde.

Since similar results were obtained for all ligands (2a-2d), ligand
2a was chosen as the model ligand for further investigations due

to its inexpensiveness. The effects of the reaction conditions such
as the choice of solvent and the Ti(O’Pr),—2a ratio were also
investigated. As can be seen from Fig. 3, the Ti(O'Pr),—2a ratio was
important in determining the enantioselectivities of the products;
in addition, the optimal Ti(O'Pr),~ligand ratios varied between
solvents. The best result (85% ee) was obtained when the Ti(O'Pr),—
ligand ratio was 2 : 1 with THF as solvent.

Other reaction conditions employing ligand 2a were then
explored, and are summarized in Table 1. Enhancement of the
amounts of Et,Zn and phenylacetylene had no effect on the
enantioselectivity (entries 1-4). Increasing the amount of 2a gave
enhanced ee (entries 5-9), but further increasing the ligand amount
from 20 to 30 mol% did not lead to a dramatic increase in ee. Thus,
20 mol% was chosen as the optimal loading of ligand. Reducing the
reaction temperature gave enhanced enantioselectivity (entries 10
and 11). Replacement of Et,Zn with Me,Zn at room temperature
boosted the enantioselectivity to 90% ee (entries 12 and 13). At this
time, reducing the reaction temperature from room temperature
to 0 °C gave the best enantioselectivity (at the expense of chemical
yield) of the product (entry 14).

Under the optimized conditions of entry 12 in Table 1, the
reactions of phenylacetylene with a variety of aldehydes catalyzed
by 2a-Ti(O'Pr), were investigated. As shown by the results
summarized in Table 2, high enantioselectivities (ranging from
90-95% ee) were achieved for the addition of phenylacetylene to
aromatic aldehydes. Substituents of aromatic aldehydes containing
electron-donating or electron-withdrawing groups at the ortho,
meta, or para positions have little effect on the enantioselectivity.
Good enantioselectivity (77%) was also obtained with an aliphatic
aldehyde (entry 11).

Good results can also be obtained for this asymmetric addition
reaction with other acetylenes. For example, 83% ee was obtained
for the addition of 4-phenyl-1-butyne to 2-naphthaldehyde, while
88% ee was obtained when trimethylsilylacetylene was used as the
substrate (Fig. 4).

Table 1 Asymmetric addition of phenylacetylene to benzaldehyde with 2a as ligand*

OH
CHO ) H [ 2a/Ti(0'Pr),, O T
R,Zn, THF O

Entry Cat. (%) T/°C PhC=CH (equiv.) R,Zn (equiv.) ee (%)°

1 20 rt 1.4 Et,Zn (1.4) 85

2 20 rt 2.0 Et,Zn (2.0) 86

3 20 rt 3.0 Et,Zn (3.0) 86

4 20 rt 4.0 Et,Zn (4.0) 87

5 5 rt 2.0 Et,Zn (2.0) 66

6 10 rt 2.0 Et,Zn (2.0) 81

7 15 rt 2.0 Et,Zn (2.0) 83

8 25 rt 2.0 Et,Zn (2.0) 85

9 30 rt 2.0 Et,Zn (2.0) 87
10 20 0 2.0 Et,Zn (2.0) 89
11 20 -25 2.0 Et,Zn (2.0) 90
12 20 rt 2.0 Me,Zn (2.0) 90
13 30 it 2.0 Me,Zn (2.0) 90
14¢ 20 0 2.0 Me,Zn (2.0) 93

@ All the reactions were processed in THF under argon at room temperature. Ti(O'Pr), was freshly distilled. Ligand 2a-Ti(O'Pr),~benzaldehyde = 1 :
2 : 5. GC indicated the complete conversion of benzaldehyde after the reaction time of 20 h. * The enantiomeric excess was determined by chiral HPLC
analysis of the corresponding products on a Chiralcel OD-H column. ¢ The yield of the product was 46%.
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Table 2 Enantioselective alkynylation of various aldehydes with pheny-
lacetylene using ligand 2a“

Entry Aldehyde Yield (%)° ee (%0)°
1 Benzaldehyde 98 90
2 2-Anisaldehyde 91 92
3 4-Anisaldehyde 91 95
4 4-Tolualdehyde 87 90
5 2-Chloroaldehyde 96 93
6 3-Chloroaldehyde 97 91
7 o-Naphthaldehyde 96 90
8 B-Naphthaldehyde 97 93
9 2,3-Dimethoxybenzaldehyde 91 90

10 2-Furaldehyde 91 90

11 Hydrocinnamaldehyde 81 77

“ All the reactions were carried out under argon at room temperature for
20 h. Phenylacetylene-Et,Zn-aldehyde—2a-Ti(O'Pr),=2:2:0.5:0.1:0.2.
® Isolated yield. ¢ The enantiomeric excess was determined by chiral HPLC
analysis of the corresponding products on a Chiralcel OD-H column.

o OH

\ T
A
9 S
SiMe3
67% yield, 83% ee

53% vyield, 88% ee

Fig. 4 Products of the reactions of 4-phenyl-1-butyne and trimethylsily-
lacetylene with 2-naphthaldehyde.

Conclusions

In conclusion, we have developed a very simple catalyst system
for the highly enantioselective synthesis of propargylic alcohols
by alkynylzinc addition to various aldehydes. The study has
shown that a combination of 2a with Ti(O'Pr), generated a highly
enantioselective and chemically active catalyst that could afford
products with up to 95% ee and 98% yield. The application of
this catalyst system to other asymmetric catalytic reactions is in
progress.

Experimental
General methods

All manipulations were carried out under an argon atmosphere in
dried and degassed solvents. All solvents were dried and degassed
by the standard methods; all aldehydes, as well as dimethylzinc
and diethylzinc, were commercially available. Melting points
were determined using a standard melting point apparatus and
are uncorrected. The reactions were monitored by thin layer
chromatography (TLC). NMR spectra were measured in CDCI;,
on a Varian-Inova-400 NMR spectrometer (400 MHz) with TMS
as an internal reference. Optical rotations were measured with a
HORIBA SEPA-200 high sensitivity polarimeter. Enantiomeric
excess (ee) determination was carried out using a chiral OD-H
column: solvent, hexane—isopropanol; flow rate, 1 cm® min~'; UV
detection, 254 nm. High resolution mass spectra (HRMS) were
performed using EI.

General procedure for the synthesis of chiral ligands 2a—2d (Fig. 5)

A solution of (1R,2S)-cis-1-amino-2-indanol (1) (10 mmol) and
the corresponding aldehyde (10 mmol) in DCM (20 mL) was
stirred at room temperature for 24 h. After evaporation of
the solvent, the residue was purified by recrystallization from

isopropanol-petroleum ether (1 : 6).
O

DCM
CHO
Clon s o,

1

N
oo
o]
2a
Fig. 5 Synthesis of chiral ligand 2a.

Ligand 2a. Mp 69-70 °C; [a]5 = +82.8 (¢ 1.02, abs. EtOH);
dr=1: 5 (determined by "H NMR); '"H NMR (400 MHz, CDCl;)
0 8.58-7.07 (m, 9H), 5.12-5.07 (m, 2H), 4.81 (d, J = 4.4 Hz, 1H),
3.24-3.17 (m, 2H), 2.53 (s, 1H); *C NMR (100 MHz, CDCl;) ¢
142.8, 141.3, 136.6, 133.7, 130.3, 130.0, 129.2, 129.0, 128.0, 127.8,
127.6,127.4,126.3, 126.1, 125.9, 125.3,90.7, 89.8, 81.2, 80.6, 69.5,
39.8, 38.7; IR (cm™"): 3280, 1026, 895, 756; HRMS (ET*) calc. for
[Ci¢HsNO]J* requires m/z 237.1154, found 237.1165.

Single-crystal X-ray structure (Fig. 6). Careful evaporation of
a solution of 2a in isopropanol-petroleum ether (1 : 6) gave a
single crystal of 2a suitable for crystallographic analysis.T Selected
crystal structure data: C,;H,;sNO, monoclinic, space group C,, ¢
= 19.246(6) A, b = 5.8447(16) A, ¢ = 14.509(5) A, a = 90.00°,
B = 129.844(4)°, y = 90.00°, V = 1253.1(7) A3, Z = 4, peea =
1.258 gem™, T'=223(2) K.

Fig. 6 X-Ray crystal structure of ligand 2a.}

Ligand 2b. Mp 87-88 °C; [a]Z = +52.0 (¢ 1.00, abs. EtOH);
dr =1: 3 (determined by'H NMR); '"H NMR (400 MHz, CDCl;)
0 7.78-7.06 (m, 8H), 5.10-5.06 (m, 2H), 4.94 (m, 1H), 3.86-3.77
(m, 3H), 3.31-3.16 (m, 2H), 2.58 (s, 1H); “C NMR (100 MHz,
CDCLy) 0 162.3, 159.9, 142.6, 141.5, 141.5, 141.2, 130.8, 128.8,
128.7,128.5,128.2, 127.7, 127.5, 127.5, 127.4, 127.3, 126.7, 126.0,
125.7,125.7,125.3,124.9,124.5,114.2,113.8,93.4,91.5,80.8,79.9,
75.6,74.6,68.9, 55.4,40.0, 39.5, 38.5; IR (cm™"): 3272,2917, 1613,
1513, 1428, 1243, 1034, 756; HRMS (EI*) calc. for [C,;H;;NO,]*
requires m/z 267.1259, found 267.1248.

Ligand 2c. Mp 91-92 °C; [a]5 = +70.0 (¢ 1.00, abs. EtOH);
dr=1:5(determined by 'H NMR); '"H NMR (400 MHz, CDCl;)
d 7.63-7.09 (m, 8H), 5.45 (s, 1H), 5.38-5.12 (m, 1H), 4.95-4.94
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(m, 1H), 3.53-3.19 (m, 2H), 2.66 (s, 1H); *C NMR (100 MHz,
CDCly) 6 142.7, 141.7, 141.3, 136.5, 133.6, 130.2, 129.9, 129.2,
128.9, 128.0, 127.8, 127.6, 127.4, 126.2, 126.0, 125.8, 125.3, 90.7,
89.8,81.2,80.6,69.5,39.8, 38.7; IR (cm™"): 3319, 2948, 1436, 1027,
749; HRMS (EI") calc. for [C,sH,NOCI]* requires m/z 267.1259,
found 267.1248.

Ligand 2d. Mp 129-130°C; [a]y = +46.7 (c 0.42, abs. EtOH);
dr =1:4 (determined by '"H NMR); 'H NMR (400 MHz, CDCl;)
0 8.74-7.10 (m, 11H), 5.29 (s, 1H), 5.13 (d, J/ = 5.2 Hz, 1H), 4.98
(s, 1H), 3.37-3.20 (m, 2H), 2.70 (s, 1H); *C NMR (100 MHz,
CDCl,) 0 142.6, 141.2, 136.2, 133.5, 133.2, 131.1, 129.0, 128.9,
128.9, 128.8, 128.8, 128.7, 128.6, 128.4, 128.3, 128.3, 128.1, 127.8,
127.7,127.4,126.8, 126.4, 126.3, 126.1, 125.8, 125.5, 125.0, 124.5,
123.8,93.7,91.9, 81.6, 80.2, 74.8, 69.0, 39.6, 38.6; IR (cm™'): 3442,
1651, 1250, 1189, 756; HRMS (ETI*) calc. for [C, H,;NO]* requires
m/z 287.1310, found 287.1304.

General procedure for the addition of phenylacetylene to aldehydes

All manipulations were carried out under an argon atmosphere
using dried and degassed solvent. The ligand 2a (23.8 mg, 0.1
mmol) and Ti(O'Pr), (60 pl, 0.2 mmol) were mixed in dry THF
(2.0 ml) at room temperature. Then, a solution of Me,Zn (1.2 M
in toluene, 0.84 ml) was added. After the mixture was stirred at
room temperature for 1.5 h, phenylacetylene (109 pl, 1.0 mmol)
was added and the stirring continued for another 1.5 h. The yellow
solution was cooled to 0 °C and treated with benzaldehyde (50 pl,
0.5 mmol), and then the resultant mixture was allowed to warm
up to room temperature naturally and stirred for 20 h. After the
reaction was complete, it was cooled to 0 °C again and quenched
by 5% aqueous HCI (2 ml). The mixture was extracted with ethyl
acetate (2 x 10 ml). The organic layer was dried over Na,SO, and
concentrated under vacuum. The residue was purified by flash
column chromatography (silica gel, EtOAc—petroleum ether = 1 :
6) to give the pure product.

1,3-Diphenylprop-2-yn-1-0l. 98% yield. 90% ee determined by
HPLC analysis (Chiralcel OD-H column, isopropanol-hexane =
20 : 80). Retention time: tyyjor = 7.63, fminer = 11.69. '"H NMR
(400 MHz, CDCl;) 0 7.62 (d, J = 7.2 Hz, 2H), 7.48-7.25 (m, 8H),
5.69 (s, 1H), 2.36 (s, 1H); *C NMR (100 MHz, CDCl;) ¢ 141.1,
132.2,129.2,129.1, 128.9, 128.8, 127.2, 122.9, 89.1, 87.2, 65.6.

1-(2-Methoxyphenyl)-3-phenylprop-2-yn-1-ol.  91% yield. 92%
ee determined by HPLC analysis (Chiralcel OD-H column,
isopropanol-hexane = 20 : 80). Retention time: #,,,jor = 8.05, fyinor =
9.11. "HNMR (400 MHz, CDCl;) 6 7.64 (d, J/ = 8.0 Hz, |H), 7.46
(t, J = 7.2 Hz, 2H), 7.36-7.28 (m, 4H), 6.98 (t, J = 7.6 Hz, 1H),
6.88 (d, J = 8.4 Hz, 1H), 5.93 (s, 1H), 3.85 (s, 3H), 3.27 (s, 1H);
"C NMR (100 MHz, CDCl;) 6 157.2, 132.1, 130.0, 129.1, 128.7,
128.6, 128.3, 123.1, 121.2, 111.3, 88.8, 86.3, 61.8, 55.9.

1-(4-Methoxyphenyl)-3-phenylprop-2-yn-1-ol.  91% yield. 95%
ee determined by HPLC analysis (Chiralcel OD-H column,
isopropanol-hexane = 20 : 80). Retention time: #,jor = 7.20, fyinor =
11.83. "TH NMR (400 MHz, CDCl,) (6, ppm): 7.55 (d, J = 8.4 Hz,
2H), 7.49-7.48 (m, 2H), 7.33-7.27 (m, 3H), 6.93 (d, / = 8.4 Hz,
2H), 5.65 (d, J = 6.0 Hz, 1H), 3.83 (s, 3H), 2.24 (d, J = 6.0 Hz,
1H); *C NMR (100 MHz, CDCl,) § 160.1, 133.4, 132.2, 129.0,
128.7, 128.6, 122.9, 114.4, 89.4, 86.8, 65.1, 55.7.

1-(4-Methylphenyl)-3-phenylprop-2-yn-1-ol. 87% yield. 90%
ee determined by HPLC analysis (Chiralcel OD-H column,
isopropanol-hexane = 10: 90). Retention time: #,,jor = 8.38, fiminor =
16.31. "H NMR (400 MHz, CDCl;) ¢ 7.50 (d, J = 8.0 Hz, 2H),
7.47 (t, J = 7.2 Hz, 2H), 7.32-7.21 (m, 5H), 5.65 (d, J = 6.4 Hz,
1H), 2.37 (s, 3H), 2.24 (d, J = 6.4 Hz, 1H); *C NMR (100 MHz,
CDCl;) 6 138.7, 138.2, 132.2, 130.0, 129.0, 128.7, 127.2, 122.9,
89.4,86.9, 65.4.

1-(2-Chlorophenyl)-3-phenylprop-2-yn-1-ol. 96% yield. 93%
ee determined by HPLC analysis (Chiralcel OD-H column,
isopropanol-hexane = 10 : 90). Retention time: #,,jor = 8.25, fiinor =
9.51."HNMR (400 MHz, CDCl;)¢ 7.84 (d, J = 7.6 Hz, 1H), 7.47
(t, J = 7.6 Hz, 2H), 7.42-7.28 (m, 6H), 6.05 (d, J = 4.8 Hz, 1H),
2.36 (d, J = 4.8 Hz, 1H); "C NMR (100 MHz, CDCl;) 6 138.4,
133.3, 132.2, 130.2, 129.1, 128.9, 128.8, 127.7, 122.7, 88.1, 87.1,
62.8.

1-(3-Chlorophenyl)-3-phenylprop-2-yn-1-ol. 97% yield. 91%
ee determined by HPLC analysis (Chiralcel OD-H column,
isopropanol-hexane = 15: 85). Retention time: #,,4jor = 6.61, t1inor =
16.90. '"H NMR (400 MHz, CDCl;) ¢ 7.62 (s, 1H), 7.48 (t, J =
7.6 Hz, 3H), 7.34-7.27 (m, 5H), 5.67 (d, J = 5.6 Hz, 1H), 2.36
(d, J =5.6 Hz, IH); *C NMR (100 MHz, CDCl;) ¢ 143.0, 135.0,
132.3, 130.4, 129.3, 129.0, 128.8, 127.4, 125.3, 122.5, 88.5, 87.5,
64.9.

1-(2-Naphthyl)-3-phenylprop-2-yn-1-ol. 97% yield. 93% ee
determined by HPLC analysis (Chiralcel OD-H column,
isopropanol-hexane = 20 : 80). Retention time: #,jor = 7.72, tiinor =
18.35. '"H NMR (400 MHz, CDCl;) ¢ 8.06 (s, 1H), 7.91-
7.85 (m, 3H), 7.73 (d, J = 8.4 Hz, 1H), 7.51-7.33 (m, 7H),
5.87 (d, J = 6.0 Hz, 1H), 2.40 (d, J = 6.0 Hz, 1H); *C NMR
(100 MHz, CDCl;)0 138.4,133.7,132.3,129.1, 128.8, 128.7, 128.2,
126.8, 126.0, 125.1, 122.8, 89.2, 87.4, 65.7.

1-(1-Naphthyl)-3-phenylprop-2-yn-1-ol. 96% yield. 91% ee de-
termined by HPLC analysis (Chiralcel OD-H column, iso-
propanol-hexane = 15 : 85). Retention time: i = 9.87, fyinor =
17.45. '"H NMR (400 MHz, CDCl;) ¢ 8.38 (d, J = 8.4 Hz, 1H),
7.94-7.86 (m, 3H), 7.61-7.48 (m, 5H), 7.47-7.32 (m, 3H), 6.36 (d,
J =44Hz, 1H), 2.43 (d, J/ = 5.2 Hz, 1H); *C NMR (100 MHz,
CDCL) 0 136.1, 134.5, 132.3, 131.1, 129.9, 129.2, 129.1, 128.8,
127.0, 126.4, 125.7, 125.2, 124.4, 122.9, 89.0, 87.8, 63.9.

1-(2,3-Dimethoxyphenyl)-3-phenylprop-2-yn-1-ol. 91% yield.
90% ee determined by HPLC analysis (Chiralcel OD-H column,
isopropanol-hexane = 20 : 80). Retention time: f,,, = 8.30,
tminor = 9.92. "H NMR (400 MHz, CDCl;) ¢ 7.46-7.44 (m, 2H),
7.31-7.29 (m, 3H), 7.17 (d, J = 8.0 Hz, 1H), 7.09 (t, J/ = 8.0 Hz,
1H), 6.92 (d, J = 8.4 Hz, 1H), 5.80 (s, 1H), 3.91 (s, 3H), 3.89 (s,
3H), 3.26 (s, 1H); *C NMR (100 MHz, CDCl;) ¢ 153.2, 147.1,
135.2, 132.1, 128.9, 128.7, 124.8, 123.1, 120.1, 113.3, 89.8, 86.2,
62.5, 61.6, 56.3.

1-(Furan-2-yl)-3-phenylprop-2-yn-1-ol. 91% yield. 90% ee de-
termined by HPLC analysis (Chiralcel OD-H column, iso-
propanol-hexane = 20 : 80). Retention time: i = 5.85, fyiner =
8.55. "H NMR (400 MHz, CDCl;) ¢ 7.50-7.45 (m, 3H), 7.34-
7.33 (m, 3H), 6.53 (d, J = 2.8 Hz, 1H), 6.39 (s, IH), 5.69 (d, J =
6.8 Hz, 1H),2.44(d, J = 6.8 Hz, IH); "C NMR (100 MHz, CDCl;)
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0 153.3,143.5,132.2, 129.2, 128.7, 122.5, 110.9, 108.3, 86.6, 86.1,
59.0.

1,5-Diphenylpent-1-yn-3-ol. 81% yield. 77% ee determined by
HPLC analysis (Chiralcel OD-H column, isopropanol-hexane =
20 : 80). Retention time: fy0r = 6.34, foinor = 9.40. '"H NMR
(400 MHz, CDCl;) 0 7.44 (t, J = 7.2 Hz, 2H), 7.33-7.19 (m, 8H),
4.60 (q, J = 5.6 Hz, 1H), 2.87 (t, J = 8.0 Hz, 2H), 2.15(q, J =
3.6Hz,2H), 1.95(d, J = 5.6 Hz, 1H); *C NMR (100 MHz, CDCl;)
0 141.7, 132.1, 128.9, 128.8, 128.7, 126.4, 123.0, 90.3, 85.7, 62.6,
39.7,31.9.

1-(Naphthalen-6-yl)-5-phenylpent-2-yn-1-0l. 67% yield. 83%
ee determined by HPLC analysis (Chiralcel OD-H column, iso-
propanol-hexane = 20 : 80). Retention time: £, = 9.67, fminor =
17.74. '"H NMR (400 MHz, CDCl;) ¢ 7.86 (s, 1H), 7.79 (d, J =
6.4Hz, 3H), 7.55(d, J = 8.4 Hz, 1H), 7.47-7.45 (m, 2H), 7.25-7.18
(m, 5H), 5.54 (s, 1H), 2.84 (t, / = 7.2 Hz, 2H), 2.56 (t, / = 7.2 Hz,
2H), 2.46 (s, 1H); *C NMR (100 MHz, CDCl;) ¢ 140.9, 138.7,
133.5,133.4,129.1, 129.0, 128.9, 128.8, 128.6, 128.1, 126.8, 126.6,
125.7,125.1, 87.4, 81.1, 65.2, 35.2, 21.4.

3-(Trimethylsilyl)-1-(naphthalen-6-yl)prop-2-yn-1-ol.  53%

yield. 88% ee determined by HPLC analysis (Chiralcel AD-H
column, isopropanol-hexane = 15 : 85). Rentention time: #,,o =
4.65, tnjor = 5.91. "H NMR (400 MHz, CDCl;) 6 7.96 (s, 1H),
7.88-7.84 (m, 3H), 7.54 (d, J/ = 8.4 Hz, 1H), 7.50 (dd, J = 6.4 Hz,
J = 3.2 Hz, 2H), 5.62 (d, J = 5.2 Hz, 1H), 2.46 (d, J/ = 5.2 Hz,
1H), 0.23 (s, 9H); *C NMR (100 MHz, CDCl;) ¢ 139.0, 138.6,
133.5, 129.0, 128.7, 128.1, 126.8, 126.7, 126.0, 125.1, 105.3, 92.3,
65.6,0.31.
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The reactivity of 4-aryl-1-(2-chloroethyl)azetidin-2-ones and 4-aryl-1-(3-bromopropyl)azetidin-2-ones
with regard to lithium aluminium hydride has been evaluated for the first time.

4-Aryl-1-(2-chloroethyl)azetidin-2-ones were transformed into novel

1-(1-aryl-3-hydroxypropyl)aziridines through an unprecedented conversion of B-lactams into
2,3-unsubstituted aziridine derivatives. Unexpectedly, 4-aryl-1-(3-bromopropyl)azetidin-2-ones
underwent dehalogenation towards 3-aryl-3-(N-propylamino)propan-1-ols upon treatment with
LiAlIH,. 1-(1-Aryl-3-hydroxypropyl)aziridines were further elaborated by means of ring opening

reactions using benzyl bromide in acetonitrile towards

3-aryl-3-[N-benzyl-N-(2-bromoethyl)amino]|propan-1-ols and using aluminium(iir) chloride in diethyl

ether, affording 3-aryl-3-[ N-(2-chloroethyl)amino]propan-1-ols.

Introduction

Besides their biological relevance as potential antibiotics, azetidin-
2-ones have acquired a prominent place in organic chemistry as
synthons for further elaboration, which led to the introduction
of the term “B-lactam synthon method” in 1997.! Since then, the
constrained azetidin-2-one ring has been employed successfully in
a large variety of different synthetic methodologies towards all
kinds of nitrogen-containing target compounds.? One of these
useful transformations involves the ring transformation of B-
lactams into C-substituted aziridine derivatives, which are in their
turn interesting synthetic intermediates for further syntheses.®
Despite the synthetic and biological relevance of 2,3-unsubstituted
l-alkylaziridines,* no convenient transformations of B-lactams
into this type of aziridine derivatives are available in the literature
as an alternative for the use of the parent aziridine via N-alkylation.
The need for alternative methods is justified by the severe acute
toxicity, explosion hazard, decomposition during storage and
instability towards violent polymerization of aziridine itself.* In a
recent study, an elegant synthesis of 1-(2-hydroxyethyl)aziridines
has been described involving ring opening of epoxides by in
situ generated aziridine.® In the present report, a convenient and
straightforward approach towards 1-(3-hydroxypropyl)aziridines
is disclosed through conversion of 1-(2-chloroethyl)azetidin-2-
ones upon treatment with lithium aluminium hydride. Further-
more, also the reactivity of 1-(3-bromopropyl)-B-lactams towards
LiAlH, was evaluated for the synthesis of the correspond-
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ing azetidines, resulting in the unexpected formation of 3-(N-
propylamino)propan-1-ols instead.

The chemistry of N-(w-haloalkyl)azetidin-2-ones comprises an
unexplored field of research, although the combination of the
reactive B-lactam ring and the halogenated carbon atom allows
the design of a variety of transformations towards relevant target
compounds. To date, only two approaches involving the use of
N-(w-haloalkyl)-B-lactams are available, the first describing the
transformation of 1-(w-haloalkyl)-4-phenylazetidin-2-ones into
7-phenyl-1,4-diazepan-5-ones’” and the second dealing with the
synthesis of 1-(2- and 3-haloalkyl)azetidin-2-ones as precursors
for novel piperazine-, morpholine-, and 1,4-diazepane-annulated
B-lactams.?®

Results and discussion

N-(2-Chloroethyl)imines 2a—e (n = 1), N-(3-bromopropyl)imines
2f—j (n = 2) and N-(3-chloropropyl)imine 2k (n = 2) were prepared
in good yields via imination of different benzaldehydes 1 in
dichloromethane in the presence of MgSO, and Et;N utilizing
1 equivalent of the appropriate amine hydrohalide salt (Scheme 1,
Table 1). Subsequently, the obtained imines 2 were used as
substrates for a Staudinger reaction upon treatment with 1.1
equivalents of phenoxy-, methoxy- or benzyloxyacetyl chloride in
the presence of triethylamine in dichloromethane, affording the
corresponding novel 1-(2-chloroethyl)azetidin-2-ones 3a—e and
3L, m (n = 1), 1-(3-bromopropyl)azetidin-2-ones 3f—j (n = 2) and
1-(3-chloropropyl)azetidin-2-one 3k (n = 2) after 15 hours at room
temperature (Scheme 1, Table 1). The relative stereochemistry of
B-lactams 3 was assigned as cis based on the coupling constants
between the protons at C3 and C4 in 'H NMR (4.4-4.7 Hz, CDCl,)
in accordance with literature data.’

In the next stage, 1-(2-chloroethyl)azetidin-2-ones 3a—e,l-m
were transformed into novel 1-(1-aryl-3-hydroxypropyl)aziridines
4a—g upon treatment with 2 equivalents of lithium aluminium
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Table 1 Synthesis of N-(w-haloalkyl)imines 2a—k and Staudinger reac-
tion thereof towards N-(w-haloalkyl)-B-lactams 3a—m

Imines 2 B-Lactams 3

Entry R' X n (yield) R? (yield)

1 H Cl 1 2a (90%) Ph 3a (75%)
2 4-Cl Cl 1 2b (89%) Ph 3b (70%)
3 4-Me Cl 1 2¢ (91%) Ph 3¢ (63%)
4 4-OMe Cl 1 2d (95%) Ph 3d (67%)
5 3-OMe Cl 1 2e (90%) Ph 3e (82%)
6 H Br 2 2f (78%) Ph 3f (83%)
7 4-Cl Br 2 2g (71%) Ph 3g (89%)
8 4-Me Br 2 2h (73%) Ph 3h (93%)
9 4-OMe Br 2 2i (77%) Ph 3i (81%)
10 3-OMe Br 2 2j (83%) Ph 3§ (74%)
11 H Cl 2 2Kk (83%) Ph 3k (91%)
12 H Cl 1 2a (90%) Me 31 (93%)
13 H Cl 1 2a (90%) Bn 3m (88%)

hydride in refluxing diethyl ether for 2 hours (Scheme 2). This
reaction proceeds through reduction of the p-lactam moiety by
hydride towards an intermediate B-chloro lithio-amide 5, followed
by intramolecular displacement of the chlorine by the nucleophilic
nitrogen. In this way, 1-substituted aziridines 4 were obtained in
high yields and purity in an elegant and straightforward approach.

Remarkably, all four hydrogen atoms of aziridines 4 were
observed as separate signals in "H NMR and appeared as doublets
of doublets with characteristic aziridine chemical shifts (1.08—
2.03 ppm, CDCl;). Also in “C NMR, both aziridine carbon
atoms resonated at different d-values (26.0-26.3 ppm and 30.2-
30.4 ppm, CDCL). It is known in the literature that y-amino
alcohols are characterized by an intramolecular hydrogen bonding
between the hydroxyl group and the basic nitrogen atom, resulting
in a chair-like conformation.’® In order to evaluate the effect
of this intramolecular hydrogen bonding, a Williamson ether
synthesis was performed by treatment of aziridine alcohol 4b

with 1.5 equivalents of sodium hydride followed by the addition
of 1.1 equivalents of iodomethane in THF, affording methyl
ether 6 in 88% yield after reflux for 3 hours (Scheme 2). NMR
analysis of the latter compound 6 revealed that the hydrogen
bonding in aziridines 4 cannot be responsible for the observed
difference in chemical shift values in NMR for the aziridine
carbon and hydrogen atoms, as the same observations were
made for this aziridine 6. These findings are in accordance
with analogous results reported for 1-(2-hydroxyethyl)aziridines
and the corresponding TMS ethers, as in both cases the four
aziridine proton atoms also exhibited separate signals for each
proton in 'H NMR.® In the literature, non-activated 1-(3-
hydroxypropyl)aziridines have been reported only sporadically,
e.g. for the synthesis of 1,3-disubstituted propanones" and 2-
amino-4-aryl-3-(1-aziridinylmethyl)quinolines,”* and thus com-
prise an interesting class of substrates for further elaboration.
Attempts were made to induce intramolecular ring opening of
the aziridine ring—activated in situ by a Lewis acid (BF;-Et,0,
BF;-THF, Me;Al)—by the nucleophilic hydroxyl group. However,
all these attempts were unsuccessful, resulting in either recovery
of the starting material or the formation of complex reaction
mixtures.

Aziridines are generally recognized as versatile synthetic inter-
mediates in organic chemistry due to their intrinsic reactivity
and their usefulness in the synthesis of nitrogen-containing
bioactive compounds.”® A characteristic feature of the aziridine
ring comprises its reactivity towards a variety of reagents, as this
ring system is susceptible to ring cleavage because of the favourable
release of strain energy involved. A very useful application of
aziridine ring opening reactions comprises the synthesis of f-
halo amines, an extensive class of reactive organic compounds
with plentiful applications as synthons in organic chemistry'
and as anticancer agents (nitrogen mustards) in medicinal
chemistry.!*6
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In order to demonstrate the synthetic potential of non-activated
aziridines 4, and to prove their presence, two different types of
ring opening reactions were evaluated towards the synthesis of
functionalized B-halo amines. The first approach involved the
ring opening of aziridines 4 upon treatment with 1 equivalent
of benzyl bromide in acetonitrile, affording B-bromo amines
7 in excellent yields after heating under reflux for 24 hours
(Scheme 3). In this transformation, benzyl bromide is responsible
for both the activation of the aziridine ring towards an aziridinium
intermediate and for the delivery of the nucleophilic bromide
anion which induces ring opening of the aziridinium ion. This
methodology was applied previously for the ring opening of 1-
(arylmethyl)aziridines upon reflux for 5 hours.”” The presence of
an o-branched 1-arylmethyl group in aziridines 4 can account for
the longer reaction times (24 hours) due to steric hindrance, as
the starting material was recovered when shorter reaction times
were used. For aziridine 4d (R' = 4-OMe), only complex reac-
tions mixtures were obtained, even upon shorter reaction times
(5 hours).

An alternative approach comprised the reactivity of aziridines 4
with regard to the Lewis acid aluminium(iir) chloride. Treatment
of aziridines 4 with 1 equivalent of AlCl; in refluxing diethyl ether
for 4 hours afforded the corresponding B-chloro amines 8 in good
yields after purification by column chromatography on silica gel
(Scheme 3). The use of aluminium(1ir) chloride offers a new and
easy approach towards the synthesis of secondary B-chloro amines
through ring opening of non-activated aziridines, as there are no
systematic studies available with regard to this methodology.'®

Based on the reactivity of 1-(2-chloroethyl)azetidin-2-ones 3a—
e, the same reductive ring opening and consecutive intramolecular
ring closure of 1-(3-bromopropyl)-p-lactams 3f—j was envisaged
towards the corresponding azetidine derivatives. Surprisingly,
treatment of 1-(3-bromopropyl)azetidin-2-ones 3f—j with lithium
aluminium hydride in diethyl ether did not afford the anticipated
1-substituted azetidine derivatives 10, but resulted in the formation
of y-amino alcohols 9a—e instead (Scheme 4). The presence of an
N-propyl group in the latter y-amino alcohols 9 was unexpected,
in contrast with the intramolecular substitution by the nitrogen
anion in lithium N-(2-chloroethyl)amides 5 towards the formation
of aziridines 4, and can be the result of nucleophilic displacement
of the bromine by hydride or, more likely, the result of a radical
protocol through SET (single electron transfer).” In order to
exclude a possible influence of the halogen atom (bromine versus
chlorine), the same method was applied starting from 1-(3-
chloropropyl)-3-phenoxy-4-phenylazetidin-2-one 3k, furnishing
N-propylamine 9a in 71% yield. Thus, the higher reactivity of
bromoalkanes as compared to chloroalkanes did not correspond
to the observed substitution by hydride.

In order to prove the formation of 3-aryl-2-phenoxy-3-(N-
propylamino)propan-1-ols 9, an independent synthesis was per-
formed. 1-Propylazetidin-2-one 11 was prepared in 83% over-
all yield via a standard procedure involving imination of 4-
chlorobenzaldehyde with propylamine in CH,Cl,, followed by
Staudinger reaction with phenoxyacetyl chloride in CH,Cl,
in the presence of Et;N. Reductive ring opening of B-lactam
11 by means of 2 equivalents of LiAlH, in refluxing diethyl
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ether afforded the expected 3-(4-chlorophenyl)-2-phenoxy-3-(N-
propylamino)propan-1-ol 9b in 76% yield (Scheme 5), which was
identical to the compound obtained from 1-(3-bromopropyl)-B-

lactam 3g.
Cl
o A, s
2 equiv LiAlHy
N HO
(o] Et,0,A,3h
\/\ 2 HN\/\
1 9b (76%)
Scheme 5

Conclusion

In summary, the reactivity of 1-(2-chloroethyl)- and 1-
(3-bromopropyl)azetidin-2-ones with regard to lithium alu-
minium hydride has been evaluated for the first time.
4-Aryl-1-(2-chloroethyl)azetidin-2-ones were transformed into
novel 1-(1-aryl-3-hydroxypropyl)aziridines, whereas 4-aryl-1-
(3-bromopropyl)azetidin-2-ones underwent ring opening and
dehalogenation towards 3-aryl-3-(N-propylamino)propan-1-ols.
This is the first report of a conversion of B-lactams into 2,3-
unsubstituted aziridine derivatives as an elegant alternative for the
use of the parent aziridine. 1-(1-Aryl-3-hydroxypropyl)aziridines
were further elaborated by means of ring opening reactions using
benzyl bromide or aluminium(1ir) chloride, affording novel 3-aryl-
3-[N-benzyl-N-(2-bromoethyl)amino]propan-1-ols and 3-aryl-3-
[N-(2-chloroethyl)amino]propan-1-ols, respectively.

Experimental

"H NMR spectra were recorded at 300 MHz (JEOL ECLIPSE+)
with CDCI, as solvent and tetramethylsilane as internal standard.
C NMR spectra were recorded at 75 MHz (JEOL ECLIPSE+)
with CDClI; as solvent. Mass spectra were obtained with a mass
spectrometer AGILENT 1100, 70 eV. IR spectra were measured
with a Spectrum One FT-IR spectrophotometer. Elemental anal-
yses were performed with a PerkinElmer Series Il CHNS/O An-
alyzer 2400. Dichloromethane was distilled over calcium hydride,
while diethyl ether was dried over sodium benzophenone ketyl.
Other solvents were used as received from the supplier.

Synthesis of (E)-/V-arylmethylidene-N-(®w-haloalkyl)amines 2

As a representative example, the synthesis of (F)-N-[(4-
methylphenyl)methylidene]-2-chloroethylamine 2¢ is described
here. To a solution of 2-chloroethylamine hydrochloride (50 mmol,
1 equiv) and magnesium sulfate (100 mmol, 2 equiv) in
dichloromethane (125 mL) was added 4-methylbenzaldehyde 1¢
(50 mmol, 1 equiv) and triethylamine (150 mmol, 3 equiv). The
resulting mixture was stirred for 1 hour at room temperature,
followed by filtration of MgSO, and evaporation of the solvent.
Diethyl ether (125 mL) was then added to the residue, and
the precipitated hydrochloride salt was removed by filtration
and washed with diethyl ether (2 x 30 mL). Evaporation
of the solvent afforded (E)-N-[(4-methylphenyl)methylidene]-2-

chloroethylamine 2¢ in high purity (> 90% based on '"H NMR),
which was used as such in the next step due to its instability.

(E)-N-(phenylmethylidene)-2-chloroethylamine 2a and (E)-N-
(phenylmethylidene)-3-halopropylamines 2f,k have been reported
previously in the literature.”

(E)-N-|(4-Chlorophenyl)methylidene]-2-chloroethylamine  2b.
Light-yellow oil. Yield 89%. 'H NMR (300 MHz, CDCL): ¢
3.79-3.83 and 3.87-3.92 (2 x 2H, 2 x m, NCH,CH,Cl); 7.35-7.39
and 7.64-7.69 (2 x 2H, 2 x m, CH,.n); 8.23 (1H, s, HC=N).
BC NMR (75 MHz, ref = CDCl;): 6 44.3 (CH,Cl); 62.6 (NCH,);
129.0 and 129.6 (4 x HC,.); 134.3 and 137.0 (2 x Cgyu); 162.2
(C=N). IR (NaCl, cm™): veoy = 1651; vy, = 2879, 2825, 1596,
1487, 1436, 1295, 1087, 1047, 843, 828, 656. MS (70 eV): m/z (%)
202/4/6 (M* + 1, 100).

(E)-N-|(4-Chlorophenyl)methylidene]-3-bromopropylamine 2g.
Light-yellow oil. Yield 71%. "H NMR (300 MHz, CDCl;): d 2.26
(2H, quint, J = 6.3 Hz, CH,CH,Br); 3.49 2H, t, J = 6.3 Hz,
CH,Br); 3.75 2H, t x d, J = 6.3, 1.4 Hz, NCH,); 7.36-7.41 and
7.64-7.70 (2 x 2H, 2 x m, CH,p); 8.30 (IH, s, HC=N). *C
NMR (75 MHz, ref = CDCl;): 6 31.7 and 33.3 (CH,CH,Br); 58.9
(NCH,); 129.0 and 129.4 (HC,,,m); 134.6 and 136.8 (2 x Cyu);
160.8 (C=N). IR (NaCl, cm™): veey = 1646; v, = 2844, 1596,
1489, 1276, 1250, 1088, 1014, 822. MS (70 eV): m/z (%) 260/2/4
M+ + 1, 100).

Synthesis of 4-aryl-1-(w-haloalkyl)azetidin-2-ones 3

As a representative example, the synthesis of cis-1-(2-chloroethyl)-
3-phenoxy-4-(4-methylphenyl)azetidin-2-one 3c is described here.

To an ice-cooled solution of (E)-N-[(4-methylphenyl)methyli-
dene]-2-chloroethylamine 2¢ (45.5 mmol, 1 equiv) and triethyl-
amine (136.6 mmol, 3 equiv) in dichloromethane (100 mL) was
added dropwise a solution of phenoxyacetyl chloride (50 mmol,
1.1 equiv) in CH,Cl, (30 mL). After stirring for 15 hours at room
temperature, the reaction mixture was poured into water (125
mL) and extracted with CH,Cl, (2 x 50 mL), and the combined
organic extracts were dried (MgSO,). Filtration of the drying
agent and removal of the solvent afforded cis-1-(2-chloroethyl)-3-
phenoxy-4-(4-methylphenyl)azetidin-2-one 3¢, which was purified
by recrystallization from absolute ethanol.

cis-1-(2-Chloroethyl)-3-phenoxy-4-phenylazetidin-2-one 3a.
Yellow crystals. Recrystallization from EtOH. Yield 75%. Mp.
137.4 °C. '"H NMR (300 MHz, CDCl;): 0 3.28 (1H, d x d x d,
J=14.6,7.1,5.1 Hz, (HCH)N); 3.54 (IH,d x d x d, J = 11.6,
6.4,5.1 Hz, (HCH)CI); 3.66 (1H,d x d x d, J =11.6,7.1, 5.0 Hz,
(HCH)CI); 391 (1H,d x d x d, J = 14.6, 6.4, 5.0 Hz, (HCH)N);
5.11 (1H, d, J = 4.4 Hz, NCH); 5.51 (1H, d, J = 4.4 Hz, OCH);
6.71-6.75, 6.85-6.91, 7.09-7.16 and 7.26-7.37 (2H, 1H, 2H and
5H, 4 x m, CH,,p). "C NMR (75 MHz, ref = CDCl;): J 41.5
(CH,CI); 42.2 (NCH,); 63.3 (NCH); 82.3 (OCH); 115.6 (2 x
O(HC)orno); 122.2 (O(HC),pura); 128.5, 128.7, 129.0 and 129.3 (2 x
OHC)pe, and 5 x (HC),pom); 132.8 (NCHC y); 156.9 (OCu0);
166.3 (C=0). IR (KBr, cm™): ve—o = 1758; v = 3012, 1597,
1494, 1412, 1242, 752. MS (70 eV): m/z (%) 302/4 (M* + 1, 100).
Anal. Calcd for C,;H,,CINO,: C 67.66, H 5.34, N 4.64. Found: C
67.78, H 5.51, N 4.77.
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cis-1-(3-Bromopropyl)-3-phenoxy-4-phenylazetidin-2-one 3f.
Yellow crystals. Recrystallization from EtOH. Yield 83%. Mp.
89.3 °C. '"H NMR (300 MHz, CDCl;): 6 1.97-2.19 (2H, m,
CH,CH,Br); 3.09-3.23 (1H, m, (HCH)N); 340 (2H, t, J =
6.6 Hz, CH,Br); 3.53-3.67 (1H, m, (HCH)N); 4.95 (1H, d,
J = 4.4 Hz, NCH); 5.45 (1H, d, J = 4.4 Hz, OCH); 6.70-6.74,
6.85-6.99, 7.09-7.16 and 7.24-7.43 (2H, 1H, 2H and 5H, 4 x
m, CH,,..,,). “C NMR (75 MHz, ref = CDCl;): ¢ 30.3 and 30.5
(CH,CH,Br); 39.7 (NCH,); 62.9 (NCH); 82.0 (OCH); 115.6 (2 x
OHC)h0); 122.1 (O(HC),ra); 128.4, 128.7, 129.0 and 129.3 (2 x
OHC)pe, and 5 x HC,om); 133.0 (NCHC,y); 156.9 (OCyuy);
166.3 (C=0). IR (KBr, cm™): veeo = 1749; v, = 2944, 1598,
1495, 1457, 1417, 1244, 749. MS (70 eV): m/z (%) 360/2 (M* +
1, 100). Anal. Caled for C;3H3sBrNO,: C 60.01, H 5.04, N 3.89.
Found: C 60.17, H 5.21, N 4.02.

cis-1-(2-Chloroethyl)-3-methoxy-4-phenylazetidin-2-one 3L
Yellow crystals. Recrystallization from EtOH. Yield 93%. Mp.
61.8 °C. "H NMR (300 MHz, CDCl,): ¢ 3.12 (3H, s, OMe); 3.23
(1H,d x d x d, J = 14.6, 7.2, 5.2 Hz, (HCH)N); 3.50 (1H, d x
d x d,J=113,6.3,52 Hz, (HCH)Cl); 3.62 (1H,d x d x d,
J=11.3,7.2,53 Hz, HCH)Cl); 3.83 (1H,d x d x d, J = 14.6,
6.3, 5.3 Hz, (HCH)N); 4.77 (1H, d, J = 4.5 Hz, OCH); 4.91
(1H, d, J = 4.5 Hz, NCH); 7.34-7.44 (5H, m, CH,,,,)- “C NMR
(75 MHz, ref = CDCl): 6 41.4 and 41.9 (NCH,CH,CI); 58.3
(OMe); 62.9 (NCH); 85.9 (OCH); 128.5, 128.6 and 129.0 (5 x
HC,om); 133.5(NCHC,,); 167.5 (C=0). IR (KBR, cm™): Ve =
1744; v, = 2948, 1399, 1364, 1202, 1100, 998, 881, 702. MS (70
eV): m/z (%) 240/2 (M* + 1, 100). Anal. Calcd for C,,H,,CINO,:
C60.13, H 5.89 N 5.84. Found C 60.31, H 6.08 N 5.70.

cis-3-Benzyloxy-1-(2-chloroethyl)-4-phenylazetidin-2-one ~ 3m.
Yellow crystals. Recrystallization from EtOH. Yield 88%. Mp.
106.4 °C. '"H NMR (300 MHz, CDCl;): § 3.23 (1H, d x d x
d, J =14.6,7.1, 52 Hz, (HCH)N); 349 (IH,d x d x d, J =
11.4,6.4,52 Hz, (HCH)CIl); 3.61 (IH,d xd x d,J=114,7.1,
5.3 Hz, (HCH)Cl); 3.83 (1H,d x d x d, J = 14.6, 6.4, 5.3 Hz,
(HCH)N); 4.16 (1H, d, J = 11.2 Hz, (HCH)0O); 4.30 (1H, d, J =
11.2 Hz, (HCH)O); 4.90 (1H, d, J = 4.4 Hz, NCH); 4.95 (1H, d,
J = 4.4 Hz, OCH); 6.91-6.94, 7.19-7.22 and 7.35-7.41 (2H, 3H
and 5H, 3 x m, CH,,,). "C NMR (75 MHz, ref = CDCl,): ¢
41.4 and 42.0 (NCH,CH,Cl); 63.1 (NCH); 72.4 (OCH,Ar); 83.9
(OCH); 128.1, 128.3, 128.4, 128.7 and 129.0 (10 x HC,,,); 133.7
(NCHC,); 136.4 (OCH,C,,.); 167.4 (C=0). IR (KBR, cm™):
Ve—o = 1761; v = 2905, 1400, 1365, 1171, 1099, 1008, 880, 752,
700. MS (70 eV): m/z (%) 316/8 (M* + 1, 100). Anal. Calcd for
CsH3sCINO,: C 68.46, H 5.75 N 4.44. Found C 68.26, H 5.94 N
4.29.

cis-4-(4-Chlorophenyl)-3-phenoxy-1-propylazetidin-2-one ~ 11.
Yellow crystals. Recrystallization from EtOH. Yield 89%. Mp.
102.1 °C. 'H NMR (300 MHz, CDCl;): 6 0.91 (3H, t, J = 7.4 Hz,
CH;); 1.43-1.59 (2H, m, CH,CH};); 2.89-2.98 and 3.40-3.50 (2 x
1H, 2 x m, (HCH)N); 4.91 (1H, d, J = 4.4 Hz, NCH); 5.43 (1H, d,
J =4.4 Hz, OCH); 6.71-6.75, 6.87-6.98, 7.10-7.17 and 7.23-7.28
(2H, 1H, 2H and 4H, 4 x m, CH,,,,,). *C NMR (75 MHz, ref =
CDCl;):0 11.7 (CH;); 20.9 (CH,CH5;); 42.4 (NCH,); 61.7 (NCH);
81.8 (OCH); 115.5 (2 x OHC)ypo); 122.2 (O(HC),ura); 128.6,
129.4 and 130.0 (2 x O(HC)pew and 2 x CIHC)oruno(HC)mew);
132.0 and 134.7 (NCHC,, and CIC,); 156.8 (OCq.); 165.9

(C=0). IR (KBr, cm™): veep = 1748; v, = 2959, 1599, 1495,
1408, 1241, 1090, 825, 749, 688. MS (70 eV): m/z (%) 316/8 (M*
+ 1, 100). Anal. Calcd for C;sH;sCINO,: C 68.46, H 5.75, N 4.44.
Found: C 68.52, H 5.84, N 4.57.

Synthesis of 1-(1-aryl-3-hydroxypropyl)aziridines 4

As a representative example, the synthesis of 1-[3-hydroxy-
1-(4-methoxyphenyl)-2-phenoxypropyljaziridine 4d is described
here. To an ice-cooled solution of cis-1-(2-chloroethyl)-4-(4-
methoxyphenyl)-3-phenoxyazetidin-2-one 3d (20 mmol) in dry
diethyl ether (125 mL) was added lithium aluminium hydride
(40 mmol, 2 equiv) in small portions. After reflux for 2 hours,
the reaction mixture was cooled to 0 °C and water was added
in order to quench the excess of LiAlH,. The resulting suspen-
sion was filtered over Celite® and washed with diethyl ether
(40 mL), and the filtrate was poured into water (100 mL) and
extracted with Et,O (3 x 30 mL). Drying (MgSO,), filtration of
the drying agent and removal of the solvent in vacuo afforded
1-[3-hydroxy-1-(4-methoxyphenyl)-2-phenoxypropyl]aziridine 4d,
which was purified by means of column chromatography on silica
gel (hexane/EtOAc 4/1).

1-(3-Hydroxy-2-phenoxy-1-phenylpropyl)aziridine 4a. Color-
less crystals. Ry = 0.07 (hexane/EtOAc 4/1). Yield 65%. Mp.
106.2 °C. 'H NMR (300 MHz, CDCl,): 6 1.11 (1H, d x d,
J = 172, 44 Hz, (HCH)NHCH)); 1.62 (1H, d x d, J =
7.2, 42 Hz, (HCH)N(HCH)); 1.75 (1H, d x d, J = 5.7,
4.2 Hz, (HCH)N(HCH)); 2.02 (1H, d x d, J = 5.7, 44 Hz,
(HCH)N(HCH)); 2.87 (1H, d, J = 5.8 Hz, NCH); 3.15 (1H,
broad s, OH); 3.52and 3.71 2H,2 x d x d,J =11.6, 5.8, 4.7 Hz,
(HCH)OH); 4.73-4.79 (1H, m, OCH); 6.96-7.06 and 7.26-7.45
(3H and 7H, 2 x m, CH,,.,,). ®*C NMR (75 MHz, ref = CDCl,):
0 26.2 and 30.2 (2 x NCH,); 61.9 (CH,OH); 75.0 (NCH); 80.0
(OCH); 116.1 (2 x O(HC)ouho); 121.5 (O(HC),ura); 127.9, 128.3,
128.4and 129.8 (2 x O(HC),e, and 5 x HC,,,); 138.6 (NCHC,,,.);
158.2(0C,a)- IR (KBr, cm™): Vo = 3206; vy, = 2931, 2844, 1596,
1585, 1492, 1242, 1012, 763, 695. MS (70 eV): m/z (%) 270 (M*
+ 1, 100). Anal. Caled for C;H,(NO,: C 75.81, H 7.11, N 5.20.
Found: C 75.39, H 7.19, N 5.35.

1-(3-Hydroxy-2-methoxy-1-phenylpropyl)aziridine 4f. Colour-
less oil. Ry = 0.03 (hexane/EtOAc 3/1). Yield 70%. 'H
NMR (300 MHz, CDCly): 6 1.09 (1H, d x d, J = 7.0,
4.3 Hz, (HCH)N(HCH)); 1.59 (1H, d x d, J = 7.0, 4.3 Hz,
(HCH)N(HCH)); 1.73 (1H, d x d, J = 59, 43 Hz,
(HCH)N(HCH)); 2.07 (IH, d x d, J = 59, 43 Hz,
(HCH)N(HCH)); 2.66 (1H, d, J = 5.7 Hz, NCH); 3.06 (1H,
broad s, OH); 3.33-3.39 (1H, m, (HCH)OH); 3.53 (1H, d x d,
J =11.5, 5.7 Hz, (HCH)OH); 3.60-3.66 (1H, m, OCH); 7.27—
7.40 (5H, m, CH,.5,). "C NMR (75 MHz, ref = CDCl;): 26.0
and 30.2 (2 x NCH,); 58.9 (OMe); 61.6 (CH,OH); 75.5 (NCH);
84.1 (OCH); 127.7, 128.2 and 128.3 (5 x HC,;on); 139.2 (Cyua)- IR
(NaCl, em™): vou = 3301; v, = 2928, 1452, 1362, 1261, 1116,
1066, 752, 700. MS (70 eV): m/z (%) 208 (M* + 1, 100). Anal.
Calcd for C,H;NO,: C 69.54, H 8.27, N 6.76. Found C 69.75, H
8.42, N 6.52.

1-(2-Benzyloxy-3-hydroxy-1-phenylpropyl)aziridine 4g.
Colourless oil. R; = 0.05 (hexane/EtOAc 3/1). Yield
72%. 'H NMR (300 MHz, CDCly): ¢ 1.08 (IH, d x d,
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J = 7.1, 43 Hz, (HCH)N(HCH)); 1.55 (1H, d x d, J =
7.1, 43 Hz, (HCH)N(HCH)); 1.72 (1H, d x d, J = 5.9,
4.3 Hz, (HCH)N(HCH)); 2.05 (1H, d x d, J = 5.9, 4.3 Hz,
(HCH)N(HCH)); 2.67 (1H, d, J = 5.8 Hz, NCH); 3.00 (1H,
broad s, OH); 3.35-3.41 (1H, m, (HCH)OH); 3.53 (1H, d x d,
J =114, 5.8 Hz, (HCH)OH); 3.88 (1H, q, J = 5.8 Hz, OCH);
4.67 (1H,d, J =11.6 Hz, O(HCH)Ar); 4.82 (1H,d, J = 11.6 Hz,
OMHCH)Ar); 7.27-7.42 (10H, m, CH,,,,). "C NMR (75 MHz,
ref = CDCl;): 0 26.0 and 30.4 (2 x NCH,); 62.0 (CH,OH);
73.1 (OCH,Ar); 75.9 (NCH); 82.0 (OCH); 127.7, 127.9, 127.9,
128.3 and 128.6 (10 x HC,,x); 138.5 and 139.3 (2 x Cg.). IR
(NaCl, cm™): voq = 3306; v,., = 2868, 1453, 1355, 1260, 1110,
1055, 735, 697. MS (70 eV): m/z (%) 284 (M* + 1, 100). Anal.
Calcd for C,sH, NO,: C 76.29, H 7.47, N 4.94. Found C 76.48, H
7.67, N 4.79.

Synthesis of 1-[1-(4-chlorophenyl)-3-methoxy-2- phenoxypropyl]-
aziridine 6

To an ice-cooled solution of 1-[1-(4-chlorophenyl)-3-hydroxy-2-
phenoxypropyl]aziridine 4b (0.25 g, 0.8 mmol) in THF (5 mL)
was added NaH (0.05 g, 1.5 equiv, 60% dispersion in mineral oil)
and the mixture was stirred for 30 minutes at room temperature.
Subsequently Mel (0.13 g, 1.1 equiv) was added dropwise to the
ice-cooled reaction mixture, which was then refluxed for 3 hours.
Extraction with Et,O (3 x 10 mL), drying (MgSO,), filtration of
the drying agent and removal of the solvent in vacuo afforded 1-[1-
(4-chlorophenyl)-3-methoxy-2-phenoxypropyljaziridine 6 (0.23 g,
88%), which was purified by means of column chromatography on
silica gel (hexane/EtOAc 6/1).

1-[1-(4-Chlorophenyl)-3-methoxy-2-phenoxypropyljaziridine 6.
Colorless oil. Ry = 0.14 (hexane/EtOAc 6/1). Yield 88%.
'H NMR (300 MHz, CDCl): ¢ 1.02 (I1H, d x d, J =
7.0, 43 Hz, (HCH)N(HCH)); 1.64 (1H, d x d, J = 5.6,
4.3 Hz, (HCH)N(HCH)); 1.70 (1H, d x d, J = 7.0, 4.3 Hz,
(HCH)N(HCH)); 197 (1H, d x d, J = 5.6, 43 Hz,
(HCH)N(HCH)); 2.79 (1H, d, J = 6.5 Hz, NCH); 3.12 (1H, d x
d, J = 10.4, 5.0 Hz, (HCH)OMe); 3.26 (3H, s, OMe); 3.65 (1H,
d xd,J=104,3.2Hz, ( HCH)OMe); 4.64 (1H,d xd x d, J =
6.5, 5.0, 3.2 Hz, OCH); 6.94-7.05 and 7.26-7.40 (3H and 6H, 2 x
m, CH,,,.,). "C NMR (75 MHz, ref = CDCIl):  25.3 and 30.5
(2 x NCH,); 59.3 (OMe); 71.6 and 73.7 (CH,OMe and NCH);
81.9 (OCH); 116.5 (2 x O(HC),r1o); 121.5 (O(HC),yra); 128.6 and
129.7 (2 x O(HC) e and 2 x CI(HC) gy (HC)era); 133.5and 138.4
(CICqu and NCHC,,); 158.6 (OC,,,). IR (NaCl, cm™): vy, =
2923, 1597, 1489, 1234, 1088, 1013, 752, 691. MS (70 eV): m/z (%)
318/20 (M* + 1, 100). Anal. Calcd for C,sH,,CINO,: C 68.03, H
6.34, N 4.41. Found: C 68.21, H 6.55, N 4.58.

Synthesis of 3-aryl-3-[/NV-benzyl-/V-(2-bromoethyl)amino]-2-pheno-
xypropan-1-ols 7

As a representative example, the synthesis of 3-[N-benzyl-
N-(2-bromoethyl)amino]-2-phenoxy-3-phenylpropan-1-ol 7a is
described here. To a solution of 1-(3-hydroxy-2-phenoxy-1-
phenylpropyl)aziridine 4a (1 mmol) in acetonitrile (10 mL) was
added benzyl bromide (1 mmol, 1 equiv), and the resulting
mixture was heated under reflux for 24 hours. Evaporation

of the solvent afforded 3-[N-benzyl-N-(2-bromoethyl)amino]-2-
phenoxy-3-phenylpropan-1-ol 7a, which was purified by means of
column chromatography on silica gel (hexane/EtOAc 9/1).

3-|N-Benzyl-N-(2-bromoethyl)amino]-2-phenoxy-3-phenylpro-
pan-1-ol 7a. Yellow oil. R; = 0.07 (hexane/EtOAc 9/1).
Yield 86%. '"H NMR (300 MHz, CDCl;): 6 2.67-2.76 (1H, m,
N(HCH)CH,Br); 3.07-3.24 (2H, m, CH,Br); 3.28-3.38 (1H, m,
N(HCH)CH,Br); 3.43 (1H, d, J = 13.7 Hz, N(HCH)Ar); 3.56
and 3.86 2H, 2 x d x d, J = 11.9, 4.6, 4.4 Hz, (HCH)O); 3.93
(1H, d, J = 13.7 Hz, N(HCH)Ar); 4.09 (1H, d, J = 6.3 Hz,
NCH); 4.78-4.83 (1H, m, OCH); 6.89-7.10 and 7.19-7.59 (3H
and 12H, 2 x m, CH,,y). *C NMR (75 MHz, ref = CDCl,):
0 30.7 (CH,Br); 53.7 (NCH,CH,Br); 56.6 (NCH,Ar); 62.6
(CH,0H); 65.2 (NCH); 79.1 (OCH); 116.2 (2 x O(HC)yy0); 121.6
(O(HC),.); 127.5, 128.1, 128.6, 128.7, 129.0, 129.5 and 129.9
(2 x O(HC) oo and 10 x HC,,,); 136.3 and 139.4 NCHC,,,,, and
NCH, C,,..); 158.2 (OCyy). IR (NaCl, cm™): vo = 3271; Vo =
3029, 2959, 2874, 1597, 1494, 1454, 1233, 1048, 756, 696. MS
(70 eV): m/z (%) 360 (M* — Br, 100). Anal. Calcd for C,;Ho4-
BrNO,: C 65.46, H 5.95, N 3.18. Found: C 65.69, H 6.14, N 2.99.

Synthesis of 3-aryl-3-[/V-(2-chloroethyl)amino]-2-phenoxypropan-
1-ols 8

As a representative example, the synthesis of 3-[(2-
chloroethyl)amino]-3-(4-methoxyphenyl)-2-phenoxypropan-1-ol
8d is described here. To a suspension of AICI; (15 mmol, 1
equiv) in dry diethyl ether (120 mL) was added 1-[3-hydroxy-
1-(4-methoxyphenyl)-2-phenoxypropyl]aziridine 4d (15 mmol,
1 equiv), and the resulting mixture was heated under reflux
for 4 hours. Afterwards, the reaction mixture was poured into
water (100 mL), extracted with Et,O (3 x 50 mL), and the
combined organic extracts were dried (MgSO,). Filtration of
the drying agent and removal of the solvent afforded 3-[(2-
chloroethyl)amino]-3-(4-methoxyphenyl)-2-phenoxypropan-1-ol
8d, which was purified by column chromatography on silica gel
(hexane/EtOAc 6/1).

3-[(2-Chloroethyl)amino]-2-phenoxy-3-phenylpropan-1-ol ~ 8a.
Light-yellow oil. Ry = 0.13 (hexane/EtOAc 4/1). Yield 51%. 'H
NMR (300 MHz, CDCL,): ¢ 2.77 2H, t, J = 5.7 Hz, NCH,);
3.26 (2H, broad s, NH and OH); 3.42-3.62 (3H, m, CH,Cl and
(HCH)OH); 3.80 (1H, d x d, J = 11.8, 3.4 Hz, (HCH)OH); 4.13
(IH, d, J = 6.0 Hz, NCH); 4.35 (1H, d x t, J = 6.0, 3.4 Hz,
OCH); 6.92-7.08 and 7.20-7.42 (4H and 6H, 2 x m, CH,,,). “C
NMR (75 MHz, ref = CDCl;): 6 44.8 (CH,Cl); 48.4 (NCH,); 62.2
(CH,OH); 64.0 (NCH); 82.3 (OCH); 116.9 (2 x O(HC)ouuno); 122.0
(O(HO),ur); 128.2, 128.9, 129.8 and 129.9 (5§ x HC,,, and 2 x
O(HC)pew); 139.4 (NCHC); 158.2 (OCyyy). IR (NaCl, cm™):
Vor, vt = 33385 Vi = 3063, 2929, 1597, 1587, 1493, 1455, 1235,
1040, 754, 693. MS (70 eV): m/z (%) 306/8 (M* + 1, 100). Anal.
Calcd for C,;H,CINO,: C 66.67, H 6.59, N 4.58. Found: C 66.89,
H 6.82, N 4.62.

Synthesis of 3-aryl-2-phenoxy-3-(/N-propylamino)propan-1-ols 9

3-Aryl-2-phenoxy-3-(N-propylamino)propan-1-ols 9 were pre-
pared starting from 4-aryl-3-phenoxy-1-(3-bromopropyl)azetidin-
2-ones 3f—j applying the same procedure as described above for the
synthesis of 1-(1-aryl-3-hydroxy-2-phenoxypropyl)aziridines 4.
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2-Phenoxy-3-phenyl-3-(/V-propylamino)propan-1-ol 9a. Light-
yellow oil. R; = 0.12 (hexane/EtOAc 4/1). Yield 37%. '"H NMR
(300 MHz, CDCL;): 6 0.80 (3H, t, J = 7.4 Hz, CH;); 1.34-1.49
(2H, m, CH,CH;); 2.31-2.41 (2H, m, NCH,); 3.65 and 3.82 (2 x
1H,2 x d x d, J =12.0, 3.6, 2.8 Hz, (HCH)O); 4.02 (1H, d, J =
4.4 Hz, NCH); 4.22-4.28 (1H, m, OCH); 6.70-6.92 and 7.04-7.32
(3H and 7H, 2 x m, CH,,,). *C NMR (75 MHz, ref = CDCl;):
0 11.9 (CH,); 23.2 (CH,CH,;); 49.2 (NCH,); 63.1 (CH,OH); 65.2
(NCH); 81.1 (OCH); 117.0 (2 x O(HC)ouno); 121.9 (O(HC),ur);
127.9, 128.0, 128.7 and 129.7 (2 x O(HC)pe and 5 x HC,on);
139.9 (NCHC,,,.); 158.0 (OC,). IR (NaCl, em™): Vo nur = 3351;
Vinax = 2958, 2930, 2873, 1598, 1588, 1494, 1455, 1239, 1041, 753,
701, 692. MS (70 eV): m/z (%) 286 (M* + 1, 100). Anal. Calcd for
C;sH,;NO,: C 75.76, H 8.12, N 4.91. Found: C 75.92, H 8.29, N
5.14.
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Several analogues of vanchrobactin, a catechol siderophore isolated from the bacterial fish pathogen
Vibrio anguillarum serotype O2 strain RV22, have been synthesized. The biological evaluation of these
novel compounds showed that most of them are active as siderophores, as determined by growth
promotion assays using the producer strain, as well as V. anguillarum serotype O1, Salmonella enterica,
and Erwinia chrysanthemi. These compounds also gave a positive chrome azurol-S (CAS) test. On the
basis of these results, we were able to deduce some structure—activity relationships. Furthermore, we
found an analogue with siderophore activity that has appropriate functionality (an amino group) for
use as an antibiotic vector to be employed in a “Trojan horse strategy”.

Introduction

All living creatures require iron in their cellular reactions. Since
iron is unavailable for uptake due to the low solubility of Fe**
at the neutral to alkaline pH conditions in soil or in aqueous
media, organisms have developed different mechanisms to ac-
quire it from the environment. During infection, most bacteria
encounter within the host an iron-limited environment: higher
eukaryotes contain substantial amounts of this metal but it is
tightly associated with transport and storage proteins and not
freely available for pathogens. Consequently, the level of free iron
in biological fluids is usually estimated to be only 10~* M. In an
attempt to cope with this insolubility, many microorganisms have
evolved specific iron uptake mechanisms. One of these mechanisms
involves the production of iron chelators named siderophores,
which are low molecular weight (300 to 2000 Da) ferric-specific
ligands. These molecules, which are generally excreted into the
culture medium, are able to strongly chelate Fe** in a specific
manner to solubilize it and deliver it to the cells. In bacteria,
the siderophore—iron(111) complex is recognized and transported
by specific outer membrane receptors. The uptake process is
thermodynamically driven from the cytoplasm through the TonB
system that transduces the necessary energy from the cytosol to
the outer membrane receptor. Natural siderophores are usually not
very selective and many bacteria and fungi can utilize exogenous
siderophores made by different microorganisms.’

Vibrio anguillarum is the causative agent of vibriosis in fish, a
fatal hemorrhagic septicaemia. This disease affects marine and
freshwater fish species and results in considerable economic losses
in aquaculture farming worldwide.? There are more than twenty
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recognized serotypes, but those denoted O1 and O2 are the main
ones implicated in vibriosis outbreaks.® Although the virulence
mechanisms of V. anguillarum are not fully understood, it is
known that the ability to scavenge iron through the utilization
of siderophores contributes significantly to the virulence of this
bacterium.* The best characterized siderophore produced by V.
anguillarum is anguibactin, which was isolated from a strain
belonging to serotype Ol. In the course of our studies into
siderophores from marine microorganisms, a novel siderophore,
vanchrobactin (1c), was isolated (and characterized) from iron-
deficient cultures of V. anguillarum serotype O2 strain RV22.7°
The stereochemistry of 1c¢ was elucidated by chiral capillary
electrophoresis analysis and total synthesis, showing the com-
pound to be N-[N'-(2,3-dihydroxybenzoyl)-D-arginyl]-L-serine.®
The increasing antibiotic-mediated selective pressure has led to the
emergence of multiresistant strains in many bacterial pathogens,
and fish pathogens are no exception. Thus, more novel and
efficient antimicrobial drugs are necessary to treat these emerging
infections that are resistant to common antibiotics. One way as
increase the efficiency of antimicrobials against bacterial infections
could be the “Trojan horse strategy”, where antimicrobial drugs
are coupled to siderophores and transported across the bacterial
membranes through the iron uptake pathways.” Such an approach
has already been developed and has given promising results with
the pyoverdine-mediated iron uptake system® and conjugated
siderophore/B-lactamase inhibitors.” Our working hypothesis was
that vanchrobactin from V. anguillarum could be a very interesting
candidate for such a prodrug strategy aimed at the development
of new antimicrobials against vibriosis and probably against other
related infectious diseases.

Previous examples of natural and synthetic catecholate-
type compounds based on amino acids or peptides, such as
chrysobactin,' were shown to be active as siderophores. Although
those studies allowed some structure—activity correlations to be
deduced," very few systematic investigations into this type of
compound have been carried out.’> We report here the synthesis of
several analogues of vanchrobactin (1¢) using the efficient, simple
and versatile synthesis that we reported recently.” The aim was
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to evaluate their siderophore activity and to study the structure-
siderophore activity relationships. Moreover, in view of its possible
use as an antibiotic vector, another goal was to obtain an analogue
with siderophore activity for V. anguillarum that incorporated
appropriate functionality (such as an amino group) for use as an
anchor to be attached directly (or via spacers) to other biologically
active agents, like antibiotics, for the design of iron transport-
mediated drug delivery.

Results and discussion

In order to compare the influence of the configuration of the
asymmetric centres, the amino acid sequence and the presence of
the guanidine moiety on the siderophore activity of vanchrobactin
analogues, compounds 1-11 were prepared using a strategy similar
to that employed for the total synthesis of vanchrobactin.®

Synthesis of N-(2,3-dihydroxybenzoyl)-arginyl/ ornithinyl
derivatives

Firstly, we studied the preparation of the analogues with the
DHBA directly linked to ornithine or arginine residues (Scheme 1),
i.e., analogues 1, 3, 4 and 6.

N°-Cbz-D-ornithine-OMe, prepared from D-ornithine,'® was
coupled with 2,3-dibenzyloxybenzoic acid (DHBA)" using TBTU
as the coupling agent to give the corresponding ester in very good
yield. The resulting ester was hydrolyzed with barium hydroxide,
giving the acid 2b in a 78% yield.”® The same sequence was car-

ried out using N°-Cbz-L-ornithine-OMe, which was prepared by
esterification of the commercially available N°-Cbz-L-ornithine,'
to afford the enantiomeric acid 2a (79% yield). Both acids were
submitted to catalytic hydrogenation, giving rise to analogues
3a (DHBA-L-Orn) and 3b (DHBA-D-Orn) in quantitative yield.
Alternatively, protection of the acid 2b as the ferz-butyl ester, cat-
alytic hydrogenation followed by the introduction of the guanidine
function by reaction with 1,3-di-Boc-2-(trifluoromethanesulfonyl)
guanidine,"” and acidic hydrolysis afforded analogue 4 (DHBA-D-
Arg) in 35% yield.

Both D- and L-serine tert-butyl esters were coupled with
compound 2a using TBTU, after removal of the benzyl and Cbz
protecting groups, to afford compounds 5a (28% yield) and 5b
(29% yield), respectively. Following the same procedure, L-serine
tert-butyl ester was coupled with 2b to give compound Sc in 82%
yield. Derivatives 5b and Sc were submitted to acidic hydrolysis
of the tert-butyl ester to afford analogues 6b (DHBA-L-Orn-L-
Ser) and 6c (DHBA-D-Orn-L-Ser), respectively, in quantitative
yields.

Finally, guanidinylation of 5a, S5b and 5c as before followed
by acidic hydrolysis gave 1a (DHBA-L-Arg-D-Ser), 1b (DHBA-L-
Arg-L-Ser) and 1c¢ (DHBA-D-Arg-L-Ser, vanchrobactin) in 73%,
62% and 61% yield, respectively.

Synthesis of 2,3-dihydroxybenzoyl-serinyl derivatives

In an effort to evaluate the influence of the amino acid se-
quence on the siderophore activity, we designed the synthesis of
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SOCL,/MeOH (89%); 2. BnBr/K,CO, (99%): 3. Ba(OH),, THF, H,0, 50 °C, 12 h, quant.; 4.

N?-Cbz-L-ornithine-OMe or N°-Cbz-D-ornithine-OMe, TBTU, Et;N, DMF, rt, 16 h (78% and 79%, respectively); 5. Ba(OH),, THF, H,O, 50 °C,
16 h, quant.; ii: H,, Pd/C, MeOH, rt, 3 h, quant.; iii: 1. z-BuOAc, HCIO,; 2. H,, Pd/C, MeOH, rt, 3 h, (48%); 3. (NHBoc),NTf, Et;N, CHCl;, rt, 1 h
(73%); 4. TFA/DCM 3:7, rt, 16 h, quant.; iv: 1. L-Ser-O'Bu or D-Ser-O'Bu, TBTU, Et;N, DMF, rt, 16 h; 2. H,, Pd/C, MeOH, rt, 3 h (28%, 29% and
82%); v: TFA/DCM 3.7, rt, 16 h, quant.; vi: 1. (NHBoc),NTf, Et;N, CHCI;, rt, 1 h (73%, 62% and 61%); 2. TEFA/DCM 3:7, rt, 16 h, quant.
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2,3-dihydroxybenzoyl derivatives linked directly to a serine (in-
stead of arginine residues) using a similar strategy to that described
above (analogues 8, 10 and 11)

Coupling of the L- and D-serine methyl esters with 2,3-
dibenzyloxybenzoic acid using TBTU, followed by hydrolysis
of the corresponding esters with barium hydroxide, afforded
compounds 7a (84% yield) and 7b (82% yield), respectively.
Catalytic hydrogenation of acids 7a and 7b gave analogues 8a
(DHBA-L-Ser)"® and 8b (DHBA-D-Ser) in quantitative yields.

The N’-benzyloxycarbonyl-L- and D-ornithine zerz-butyl esters'
were coupled with compound 7a using TBTU, and the resulting
products were submitted to catalytic hydrogenation to give com-
pounds 9a (81% yield) and 9b (83% yield), respectively. Acidic
hydrolysis of the fert-butyl ester afforded analogues 10a (DHBA-
L-Ser-L-Orn) and 10b (DHBA-L-Ser-D-Orn), both in quantitative
yield..

Finally, guanidinylation of 9a and 9b as before followed by
acidic hydrolysis gave 11a (DHBA-L-Ser-L-Arg) and 11b (DHBA-
L-Ser-D-Arg) in 71% and 69% yield, respectively.

Biological evaluation

Compounds 1, 3, 4, 6, 8, 10 and 11 were evaluated for their
siderophore activities by growth promotion assays with several
bacteria that are well defined in their ability to transport and utilize
natural siderophores (siderophore indicator strains). The follow-
ing indicator strains were used: Vibrio anguillarum serotype O2
RV22 (strain producing vanchrobactin), V. anguillarum serotype
O1 775 (strain producing siderophore anguibactin, but that
can also use vanchrobactin as siderophore), Vibrio alginolyticus
TA15% (strain producing a hydroxamate siderophore that cannot
use vanchrobactin as an exogenous siderophore), Erwinia chrysan-
themi PPV20 (strain that produces chrysobactin, a siderophore
structurally related to vanchrobactin)® and Salmonella enter-
ica enb-1 (a mutant strain that does not produce the natural

rt, 1 h (71% and 79% respectively); 2. TFA/DCM 3.7, rt, 16 h, quant.

siderophore enterobactin but that can use vanchrobactin as an
exogenous siderophore).? The results of these growth promotion
assays are given in Table 1.

Growth promotion of Vibrio anguillarum strains

All analogues were tested for growth promotion under iron-
deficient conditions for two strains of V. anguillarum: (a) one
strain (RV22 from serotype O2) from which vanchrobactin was
isolated, and (b) one strain (775 from serotype O1) that produces
the siderophore anguibactin. All analogues stimulated growth of
both strains with the exception of 3a (DHBA-L-Orn), which was
inactive. These results are consistent with the catecholate and
amino acidic structural nature of the natural siderophores biosyn-
thesized by both strains. Furthermore, they indicate that these
microorganisms are not very specific in the use of siderophores
and they can use several different ones to supply iron to the cell,
even siderophores with very different structures.

The natural siderophore 1c, along with its stereoisomers 1a and
1b, having the sequence DHBA-Arg-Ser, was found to be the most
active compound in the growth promotion of V. anguillarum RV22
(serotype O2). The similar values obtained for the three analogous
stereoisomers la—c indicate that the absolute configuration of the
amino acid moieties has little influence on the siderophore activity.
Interestingly, compounds 6b and 6¢, which have an ornithine
instead of an arginine residue, also promoted the growth of both
strains under iron-deficient conditions. This result could be very
useful because these vanchrobactin derivatives possess an amino
group that can be attached to other bioactive agents in the Trojan
horse strategy. Compounds in which DHBA is linked directly
to serine and to D-ornithine were found to be the most active
analogues in the growth promotion of V. anguillarum 775 (serotype
O1). These differences between the two strains could be due to the
different outer membrane proteins involved in ferric-siderophore
transport in strains RV22 and 775.3
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Salmonella enterica

enb-1

Vibrio

Erwinia chrysanthemi

PPV20

Vibrio anguillarum 775

(serotype O1)

diameter 12-14 mm; +++, halo diameter 15-17 mm; ++++, halo diameter >17 mm. The CAS test gives negative values: higher numbers indicate higher iron chelating activity. The natural compound
Vibrio anguillarum

(1¢, vanchrobactin) is shown in italics

Table 1 Growth promotion is represented as a growth halo diameter (average values after three independent experiments) of the indicator strains as follows: —, no growth; +, halo <12 mm; ++, halo

CAS Test

alginolyticus TA15

RV22 (serotype O2)

Analogues

Series Orn(Arg)-Ser

++

+4+++

++++
++
++
++

+++

Fe,(SO,); (growth control)
DHBA-L-Arg-D-Ser (1a)

—0.655
—0.736
—0.714
—0.353
—0.672
—0.476
—0.621
—0.679

+++
+++

++

DHBA-L-Arg-L-Ser (1b)

+

+++

4+

DHBA-Dp-Arg-L-Ser (1¢)
DHBA-L-Orn (3a)

++

++ +++
++

DHBA-D-Orn (3b)
DHBA-D-Arg (4)

++

+4++
++
++

DHBA-L-Orn-L-Ser (6b)

++

++

DHBA- D -Orn- L-Ser (6¢)

Series Ser-Orn(Arg)

—0.589
—0.788

+++
+++

[

++
++
++

DHBA-L-Ser (8a)
DHBA-D-Ser (8b)
DHBA-L-Ser-L-Orn (10a)

—0.476
—0.547

+ 1+

++
+
++

DHBA-L-Ser-D-Orn (10b)
DHBA-L-Ser-L-Arg (11a)
DHBA-L-Ser-D-Arg (11b)

Growth promotion of Vibrio alginolyticus TA15

In order to test the specificity of each analogue, all compounds
were tested for growth promotion of a strain belonging to the
Vibrionaceae family, but producing a different type of siderophore.
The lack of biological activity in V. alginolyticus TA15 of all
analogues probably confirms the presence of a completely different
structure for the still unknown natural siderophore synthesized
by this pathogen. In fact, a recent study suggested a structure
that is closely related to vibrioferrin,® which is a non-catecholate
siderophore belonging to a member of the carboxylate class of
siderophores and contains two a-hydroxy acid groups.**

Growth promotion of Erwinia chrysanthemi PPV20

This strain produces chrysobactin, a catechol siderophore bearing
lysine and serine residues linked to DHBA.?* Thus, the only
difference in the structure with respect to vanchrobactin is the
substitution of the arginine by a lysine residue. Due to these highly
related structures, we tested whether E. chrysanthemi could use
vanchrobactin and its analogues as siderophores. The synthetic
compounds in which the DHBA residue is directly linked to
ornithine or arginine were the most active analogues for the
growth promotion of E. chrysanthemi. However, those analogues
in which the DHBA is linked directly to serine showed weaker
growth promotion ability or were inactive. This result suggests
that the ferric-siderophore receptors present in E. chrysanthemi
are probably more structure-specific than those present in V.
anguillarum.

Growth promotion of Salmonella enterica serovar Typhimurium
enb-1

All salmonellas produce the well-known siderophore enterobactin,
which is a cyclic trimer of 2,3-dihydroxy-N-benzoyl-L-serine. Our
previous studies® showed that the enterobactin-deficient mutant
enb-1 can use vanchrobactin to overcome iron limitation. We
wished to determine whether this utilization is exclusive for the nat-
ural siderophore. The results showed that besides vanchrobactin,
other derivatives containing ornithine instead of arginine were also
active as growth promoters under iron-limiting conditions.

Siderophore activity of vanchrobactin analogues in CAS assays

In parallel to the growth promotion assays, the relative iron com-
plexing capacities of the siderophore derivatives were evaluated
by reactivity with chrome azurol-S (CAS),” and the results are
shown in Table 1. Most analogues gave a positive reaction in this
test with a range of values from —0.353 for 3a to —0.788 for 8b; the
exceptions are compounds 10a and 10b, which lack reactivity for
unknown reasons. It is worth noting that a high CAS reactivity
does not necessarily reflect high growth promotion ability. This
is explained by the fact that the CAS test is based on the iron
chelating activity of each compound, while the growth promotion
assays reflect the ability of each strain to actually transport the
different compounds into the cell, a process that is related to
the recognition of each ferric-compound by an appropriate outer
membrane receptor. Thus, there is generally a qualitative match
between the two methods but not a quantitative correlation, and
high biological activity can be seen along with relatively low CAS
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reaction and vice versa. This same observation was previously
reported for analogues of exochelin from Mycobacterium.*

Conclusions

Very few systematic investigations into structure—activity corre-
lations of siderophores have been performed to date on amino
acids and dipeptides. We have prepared a new series of analogues
of vanchrobactin (1¢) in order to determine the influence on the
iron transport activities of the configuration of the asymmetric
centres, the presence of the amino acid residues linked to the
dihydroxybenzoic acid moiety, and the presence of the guanidine
or amine moiety on the arginine or ornithine residues. The
results reveal the lack of stereoisomeric influence of the amino
acid scaffold on the siderophore activity in both serotypes of V.
anguillarum, although some differences can be observed in Erwinia
chrysanthemi PPV20 and Salmonella enterica serovar Typhimurium
enb-1.

V. anguillarum and other Gram-negative bacteria tested were
able to use several different analogues as siderophores, with the
exception of V. alginolyticus TA15, which did not use any of
them. The siderophore activity found for most of the synthetic
analogues in the growth promotion of Erwinia chrysanthemi
PPV20 is consistent with the catecholate amino acid structure of
chrysobactin, its natural siderophore. This finding is in agreement
with previous observations concerning the importance of the
aromatic ring in catecholate siderophores binding to the outer
membrane receptors. In this regard, the Escherichia coli FepA
receptor transports certain catecholate ferric siderophores but not
others, nor any noncatecholate compounds.?.

Our observations confirm previous reports in the sense that
microorganisms are not always selective in the use of siderophores
and they can use several different ones to supply iron to the
cell, even siderophores with very different structures. This lack
of specificity could be an evolutionary adaptation of bacterial
pathogens to increase the number of possibilities to obtain iron
from the environment.

A vanchrobactin analogue has been prepared that has
siderophore activity and an amino functionality that could be
used as an anchor group to attach it to other bioactive agents.
This opens new and interesting possibilities for the use of the
Trojan horse strategy to develop new drugs that are effective
against vibriosis and other related infections. The relatively low
specificity of siderophore utilization could enable the design of
drugs that are effective against different Gram-negative bacteria.
Experiments aimed at this objective are currently under way.

Experimental

N©-2,3-Dibenzyloxybenzoyl-/V°-benzyloxycarbonyl-L-ornithine
(2a)

N?®-Benzyloxycarbonyl-L-ornithine methyl ester hydrochloride
(0.19 g,0.66 mmol) and TBTU (0.32 g, 0.99 mmol) were added to a
stirred solution of 2,3-dibenzyloxybenzoic acid (0.22 g, 0.66 mmol)
in anhydrous DMF (6 mL). After 10 min, triethylamine (0.23 mL,
1.65 mmol) was added and the reaction mixture was stirred at
room temperature for 20 h under an atmosphere of argon. T.l.c.
(ethyl acetate-hexane 1:1) indicated complete conversion of the

acid starting material (R; 0.0) to a major product (R; 0.32). The
solvent was removed in vacuo and the residue was preabsorbed
onto silica and purified by flash column chromatography (ethyl
acetate-hexane 1:2— 1:1) to yield N*-2,3-dibenzyloxybenzoyl-N°-
benzyloxycarbonyl-L-ornithine methyl ester (0.31 g) as a clear oil,
which was immediately dissolved in THF (10 mL) and water
(10 mL). To the resulting solution, barium hydroxide (0.27 g,
1.58 mmol) was added and the mixture was stirred for 16 h at
50 °C, when t.l.c. (ethyl acetate-hexane 1:1) indicated complete
conversion of starting material (R; 0.32) to a major product (R
0.0). DOWEX 50 W (H*) was added to the solution to give a
pH = 6 and the resin was then removed by filtration. The filtrate
was evaporated in vacuo to give N°-2,3-dibenzyloxybenzoyl-N°-
benzyloxycarbonyl-L-ornithine (2a) (0.29 g, 0.51 mmol, 79%),
which was used without further purification.

N*-2,3-Dibenzyloxybenzoyl-L-ornithine (3a)

N®-2,3-Dibenzyloxybenzoyl- N°-benzyloxycarbonyl-L-ornithine
(2a) (82 mg, 0.12 mmol) was dissolved in methanol (4 mL)
and the flask was flushed with argon. 5% Pd/C (0.01 g) was
added and the flask was again flushed with argon. The reaction
mixture was flushed with hydrogen and stirred under a hydrogen
atmosphere for 3 h, after which t.l.c. (dichloromethane-methanol
95:5) indicated complete consumption of the starting material.
The reaction mixture was filtered through Celite and the solvent
was removed in vacuo to afford N®-2,3-dibenzyloxybenzoyl-L-
ornithine (3a) (65 mg, 0.15 mmol, quantitative), which was used
without further purification; [a],*: +2.3 (¢, 0.8 in H,0); '"H NMR
(200 MHz, D,0) dy: 1.73-1.98 (m, 4H, OrnH-3, OrnH-3', OrnH-
4, OrnH-4'), 2.91-2.99 (m, 2H, OrnH-2, OrnH-2'), 4.43-4.45 (m,
1H, OrnH-1), 6.86-7.42 (m, 3H, DHBH-4, DHBH-5, DHBH-6);
BC NMR (50 MHz, D,0): 25.33, 30.88, 40.44 (OrnC-3, OrnC-
4, OrnC-5), 49.88 (OrnC-2), 118.91, 128.79, 128.75 (DHBC-4,
DHBC-5, DHBC-6), 129.52, 135.12, 135.14 (DHBC-1, DHBC-
2, DHBC-3), 170.32 (CO,H); (+)-LRESIMS (m/z, %): 269.11
(IM + HJ*, 100%); (+)-HRESIMS: calculated for C,,H;;N,O;
[M + HJ* 269.1131, found 269.1129.

N*-2,3-Dihydroxybenzoyl-L-ornithinyl-L-serine zerz-butyl
ester (5b)

L-Serine fert-butyl ester (0.09 g, 0.44 mmol) was coupled to 2,3-
dibenzyloxybenzoyl-N°-Cbz-L-ornithinic acid (2a) (0.06 g, 0.12
mmol) in anhydrous DMF (2 mL) and triethylamine (0.15 mL,
1.11 mmol) using TBTU as coupling agent (0.21 g, 0.67 mmol).
The solvent was removed in vacuo and the residue was preabsorbed
onto silica and purified by flash column chromatography (ethyl
acetate-hexane 1:2—2:3) to yield N*-2,3-dibenzyloxybenzoyl-N°-
benzyloxycarbonyl-L-ornithinyl-L-serine ferz-butyl ester, which
was hydrogenated in methanol (5 mL) using 5% Pd-C (0.01 g) as
catalyst. The reaction mixture was filtered through Celite and the
solvent was removed in vacuo to afford N°-2,3-dihydroxybenzoyl-
L-ornithinyl-L-serine zert-butyl ester (5b) (54 mg, 0.14 mmol, 28%),
which was used without further purification; [a],*: +15.8 (¢, 0.3 in
CHCL); '"H NMR (200 MHz, CDCl,) dy: 1.42 (s, 9H, -C(CHy;)5),
1.67-1.91 (m, 4H, OrnH-3, OrnH-3", OrnH-4, OrnH-4"), 2.94—
2.96 (m, 2H, OrnH-5, OrnH-5), 3.52 (m, 1H, SerH-3), 3.76 (m,
1H, SerH-3'), 4.55-4.67 (m, 2H, OrnH-2, SerH-2), 6.61 (bs, 1H,
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-NH-), 7.66-7.91 (m, 3H, DHBH-4, DHBH-5, DHBH-6), 8.22
(bs, 1H, -NH-); *C NMR (50 MHz, CDCl,) d.: 23.21 (OrnC-
4), 27.30, 27.97 (-C(CH,),), 27.97 (OrnC-5), 52.13 (OrnC-3),
53.15, 62.24 (OrnC-2, SerC-2), 73.31 (SerC-3), 82.11 (-C(CH,),),
118.41, 119.00, 119.19 (DHBC-5, DHBC-6, DHBC-7), 145.25,
148.37 (DHBC-2, DHBC-3, DHBC-4), 169.41, 169.80, 171.63
(3 x C=0); (+)-LRFABMS (m/z, %): 4342 [M + Na]*, 412.2
[M + H]*.

N®-2,3-Dihydroxybenzoyl-L-ornithinyl-L-serine (6b)

N“-2,3-Dihydroxybenzoyl-L-ornithinyl-L-serine tert-butyl ester
(5b) (31 mg, 0.075 mmol) was stirred at room temperature in a
solution of TFA and DCM (3:7, 1 mL). After 16 h, evaporation
of the solvent under reduced pressure and coevaporation with
toluene afforded N°-2,3-dihydroxybenzoyl-L-ornithinyl-L-serine
(6b) (25 mg, 0.07 mmol, quantitative) as a dark yellow oil; [a]p*:
—8.0 (¢, 0.11 in H,0); '"H NMR (200 MHz, D,0) dy: 1.78-2.09
(m, 4H, OrnH-3, OrnH-3’, OrnH-4, OrnH-4'), 3.04-3.09 (m, 2H,
OrnH-5, OrnH-%),3.90 (dd, 1H, Jy3, = 4.0 Hz, J i34y = 11.7 Hz,
SerH-3), 3.99 (dd, 1H, Juy y, = 5.1 Hz, Jy3 43 = 11.7 Hz, SerH-3),
4.57-4.60, 4.68-4.70 (2 x m, 2H, SerH-2, OrnH-2), 6.89 (t, 1H,
Jyans = Jusne = 8.1 Hz, DHBH-5), 7.10, 7.30 (2 x d, 2H, Jyuus =
Jusne = 8.1 Hz, DHBH-4, DHBH-6); “C NMR (50 MHz,
D,0) dc: 23.93 (OrnC-4), 28.85 (OrnC-3), 39.56 (OrnC-5), 53.94,
55.49 (OrnC-2, SerC-2), 61.59 (SerC-3), 120.12, 120.33, 120.44
(DHBC-4, DHBC-5, DHBC-6), 117.44, 145.16, 147.20 (DHBC-1,
DHBC-2, DHBC-3),170.61, 173.66 (2 x CONH), 174.18 (CO,H);
(+)-LRESIMS (m/z, %): 356.14 ([H]*, 100%); (+)-HRESIMS
calculated for C;sH,,N;0, [M + H]* 356.1452, found 356.1457.

2,3-Dihydroxybenzoyl-L-argininyl-L-serine (1b)

To a stirred solution of N®-2,3-dihydroxybenzoyl-L-ornithinyl-
L-serine tert-butyl ester (Sb) (29 mg, 0.07 mmol) in
chloroform (1 mL) was added 1,3-di-fert-butoxycarbonyl-2-
(trifluoromethanesulfonyl)guanidine (26 mg, 0.065 mmol) and
triethylamine (0.01 mL, 0.07 mmol) and the resulting mix-
ture was stirred at room temperature. After 1 h, methanol
(0.5 mL) was added and the mixture was stirred for a further
30 min. The mixture was then preabsorbed onto silica and
purified by flash column chromatography (methanol-DCM 5%) to
yield N°®-2,3-dihydroxybenzoyl-N®-tert-butoxycarbonyl-N®'-tert-
butoxycarbonyl-L-argininyl-L-serine tert-butyl ester, which was
then stirred at room temperature in a solution of TFA and
DCM (3:7, 1 mL). After 16 h, evaporation of the solvent under
reduced pressure and coevaporation with toluene afforded 2,3-
dihydroxybenzoyl-L-argininyl-L-serine (1b) (25 mg, 0.06 mmol,
73%) as a dark yellow oil; [a]p**: +12.0 (¢, 0.7 in MeOH); 'H
NMR (200 MHz, D,0) dy: 1.61-1.95 (m, 4H, ArgH-3, ArgH-3/,
ArgH-4, ArgH-4'), 3.13-3.17 (m, 2H, ArgH-5, ArgH-5), 3.78-
3.97 (m, 2H, SerH-3, SerH-3'), 4.43-4.59 (m, 2H, SerH-2, ArgH-
2),6.77 (t, IH, Jyyns = Jusus = 8.1 Hz, DHBH-5), 6.99, 7.21 (2 x
d, 2H, Jusus = Jusns = 8.1 Hz, DHBH-4, DHBH-6); “C NMR
(50 MHz, D,0) dc: 24.92 (ArgC-4), 29.10 (ArgC-3), 41.16 (ArgC-
5), 54.04, 55.44 (ArgC-2, SerC-2), 61.63 (SerC-3), 117.35, 120.16,
120.41 (DHBC-4, DHBC-5, DHBC-6), 145.18, 147.25 (DHBC-1,
DHBC-2, DHBC-3), 157.30 (C=N), 170.39, 173.70 (2 x CONH),
174.39 (CO,H); (+)-LRESIMS (m/z, %): 398.10 ((M + HJ*, 84%);

(+)-HRESIMS: calculated for C,(H,,N;O,, [M + H]* 398.1670,
found 398.1674.

N°*-2,3-Dihydroxybenzoyl-L-ornithinyl-D-serine tert-butyl ester
(52)

D-Serine tert-butyl ester (0.10 g, 0.53 mmol) was cou-
pled with N®-2 3-dibenzyloxybenzoyl-N°-benzyloxycarbonyl-L-
ornithine (2a) in a similar way as D-serine fert-butyl es-
ter to yield N®-2,3-dibenzyloxybenzoyl-N°-benzyloxycarbonyl-L-
ornithinyl-D-serine zert-butyl ester (0.11 g), which was hydro-
genated in a similar way as the corresponding L-ornithinyl-L-
serine derivative to afford N°-2,3-dihydroxybenzoyl-L-ornithinyl-
D-serine fert-butyl ester (5a) (57 mg, 0.14 mmol, 29%), which was
used without further purification; [a],*: —12.0 (¢, 1.5 in H,0); 'H
NMR (200 MHz, CDCL;) 64: 1.40 (s, 9H, -C(CH,);), 1.49-2.47
(m, 6H, OrnH-3, OrnH-3’, OrnH-4, OrnH-4', OrnH-5, OrnH-Y5),
3.40-3.71 (m, 2H, SerH-3, SerH-3'), 4.45-4.53 (m, 2H, SerH-2,
ArgH-2), 6.28-6.34 (m, 1H, DHBH-5), 6.71-7.27 (m, 2H, DHBH-
4, DHBH-6); (+)-LRFABMS (m/z, %): 434.2 [M + Na]*, 412.2
[M + H]J*.

2,3-Dihydroxybenzoyl-L-argininyl-D-serine (1a)

N“-2,3-Dihydroxybenzoyl-L-ornithinyl-D-serine terz-butyl ester
(5a) (57 mg, 0.15 mmol) was reacted with 1,3-di-terz-butoxycarbo-
nyl-2-trifluoromethanesulfonylguanidine (52 mg, 0.13 mmol) in a
similar way as 5b to yield N®-2,3-dihydroxybenzoyl-N®-tert-bu-
toxycarbonyl-N®'-tert-butoxycarbonyl-L-argininyl-D-serine  zert-
butyl ester (60 mg) which was hydrolysed in a similar way as the
L-argininyl-L-serine derivative to afford 2,3-dihydroxybenzoyl-L-
argininyl-D-serine (1a) (27 mg, 0.06 mmol, 62%) as a dark yellow
oil; [a]p*: —16.4 (¢, 0.7 in MeOH); '"H NMR (200 MHz, D,0) dy:
1.56-1.94 (m, 4H, ArgH-3, ArgH-3', ArgH-4, ArgH-4'), 3.10-3.14
(m, 2H, ArgH-5, ArgH-5"), 3.80 (dd, 1H, Jy3. = 3.9 Hz, Jisuy =
10.1 Hz, SerH-3), 3.80 (dd, 1H, Juy 4, = 5.1 Hz, Jysuy = 10.1 Hz,
SerH-3'), 4.47-4.57 (m, 2H, SerH-2, ArgH-2), 6.74 (t, 1H, Jyyus =
Jusus = 8.1 Hz, DHBH-5), 6.96, 7.17 (2 x d, 2H, Juyns = Jusus =
8.1 Hz, DHBH-4, DHBH-6); *C NMR (50 MHz, D,0) é.: 24.98
(ArgC-4), 29.02 (ArgC-3), 41.13 (ArgC-5), 54.13, 55.48 (ArgC-2,
SerC-2), 61.60 (SerC-3), 120.17, 120.32, 120.46 (DHBC-4, DHBC-
5, DHBC-6), 117.41, 145.19, 147.17 (DHBC-1, DHBC-2, DHBC-
3), 157.32 (C=N), 170.51, 173.72 (2 x CONH), 174.42 (CO,H);
(+)-LRESIMS (m/z,%): 398.10 ((M + H]*, 84%); (+)-HRESIMS:
calculated for C,sH,,N;O,, [M + H]* 398.1670, found 398.1674.

N¢-2,3-Dibenzyloxybenzoyl-/V’-benzyloxycarbonyl-D-ornithine
(2b)

N°-Benzyloxycarbonyl-D-ornithine methyl ester (0.40 g, 1.39
mmol) was coupled with 2,3-dibenzyloxybenzoic acid in
a similar way as the corresponding L-ornithine deriva-
tive to yield N°®-2,3-dibenzyloxybenzoyl-N°-benzyloxycarbonyl-
D-ornithine methyl ester (0.65 g), which was hydrolysed in a
similar way as the corresponding L-ornithine derivative to give N°-
2,3-dibenzyloxybenzoyl-N°-benzyloxycarbonyl-D-ornithine  (2b)
(0.60 g, 1.06 mmol, 79%), which was used without further
purification.
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N®-2,3-Dihydroxybenzoyl-D-ornithine (3b)

N*-2,3-Dibenzyloxybenzoyl- N°-benzyloxycarbonyl - D-ornithine
(2b) (80 mg, 0.11 mmol) was hydrogenated in a similar way as
2a to afford N®-2,3-dihydroxybenzoyl-D-ornithine (3b) (65 mg,
0.11 mmol, quantitative), which was used without further pu-
rification; [a]p®: —4.6 (¢, 0.55 in D,0); '"H NMR (200 MHz,
D,0) oy: 1.73-1.98 (m, 4H, OrnH-3, OrnH-3', OrnH-4, OrnH-
4), 291-2.99 (m, 2H, OrnH-2, OrnH-2'), 4.43-4.45 (m, 1H,
OrnH-1), 6.86-7.42 (m, 3H, DHBH-4, DHBH-5,DHBH-6); *C
NMR (50 MHz, D,0) d.: 25.33, 30.88, 40.44 (OrnC-3, OrnC-
4, OrnC-5), 49.88 (OrnC-2), 118.91, 128.79, 128.75 (DHBC-4,
DHBC-5, DHBC-6), 129.52, 135.12, 135.14 (DHBC-1, DHBC-
2, DHBC-3), 170.32 (CO,H); (+)-LRESIMS (m/z, %): 269.11
(IM + HJ*, 100%); (+)-HRESIMS: calculated for C,,H;;N,O, [M
+ H]* 269.1131, found 269.1129.

2,3-Dihydroxybenzoyl-p-arginine (4)

N®-2,3-Dibenzyloxybenzoyl- N°-benzyloxycarbonyl-D-ornithine
(2b) (0.39 g, 0.69 mmol) was suspended in tert-butyl acetate
(2.30 mL, 16.70 mmol) and perchloric acid (70%, 0.07 mL, 0.77
mmol) was added. The mixture was stirred at room temperature
for 16 h and added to saturated aqueous sodium bicarbonate
(10 mL). After stirring for a further 30 min, the mixture was
extracted with diethyl ether (3 x 20 mL) and the combined
organic layers were dried, filtered and evaporated in vacuo
to obtain N®-2,3-dibenzyloxybenzoyl-N°-benzyloxycarbonyl-D-
ornithine fert-butyl ester (0.44 g, 48%) as a clear oil, which was
hydrogenated using 5% Pd-C (0.07 g) in a similar way as 2a
to afford N*-2,3-dibenzyloxybenzoyl-D-ornithine fert-butyl ester,
which was used immediately in the next reaction. This D-ornithine
derivative ester was treated with 1,3-di-zert-butoxycarbonyl-2-
trifluoromethanesulfonyl guanidine (0.12 g, 0.30 mmol) in a
similar way as Sb. The product mixture was then preab-
sorbed onto silica and purified by flash column chromatogra-
phy (methanol/DCM 5%), to yield N°-2,3-dibenzyloxybenzoyl-
N°-tert-butoxycarbonyl-N'-tert-butoxycarbonyl-D-arginine tert-
butyl ester (0.133 g), which was then stirred at room temperature
in a solution in TFA and DCM (3:7, 1 mL). After 16 h the
solvent was evaporated under reduced pressure and coevapora-
tion with toluene afforded 2,3-dihydroxybenzoyl-D-arginine (4)
(74 mg, 0.25 mmol, 73%) as a dark yellow oil; [a]p**: +3.5 (¢,
2.3 in H,0); '"H NMR (200 MHz, D,0) dy: 1.50-1.60, 1.68—
1.94 (2 x m, 4H, ArgH-3, ArgH-3', ArgH-4, ArgH-4'), 3.03-
3.07 (m, 2H, ArgH-5, ArgH-5), 4.43-4.59 (dd, 1H, Juu =
5.4 Hz, Jyouy = 8.7 Hz, ArgH-2), 6.67 (t, IH, Jusus = Jusne =
8.1 Hz, DHBH-5), 6.90, 7.12 (2 x d, 2H, Jusus = Jusus 8.1 Hz,
DHBH-4, DHBH-6); *C NMR (50 MHz, D,0) d.: 24.54 (ArgC-
4), 27.83 (ArgC-3), 40.58 (ArgC-5), 52.60 (ArgC-2), 116.15,
119.30, 119.71 (DHBC-4, DHBC-5, DHBC-6), 144.67, 147.15
(DHBC-1, DHBC-2, DHBC-3), 156.74 (C=N), 170.00, 1756.29
(2 x CONH), 174.39 (CO,H); (+)-LRESIMS (m/z, %): 311.13
(IM + HJ*, 81%); (+)-HRESIMS: calculated for C;;H;3;N,O5 [M
+ HJ* 311.1354, found 311.1349.

N“-2,3-Dihydroxybenzoyl-D-ornithinyl-L-serine zerz-butyl
ester (5¢)

N“-2,3-Dibenzyloxybenzoyl- N°-benzyloxycarbonyl-D-ornithine
methyl ester (2b) (0.51 g, 0.90 mmol) was coupled with L-serine

in a similar way as 2a to yield N%-2,3-dibenzyloxybenzoyl-N°-
benzyloxycarbonyl-D-ornithinyl-L-serine fert-butyl ester, which
was hydrogenated as previously reported for the L-ornithinyl-L-
serine derivative to afford N®-2,3-dihydroxybenzoyl-D-ornithinyl-
L-serine tert-butyl ester (Sc) (0.33 g, 0.83 mmol, 82%), which was
used without further purification; [a]p*: +14.6 (¢, 0.14 in CI;CH);
"HNMR (200 MHz, CDCl;) d: 1.40 (s, 9H, -C(CH,);), 1.49-2.47
(m, 6H, OrnH-3, OrnH-3’, OrnH-4, OrnH-4', OrnH-5, OrnH-5),
3.40-3.71 (m, 2H, SerH-3, SerH-3'), 4.45-4.53 (m, 2H, SerH-2,
ArgH-2), 6.28-6.34 (m, |H, DHBH-5), 6.71-7.27 (m, 2H, DHBH-
4, DHBH-6); (+)-LRFABMS (m/z, %): 434.2 [M + Na]*, 412.2
[M + H]*.

N*-2,3-Dihydroxybenzoyl-D-ornithinyl-L-serine (6¢)

N®-2,3-Dihydroxybenzoyl-D-ornithinyl-L-serine tert-butyl ester
(5¢) (45 mg, 0.11 mmol) was hydrolysed in a similar way as
5a to afford N®-2,3-dihydroxybenzoyl-D-ornithinyl-L-serine (6¢)
(36 mg, 0.11 mmol, quantitative) as a dark yellow oil; [a]p*:
+8.7 (¢, 0.16 in H,0); '"H NMR (200 MHz, D,0) Jy: 1.71-
2.04 (m, 4H, OrnH-3, OrnH-3’, OrnH-4, OrnH-4'), 3.00-3.05
(m, 2H, OrnH-5, OrH-5), 3.86 (dd, 1H, Jy;m = 4.1 Hz, Jysuy
= 12.0 Hz, SerH-3), 3.95 (dd, 1H, Juyym = 5.0 Hz, Jyzuy =
12.0 Hz, SerH-3'), 4.53-4.56, 4.62-4.65 (2 x m, 2H, SH-2, OrnH-
2), 6.81 (t, 1H, Juyns = Jususe = 8.0 Hz, DHBH-S), 7.03, 7.23
(2 x d, 2H, Juyns = Jusue = 8.0 Hz, DHBH-4, DHBH-6);
BC NMR (50 MHz, D,0) d¢: 23.92 (OrnC-4), 28.85 (OrnC-3),
39.53 (OrnC-5), 53.94, 55.97 (OrC-2, SerC-2), 61.78 (SerC-3),
120.22, 120.35, 120.52 (DHBC-4, DHBC-5, DHBC-6), 117.45,
145.20, 147.07 (DHBC-1, DHBC-2, DHBC-3), 170.63, 174.06
(2 x CONH), 174.26 (CO,H); (+)-LRESIMS (m/z, %): 356.14
(IM + HJ*, 100%); (+)-HRESIMS calculated for C,sH,,N;0O;
[M + H]J* 356.1452, found 356.1458.

2,3-Dihydroxybenzoyl-D-argininyl-L-serine (1c)

N“-2,3-Dihydroxybenzoyl-D-ornithinyl-L-serine ferz-butyl ester
(5¢) (95 mg, 0.25 mmol) reacted with 1,3-di-fert-butoxycarbonyl-
2-trifluoromethanesulfonylguanidine (85 mg, 0.21 mmol) in a
similar way as 5a to yield N°-2,3-dihydroxybenzoyl-N®-tert-bu-
toxycarbonyl-N®'-tert-butoxycarbonyl-D-argininyl-L-serine ~ zert-
butyl ester, which was hydrolysed in a similar way as the
corresponding L-argininyl-L-serine derivative to afford 2,3-
dihydroxybenzoyl-p-argininyl-L-serine (1¢) (69 mg, 0.16 mmol,
61%) as a dark yellow oil; [a],**: —20.8 (¢, 0.1 in H,0) [natural
sample: [a]p*: —15.9 (¢, 0.08 in H,0)]; '"H NMR (500 MHz, D,0)
Ou: 1.56-1.94 (m, 4H, ArgH-3, ArgH-3', ArgH-4, ArgH-4'), 3.10—
3.14 (m, 2H, ArgH-5, ArgH-5), 3.80 (dd, 1H, Jysm = 3.9 Hz,
Jusuy = 10.1 Hz, SerH-3), 3.90 (dd, 1H, Jyy 4 = 5.1 Hz, Jy3y =
10.1 Hz, SerH-3'),4.47-4.57 (m, 2H, SerH-2, ArgH-2), 6.74 (t, 1H,
Juans = Jusus = 8.1 Hz, DHBH-5), 6.96, 7.17 (2 x dd, 2H, J =
1.5 Hz, J = 8.1 Hz, DHBH-4, DHBH-6); *C NMR (120 MHz,
D,0) o 24.98 (ArgC-4), 29.02 (ArgC-3), 41.13 (ArgC-5), 54.13,
55.48 (ArgC-2, SerC-2), 61.60 (SerC-3), 120.17, 120.32, 120.46
(DHBC-4, DHBC-5, DHBC-6), 117.41, 145.19, 147.17 (DHBC-1,
DHBC-2, DHBC-3), 157.32 (C=N), 170.51, 173.72 (2 x CONH)),
174.42 (CO,H); (+)-LRESIMS (m/z, %): 398.10 (M + H]*, 84%);
(+)-HRESIMS: calculated for C,(H,,N;Oo, [M + H]* 398.1670,
found 398.1674.
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2,3-Dibenzyloxybenzoyl-L-serine (7a)

L-Serine hydrochloride methyl ester (0.34 g, 2.16 mmol) was
coupled to 2,3-dibenzyloxybenzoic acid (0.72 g, 2.16 mmol) in
anhydrous DMF (20 mL) and triethylamine (0.75 mL, 5.39 mmol)
using TBTU as the coupling agent (1.04 g, 3.23 mmol). The solvent
was removed in vacuo and the residue was preabsorbed onto
silica and purified by flash column chromatography (ethyl acetate—
hexane 1:1) to yield 2,3-dibenzyloxybenzoyl-L-serine methyl ester,
which was then dissolved in THF (40 mL) and water (80 mL).
To the resulting solution, barium hydroxide (0.79 g, 4.58 mmol)
was added and the mixture was stirred for 3 h at 50 °C, after
which t.l.c. (ethyl acetate—cyclohexane 2:3) indicated complete
conversion of starting material (R; 0.28) to a major product (R;
0.0). DOWEX 50 W (H*) was added to the solution to give a
pH = 6, the resin was removed by filtration and the filtrate was
evaporated in vacuo to give 2,3-dibenzyloxybenzoyl-L-serine (7a)
(0.84 g, 2.00 mmol, 84%), which was used for the next step without
further purification.

2,3-Dihydroxybenzoyl-L-serine (8a)

2,3-Dibenzyloxybenzoyl-L-serine (7a) (0.04 g, 0.10 mmol) was
hydrogenated using 5% Pd/C (1 mg) in a similar was as 2b
to afford 2,3-dihydroxybenzoyl-L-serine (8a) (23 mg, 0.1 mmol,
quantitative); [a]p*: +12.2 (¢, 0.6 in H,O); 'H NMR (200 MHz,
D,0)0dy:4.39 (m, 2H, SerH-3, SerH-3'), 5.04 (m, 1H, SerH-2), 7.14
(t, 1H, J = 7.0 Hz, DHBH-5), 7.35, 7.73 (2 x d, 2H, J = 7.0 Hz,
J = 7.2 Hz, DHBH-4, DHBH-6); *C NMR (200 MHz, D,0) d:
49.53 (SerC-2), 62.18 (SerC-3), 116.96, 120.02, 120.24 (DHBC-4,
DHBC-5, DHBC-6), 145.12, 147.54 (DHBC-1, DHBC-2, DHBC-
3), 170.21 (CONH), 177.64 (CO,0H); (+)-LRESIMS (m/z, %):
264.05 [M + Nal*, 242.06 [M + HJ*; (+)-HRESIMS: calculated
for C,,H;;NO; [M + HJ* 242.0659; found 242.0659.

2,3-Dihydroxybenzoyl-L-serinyl-L-ornithine tert-butyl ester (9a)

N3-Benzyloxycarbonyl-L-ornithine terz-butyl ester (0.07 g, 0.21
mmol) was coupled to 2,3-dibenzyloxybenzoyl-L-serine (7a)
(0.06 g, 0.12 mmol) in anhydrous DMF (2 mL) and triethylamine
(0.07 mL, 0.52 mmol) using TBTU as coupling agent (0.10 g, 0.30
mmol). The solvent was removed in vacuo and the residue was
preabsorbed onto silica and purified by flash column chromatogra-
phy (ethyl acetate-hexane 2:1) to yield 2,3-dibenzyloxybenzoyl-L-
serinyl-N°-benzyloxycarbonyl-L-ornithine ferz-butyl ester, which
was hydrogenated in methanol (6 mL) using 5% Pd/C (0.02 g) as
catalyst. The reaction mixture was filtered through Celite and the
solvent was removed in vacuo to afford 2,3-dihydroxybenzoyl-L-
serinyl-L-ornithine fert-butyl ester (9a) (64 mg, 0.16 mmol, 81%),
which was used without further purification; [a]p*': +15.5 (¢, 0.55
in MeOH); '"H NMR (200 MHz, CD;0D) Jy: 1.40 (s, 9H, -
C(CHs;);), 1.51-1.86 (m, 4H, OrnH-3, OrnH-3', OrnH-4, OrnH-
4, 2.78 (m, 2H, OrnH-5, OrnH-5'), 3.89-3.90 (m, 2H, SerH-3,
SerH-3"), 4.35 (m, 1H, SerH-2), 4.66 (bs, 1H, ArgH-2), 6.30-6.38
(m, 1H, DHBH-5), 6.76, 7.28 (2 x d,2H, J = 7.0 Hz, J = 7.3 Hz,
DHBH-4, DHBH-6), (+)-LRFABMS (m/z, %): 434.2 [M + Na]*,
412.2 [M + HJ*.

2,3-Dihydroxybenzoyl-L-serinyl-L-ornithine (10a)

2,3-Dihydroxybenzoyl-L-serinyl-L-ornithine fert-butyl ester (9a)
(51 mg, 0.012 mmol) was stirred at room temperature in a solution
of TFA and DCM (3:7, 1 mL). After 16 h, evaporation of the
solvent under reduced presure and coevaporation with toluene
afforded 2,3-dihydroxybenzoyl-L-serinyl-L-ornithine (10a) (44 mg,
0.12 mmol, quantitative) as a clear oil; [a]p®: +3.9 (¢, 1.1 in
MeOH); '"HNMR (200 MHz, D,0)dy;: 1.32-1.87 (m, 4H, OrnH-3,
OrnH-3', OrnH-4, OrnH-4), 2.85-2.99 (m, 2H, OrnH-5, OrnH-
5),3.86-3.94 (m, 2H, SerH-3, SerH-3'), 4.51-4.61 (m, 2H, SerH-2,
OrnH-2), 6.64 (t, 1H, Jyyus = Jusue = 7.8 Hz, DHBH-5), 7.04,
7.21 (2 x d,2H, Jyyns = Jusue = 7.8 Hz, DHBH-4, DHBH-6); *C
NMR (50 MHz, D,0) d¢: 23.87 (OrnC-4), 29.17 (OrnC-3), 39.67
(OrnC-5), 49.51, 56.28 (OrnC-2, SerC-2), 62.04 (SerC-3), 117.73,
118.59, 120.52 (DHBC-4, DHBC-5, DHBC-6), 145.66, 147.01
(DHBC-1, DHBC-2, DHBC-3), 169.89, 171.44 (2 x CONH),
173.57 (CO,H).

2,3-Dihydroxybenzoyl-L-serinyl-L-arginine (11a)

2,3-Dihydroxybenzoyl-L-serinyl-L-ornithine fert-butyl ester (9a)
(64 mg, 0.15 mmol) was treated with 1,3-di-fert-butoxycarbonyl-
2-trifluoromethanesulfonylguanidine (52 mg, 0.13 mmol) in a
similar was as 5b. The product mixture was then preadsorbed
onto silica and purified by flash column chromatography
(methanol/DCM  5%), to yield N®-2,3-dihydroxybenzoyl-L-
serinyl-N°-tert-butoxycarbonyl-N'-tert-butoxycarbonyl-L-argin-
ine tert-butyl ester, which was hydrolysed with TFA as before to
afford 2,3-dihydroxybenzoyl-L-serinyl-L-arginine (11a) (40 mg,
0.10 mmol, 71%) as a dark yellow oil; [a]p™: +3.2 (¢, 0.8 in
MeOH); 'H NMR (200 MHz, D,O) Jy: 1.60-1.98 (m, 4H,
ArgH-3, OrnH-3’, OrnH-4, OrnH-4), 3.12-3.18 (m, 2H, ArgH-5,
ArgH-5), 3.78-3.84 (m, 2H, SerH-3, SerH-3"), 4.35 (dd, 1H,
Jwws = 4.8 Hz, Jypuy = 9.0 Hz, SerH-2), 4.69-4.75 (m, 1H,
ArgH-2), 6.74 (t, 1H, Jyuus = Jusus = 7.8 Hz, DHBH-5), 6.96,
7.18 2 x d, 2H, Jyuns = Jusus = 7.8 Hz, DHBH-4, DHBH-6);
BC NMR (50 MHz, CDCl,) d.: 24.75 (ArgC-4), 27.83 (ArgC-3),
40.25 (ArgC-5), 52.12, 55.43 (ArgC-2, SerC-2), 61.14 (SerC-3),
117.94, 119.06 (DHBC-4, DHBC-5, DHBC-6), 143.88, 146.75
(DHBC-1, DHBC-2, DHBC-3), 156.33 (C=N), 170.12, 171.35
(2 x CONH), 174.03 (CO,H); (+)-LRESIMS (m/z, %): 398.10
(IM + H]*, 84%); (+)-HRESIMS: calculated for C,sH,,N;O,,
[M + H]* 398.1670, found 398.1678.

2,3-Dibenzyloxybenzoyl-D-serine (7b)

D-Serine methyl ester hydrochloride (0.34 g, 2.16 mmol) was cou-
pled with 2,3-dibenzyloxybenzoic acid (0.72 g, 2.16 mmol) in a sim-
ilar way as L-serine methyl ester to yield 2,3-dibenzyloxybenzoyl-
D-serine methyl ester, which was hydrolysed in a similar way as the
corresponding L-serine derivative to give 2,3-dibenzyloxybenzoyl-
D-serine (7b) (0.83 g, 1.97 mmol, 84%), which was used in the next
step without further purification.

2,3-Dihydroxybenzoyl-D-serine (8b)

2,3-Dibenzyloxybenzoyl-D-serine (7b) (31 mg, 0.07 mmol) was hy-
drogenated in a similar way as 7a to afford 2,3-dihydroxybenzoyl-
D-serine (8b) (17 mg, 0.07 mmol, quantitative); [a]p*: —10.8 (c,
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0.8 in H,0); '"H NMR (200 MHz, D,0) d,;: 4.39 (m, 2H, SerH-3,
SerH-3'), 5.04 (m, 1H, SerH-2), 7.14 (t, 1H, J 7.0 Hz, DHBH-
S5), 7.35,7.73 2 x d, 2H, J = 7.0 Hz, J = 7.2 Hz, DHBH-4,
DHBH-6); "C NMR (50 MHz, D,0) . 49.53 (SerC-2), 62.18
(SerC-3), 116.96, 120.02, 120.24 (DHBC-4, DHBC-5, DHBC-6),
145.12, 147.54 (DHBC-1, DHBC-2, DHBC-3), 170.21 (CONH),
177.64 (CO,0OH); (+)-LRESIMS (m/z, %): 264.05 [M + Nal*,
242.06 [M + HJ*; (+)-HRESIMS: calculated for C,,H,;NO, [M +
H]* 242.0659; found 242.0659.

2,3-Dihydroxybenzoyl-D-serinyl-L-ornithine tert-butyl ester (9b)

2,3-Dibenzyloxybenzoyl-D-serinic acid (7b) was coupled with
N3-benzyloxycarbonyl-L-ornithine zerz-butyl ester (0.07 g, 0.21
mmol) in a similar way as 7a to yield 2,3-dibenzyloxybenzoyl-D-
serinyl-N°-benzyloxycarbonyl-L-ornithine rert-butyl ester, which
was hydrogenated in a similar way as the corresponding D-serinyl-
L-ornithine derivative to afford 2,3-dihydroxybenzoyl-D-serinyl-L-
ornithine tert-butyl ester (9b) (64 mg, 0.15 mmol, 81%), which was
used without further purification; [a]p*': +15.5 (¢, 0.55 in MeOH));
'"H NMR (200 MHz, CD;0D) dy: 1.40 (s, 9H, -C(CH;)5), 1.51-
1.86 (m, 4H, OrnH-3, OrnH-3', OrnH-4, OrnH-4'), 2.78 (m, 2H,
OrnH-5, OrnH-5"), 3.89-3.90 (m, 2H, SerH-3, SerH-3'), 4.35 (m,
1H, SerH-2), 4.66 (bs, 1H, ArgH-2), 6.30-6.38 (m, 1H, DHBH-5),
6.76,7.28 (2 x d,2H, J = 7.0 Hz, J = 7.3 Hz, DHBH-4, DHBH-6);
(+)-LRESIMS: 434.2 [M + Nal*, 412.2 [M + HJ*.

2,3-Dihydroxybenzoyl-D-serinyl-L-ornithine (10b)

2,3-Dihydroxybenzoyl-D-serinyl-L-ornithine zerz-butyl ester (9b)
(45 mg, 0.01 mmol) was hydrolysed in a similar way as 9a
to give 2,3-dihydroxybenzoyl-D-serinyl-L-ornithine (10b) (39 mg,
0.01 mmol, quantitative) as a clear oil; [a]p®: —3.1 (¢, 1.8 in
MeOH); '"HNMR (200 MHz, D,0)dy: 1.32-1.87 (m, 4H, ArgH-3,
OrnH-3', OrnH-4, OrnH-4'), 2.85-2.99 (m, 2H, ArgH-5, ArgH-
5),3.86-3.94 (m, 2H, SerH-3, SerH-3'), 4.51-4.61 (m, 2H, SerH-2,
ArgH-2), 6.64 (t, 1H, Jpyps = Jpsps = 7.8 Hz, DHBH-5), 7.04,
7.21 (2 x d, 2H, Jp4ps = Jpsps = 7.8 Hz, DHBH-4, DHBH-6); °C
NMR (50 MHz, D,0) d.: 23.87 (OrnC-4), 29.17 (OrnC-3), 39.67
(OrnC-5), 49.51, 56.28 (OrnC-2, SerC-2), 62.04 (SerC-3), 117.73,
118.59, 120.52 (DHBC-4, DHBC-5, DHBC-6), 145.66, 147.01
(DHBC-1, DHBC-2, DHBC-3), 169.89, 171.44 (2 x CONH),
173.57 (CO,H).

2,3-Dihydroxybenzoyl-p-serinyl-L-arginine (11b)

2,3-Dihydroxybenzoyl-D-serinyl-L-ornithine ferz-butyl ester (9b)
(64 mg, 0.15 mmol) was reacted with 1,3-di-zerz-butoxycarbonyl-2-
(trifluoromethanesulfonyl)guanidine in a similar way as 9a to yield
N“-2,3-dihydroxybenzoyl-D-serinyl- N°-tert-butoxycarbonyl-N®'-
tert-butoxycarbonyl-L-arginine fert-butyl ester, which was
hydrolysed in a similar way as the corresponding L-serinyl-L-
arginine derivative to give 2,3-dihydroxybenzoyl-D-serinyl-L-
arginine (11b) (42 mg, 0.10 mmol, 71%) as a dark yellow oil;
[a]lp®: —6.2 (¢, 0.4 in MeOH); 'H NMR (200 MHz, D,0) dy:
1.50-1.99 (m, 4H, ArgH-3, ArgH-3', ArgH-4, ArgH-4), 3.04-3.08
(m, 2H, ArgH-5, ArgH-5), 3.89-3.91 (m, 2H, SerH-3, SerH-3"),
4.37 (dd, 1H, Jyo43 = 4.8 Hz, Jypuy = 9.0 Hz, SerH-2), 4.69-4.71
(t, 1H, Jyous = Jmony = 5.2 Hz, ArgH-2), 6.74 (t, 1H, Jysus =
Jusue = 7.8 Hz, DHBH-5), 6.96, 7.19 (2 x d, 2H, Juyus = Jusus =

7.8 Hz, DHBH-4, DHBH-6); *C NMR (50 MHz, D,0) d.: 24.26
(ArgC-4), 27.69 (ArgC-3), 40.36 (ArgC-5), 52.20, 55.62 (ArgC-2,
SerC-2), 61.02 (SerC-3), 118.02, 119.66 (DHBC-4, DHBC-5,
DHBC-6), 144.46, 146.75 (DHBC-1, DHBC-2, DHBC-3),
156.55 (C=N), 169.85, 171.84 (2 x CONH), 174.78 (CO,H);
(+)-LRESIMS (m/z, %): 398.10 (M + H]*, 84%); (+)-HRESIMS:
calculated for C,sH,,N;O,, [M + H]* 398.1670, found 398.1676.

Biological assays

The growth promotion assays were performed using the disc
diffusion method in Petri dishes. All tests were carried out
using CM9 minimal medium containing the non-assimilable iron
chelator 2,2'-dipyridyl at the appropriate concentration for each
test strain to make the medium iron depleted and to hinder
normal bacterial growth. Strains to be tested were suspended
in this medium before plate pouring. After agar solidification,
10 uL of siderophore solutions (all adjusted to a concentration of
1 mg mL~") were applied to sterile paper discs of 6 mm diameter
onto the surface of the agar plates. The presence of growth zones
around discs after 24 h or 48 h incubation at 25 °C or 37 °C (for
Salmonella enterica) indicates utilization of the compound as an
iron source. Measurement of the growth halo diameter was used
as a quantitative estimation of utilization of each derivative. All
assays were repeated at least three times and the average values
are given in the results. A disc with 10 pL of a 10 uM solution of
Fe,(S0,); was used as the growth control.

In addition, the iron complexation capacity of each compound
was tested by the chrome azurol S (CAS) liquid assay developed by
Schwyn and Neilands. An aqueous solution of each compound at
a concentration of 1 mg mL~' was diluted to 1:10 in purified water
and mixed with 1 vol of the CAS mixture. After 20 min the colour
change was measured in a UV-VIS spectrophotometer at 630 nm.
A positive siderophore activity produces a colour change from
blue to orange with the corresponding reduction in absorbance
values with respect to the blank.
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The first non-chiral pool total synthesis of (+)-hyacinthacine
A, is described. This synthesis is based on an effective [2 +
2] cycloaddition of dichloroketene to a Stericol®-based enol
ether, a diastereoselective dihydroxylation, and an efficient
Tamao-Fleming oxidation.

Glycosidases and glycotransferases are enzymes that catalyze
the degradation and the biosynthesis of oligosaccharides and
glycoconjugates (glycoproteines, glycolipids), which are involved
in a large array of biological phenomena. Inhibitors of these
enzymes can be considered as potential candidates for the
treatment of a variety human diseases, such as diabetes, cancers,
malaria, and viral infections.! Iminosugars, structurally related to
carbohydrates, are among the most promising of the inhibitors,*?
and within this group, the polyhydroxylated pyrrolizidines are
of particular interest because of their selectivity, as well as the
challenges associated with their stereoselective synthesis.?

Over the past few years, we have been studying the asymmet-
ric synthesis of alkaloids through the use of diastereoselective
dichloroketene—chiral enol ether cycloaddition.* This method-
ology has been applied to the synthesis of naturally occurring
pyrrolidines,® indolizidines,® and, recently, pyrrolizidines.” Am-
phorogynines A and D, two members of a new class of C-
1,C-6-substituted pyrrolizidines, and retronecine,” a necine base
(C-1,C-7-substituted pyrrolizidine), have thus been efficiently
prepared. Another important pyrrolizidine class, exemplified by
hyacinthacine A, (1),*° alexine (2)," and casuarine (3)," is
characterized by the presence of a hydroxymethyl group at C-
3.2 The first non-chiral pool total synthesis of (+)-hyacinthacine
A, is now reported, which serves to underscore both the flexibility
and efficiency of our pyrrolizidine approach.

OH
Ho S HO  OH HO |, OH

HOH HO' ~1OH

OH OH

Hyacinthacine A4 (1) Alexine (2) Casuarine (3)

Hyacinthacine A, was isolated in low yield (5 mg kg™') from
the bulbs of Muscari armeniacum (Hyacinthaceae) and found to
exhibit selective inhibitory activity toward rat intestinal lactase

Département de Chimie Moléculaire (SERCO) UMR-5250, ICMG FR-
2607, CNRS Université Joseph Fourier, BP-53, 38041, Grenoble Cedex 9,
France. E-mail: philippe.delair@ujf-grenoble.fr; Fax: +33 4 76 63 57 54,
Tel: +33476 63 54 42

T Electronic supplementary information (ESI) available: Characterization
data for compounds 1, 6-12, 15, 16 and NMR spectra for compounds 1,
6, 8-12, 15, 16. See DOI: 10.1039/b800445¢

(ICs value of 4.4 uM).® To the best of our knowledge, only three
syntheses of this alkaloid have so far been reported in the literature,
one racemic®® and two from chiral pool material.'*

It was planned that hyacinthacine A, would derive from the
protected pyrrolizidinone III by installation of the hydroxyl
functions and lactam reduction (Scheme 1). This pyrrolizidinone,
in turn, was seen as arising from lactam II by stereoselective
reductive alkylation with a latent hydroxymethyl group, followed
by oxidation and cyclization. Lactams of the general type II had
already been prepared in our group by stereoselective cycload-
dition of dichloroketene to chiral enol ethers I, Beckmann ring
expansion, and dechlorination.®’

H OR" Elimination
. «~ Dihydroxylation

j—1 e
. . Reduction X
(+)-Hyacinthacine A4
[[]
Oxidation
( Cyclization  OR* Cl
N «=0
N
j—
HN N .
3 WOR
O Reductive
Alkylation

Scheme 1 Retrosynthesis of (+)-hyacinthacine A,.

The synthesis began from (S)-(—)-Stericol®, a broadly effective
chiral auxiliary,'*"* which was converted into the known’ lactam
51in 57% overall yield (Scheme 2).'® This was transformed into the
hemiaminal derivative 7 via imide 6 in 71% yield by successive treat-
ment with Boc anhydride, Super Hydride®, and p-toluenesulfonic
acid in methanol in preparation for the introduction of a
hydroxymethyl equivalent. Initial attempts to achieve this end
through the reaction of 7 with a variety of hydroxymethylcuprate
derivatives (from ROCH,Li; R = Bn, p-MeOC,H,CH,, fert-
Bu, TBDMS)" under different reaction conditions provided at
best only low yields of the desired adduct. Fortunately, however,
magnesio-(dimethylphenylsilylmethyl)cuprate™ reacted with 7 in
the presence of boron trifluoride etherate' in 7:1 ether-dimethyl
sulfide to give a 6:1 mixture of difficult to separate pyrrolidines
(major isomer 8 shown) in 96% yield (in ether alone, the
diastereoselectivity was 3:1). The diasterecomeric ratios and the
stereochemical assignments were established by careful analysis
of high-field "H NMR spectra recorded at 85 °C.

With a surrogate hydroxymethyl group now in place, the pyrro-
lidine derivatives were transformed into esters 9 by hydroboration,
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(S)-(-)-Stericol 4 5
\/,,I O ~ Ar

Boc,O, DMAP 7\ .  LEtsBH; p-TSOH,

EtsN, 85% BocN MeOH, 84%
° 6
\//,,‘4 .‘\\O\/ Ar \//,'l’ \O\/ Ar
BocN > PhMe,SiCH,MgCl, ~ BocN :
“~N

OMe CuBr<Me,S, BF;*OEt, 611

96% SiMe,Ph

7 8

Ar = 2,4 6-triisopropylphenyl
Scheme 2 Preparation of silane 8.

oxidation,”?' and esterification (Scheme 3). Conveniently, on
heating in toluene the free amines, obtained selectively from 9
with TMSOTT,** only the major diastereomer cyclized, to provide
pyrrolizidinone 10 in 63% yield (2 steps). This fortuitous event
can most likely be ascribed to the significant steric interactions
that would be encountered in going from the minor pyrrolidine
to the diastereomeric pyrrolizidinone. The chiral auxiliary was
next cleaved with trifluoroacetic acid to provide pyrrolizidinol 11,
which could best be converted into olefin 12 by pyrolysis of the
corresponding methyl xanthate*® under published conditions.**

1. SiagBH; H,0, MeOC._ v O~ A

2. Dess-Martin H
8 - BocN -
3. NaClO,; CH,N, AN
67% 6:1
PhMe,Si” ¢
H O A
1. TMSOTf \ TFA
—_—
2. Toluene, A N 87%
63% o]
PhMe,Si 10
OH H
1. KH; CS,; Mel N\
N 2.A N
o 72% 0
PhMe,Si PhMe,Si
11 12

Ar = 2,4 6-triisopropylphenyl

Scheme 3 Preparation of pyrrolizidinone 12.

Efforts to stereoselectively introduce vicinal hydroxyl groups
proved interesting. In initial studies conducted with the
pyrrolizidine 13 (Scheme 4), it had been found that catalytic
osmium tetroxide-mediated dihydroxylation with trimethylamine
N-oxide as the co-oxidant produced an equimolar mixture of cis
diols, which to our surprise was composed of the undesired f3,-diol
14 and the desired o,a-diol, the latter, however, as the over-oxidized

H OH H __QH
Ny 0s0, OH "'OH
N N + N
MegNO
_ o)
PhMe,Si 75% PhMe,Si (1:1)  PhMe,Si
13 14 15

Scheme 4 Initial studies conducted with pyrrolizidine 13.

lactam 15.% Since several modifications of the experimental con-
ditions did not fundamentally alter these disappointing results, the
above preparation of lactam 12 was conceived with the expectation
now that this considerably flatter bicycle would provide a highly
satisfactory stereochemical outcome.

Much to our delight, dihydroxylation of pyrrolidinone 12 under
similar conditions indeed proved highly stereoselective: the desired
diol 15 was formed exclusively in 99% yield (Scheme 5). The
primary hydroxyl group was next unmasked in 15 through a
Tamao-Fleming oxidation,” which proceeded smoothly to afford
triol 16 in 82% yield. Completion of the synthesis was achieved
through borane reduction of 16 to give in 78% yield hyacinthacine
A, ([a]p* +43.9 (¢ 0.29, H,0)), which provided spectral data in
perfect agreement with those of the naturally derived product ([a]p
+38.2 (¢ 0.23, H,0)).2*

H o OH
0s04, NMO oH HBF,+OMe,, KF;
non BFarONiey, KF;
acetone MCPBA
99% 82%
SiMe,Ph
15
H . on
on BN _ o
78%
HO
16 1 (+)-Hyacinthacine A,

Scheme 5 Completion of the synthesis of (+)-hyacinthacine A,.

In conclusion, we have demonstrated through this efficient
synthesis of (+)-hyacinthacine A, (6.5% overall yield) that the
dichloroketene—chiral enol ether cycloaddition approach to nat-
ural products can provide a stereocontrolled entry to another
important class of pyrrolizidines. Application of this novel
methodology for the preparation of more complex hyacinthacines
is currently under investigation.
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Treatment of commercially available MesMgBr with 1,4-dioxane produces the key Mes,Mg reagent
in situ which then mediates the deprotonation of ketones to deliver trimethylsilyl enol ethers, at readily
accessible temperatures and without any nucleophilic addition, in an expedient and high yielding

one-pot process.

Introduction

The use of organometallic reagents to install functionality within
molecules is of paramount importance in organic synthesis. Of the
wealth of transformations that are possible using organometallic
species, the classical use of lithium- and magnesium-based reagents
to introduce a particular group in a nucleophilic manner remains
a widely used and successful methodology.! Having stated this,
certain problems can arise when attempting the addition of such
organometallic reagents into an enolisable carbonyl group. In
particular, yields are often reduced due to deprotonation at the a-
position, resulting in the formation of an enolate ion, thus lowering
the efficiency of the intended addition process (Scheme 1).!
Methods to overcome this enolisation have been developed, and
include the addition of cerium salts which can dramatically reduce
enolisation and so improve the yields of addition products in such
reactions.?

(e}
JK/R
R

R'Li or R'MgX

o
)\HVR
R
Enolisation Pathway
(Minor)

O, R
%R
R
Addition Pathway
(Major)

Scheme 1 Reaction of organometallic
compounds.

reagents with carbonyl

While the enolisation of carbonyl groups is therefore possible
using carbon-centred organometallic reagents, this process is
generally viewed as a detrimental side reaction which must
be avoided. Having stated this, in a series of seminal studies,
Schlosser et al. showed how the kinetic basicity of reagents such
as n-butyllithium could be appreciably and usefully enhanced
by the addition of species such as potassium fert-butoxide to
increase deprotonation rates.* Despite this, scant attention has
been directed towards the direct use of magnesium-based reagents
as base species. However, when considered more closely, use of
carbon-centred organomagnesium reagents has the potential to
provide an effective method of performing such deprotonations.
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E-mail: w.kerr@strath.ac.uk; Fax: +44 141 548 4246; Tel: +44 141 548
2959

'GlaxoSmithKline, Medicines Research Centre, Gunnels Wood Road, Steve-
nage, Hertfordshire, UK SG1 2NY

Most importantly, such processes would require fewer added
components, e.g. alkoxides (as used in the Schlosser-type systems)
or amines (as required in the ubiquitous LDA reagent), thus
expediting reaction set-up and generating fewer reaction by-
products.*

Results and discussion
Development of magnesium based carbon-centred bases

Following on from that stated above, we recently reported the
development of bismesitylmagnesium (Mes,Mg, 2) as an effective
reagent for the deprotonation of a range of ketone substrates and
the formation of silyl enol ethers.® This reagent was shown to be a
non-nucleophilic and thermally stable carbon-centred base, which
can be used at more readily accessible temperatures (e.g. 0 °C)
and, compared to more standard deprotonation methods, avoids
the wasteful use of amine additives. However, one drawback to this
technique is that the requisite Mes, Mg reagent is not commercially
available. Nonetheless, this species 2 can be efficiently prepared in a
separate process from 2-mesitylmagnesium bromide® (MesMgBr,
1) and 1,4-dioxane (Scheme 2).” Having stated this, this procedure
requires some degree of practical manipulation, including removal
of the prepared Mes,Mg solution via cannula without transferral
of the precipitated MgBr,-1,4-dioxane polymer, 3 (Scheme 2). Ad-
ditionally, the Mes,Mg solution must then be stored appropriately,
under air- and moisture-free conditions, before use. Therefore, to
enhance the applicability of bismesitylmagnesium as a carbon-
centred base species, a deprotonation protocol which operates
from commercially available MesMgBr solution, and without the
prior isolation of Mes,Mg, would clearly be advantageous. Our
endeavours towards this goal are delineated here.

1,4-Dioxane (1.05 eq.)
THF

MesMgBr

Mes,Mg + MgBr2A1,4-Dioxanel
1

2 3

Scheme 2 Preparation of Mes,Mg.

In order to establish a practically more efficient Mes,Mg-
mediated deprotonation protocol, we envisaged the development
of a system which combined the preparation of the key Mes,Mg
reagent with the deprotonation and electrophilic quench process.
Towards this objective, initial reactions using a combination of
MesMgBr and 1,4-dioxane, with an optimised quantity of TMSCI
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at 0 °C,° provided a moderate 50% conversion to the desired
silyl enol ether, using cyclohexanone as the ketone substrate
(Scheme 3). However, a 16% conversion to side (addition) products
was also noted. Comparatively, without 1,4-dioxane, a decreased
39% conversion to silyl enol ether product was registered, while
the conversion to side products increased to 34% (Scheme 3). This
indicated that the 1,4-dioxane additive was essential in order to
moderate the nucleophilic characteristics of the parent Grignard
reagent, presumably by promotion of in situ disproportionation to
the less nucleophilic Mes,Mg reagent.’

OTMS

MesMgBr (1 eq.)
TMSCI (1 eq.), THF,0°C, 18 h

4a 5a

With 1,4-dioxane (1.05 eq.): 50% conv. (16% side products)
Without 1,4-dioxane: 39% conv. (34% side products)

Scheme 3 Preliminary one-pot reactions with MesMgBr.

With these somewhat encouraging results in hand, optimisation
of the system began with the inclusion of controlled quantities
of LiCl. As shown in Table 1, the inclusion of LiCl as an
additive, in addition to 1,4-dioxane, within this developing one-
pot process, appreciably enhanced the efficiency of the silyl enol
ether formation. More specifically, using two molar equivalents
of LiCl delivered an almost quantitative conversion to the silyl
enol ether 5a, now with no trace of side (addition) products (entry
1). If the 1,4-dioxane additive was omitted, conversion increased
from the 50% observed in the control reaction to an improved
72%, however, the level of side products also increased to 27%
(Scheme 3 vs. Table 1, entry 2). Lowering of the LiCl loading level
only resulted in less efficient conversion to silyl enol ether (Table 1,
entry 3), while halving the quantity of 1,4-dioxane decreased the
conversion to product and, once again, increased the side product
ratio (Table 1, entry 4).

In addition to the optimisation shown in Table 1, an analysis
of reaction time indicated that the conversion to silyl enol ether
within the emerging one-pot method proceeded significantly more
quickly than when pre-isolated Mes,Mg was employed. As shown
in Scheme 4, the silyl enol ether product is delivered in 93%
conversion after only 1 h, compared to the 96% achieved after 8 h
using the previously developed protocol with preformed Mes,Mg.*

Having established these optimised conditions, we next sought
to assess their generality by application to a range of substrates
at the readily accessible 0 °C reaction temperature (Table 2).
Pleasingly, the developed one-pot protocol performed effectively
in all cases explored, giving the silyl enol ether products in high
isolated yield, with no addition products being detected in any
case. This method also delivered some steric selectivity with the

Table 1 Optimisation of LiCl and 1,4-dioxane additives

Entry 1,4-Dioxane/eq. LiCl/eq. Conversion to 5a (side products)”
1 1.05 2 98% (—)

2 — 2 72% (27%)

3 1.05 1 81% (—)

4 0.525 2 84% (13%)

“ Determined by G.C. analysis; see Experimental Section.

o] OTMS

Mes Mg source
LiCl (2 eq.), TMSCI (1 eq.), THF, 0 °C
4a MesMgBr/1,4-dioxane, 1 h: 93% 5a
Mes,Mg, 8 h:5 96%

Scheme 4 Assessment of reaction time.

formation of only the kinetic deprotonation product 5f from
ketone 4f. Furthermore, using these one-pot conditions with the
more sensitive ketone, 4-chlorobutyrophenone 4h, the silyl enol
ether Sh was obtained in 80% isolated yield, with no addition,
substitution, or elimination products being observed (Table 2,
entry 8); with this example the stereoselectivity of the process
was also excellent, with only the Z-silyl enol ether isomer, Z-4h,
being detected by 'H NMR. Moreover, control reactions have

Table 2  Silyl enol ether formation in a one pot protocol with MesMgBr*

(o) OTMS
)k/R
R

MesMgBr (1 eq.), 1,4-Dioxane (1.05 eq.)

N
LiCl (2 eq.), TMSCI (1 eq.), 0°C, 1 h R
Entry Ketone Product Yield®
1 o} OTMS 92%
of :
2 O OTMS 85%
< 7 4b 5b
3 (0] OTMS 96%
4 (o} OTMS 94%
O O
'Bu Bu
5 (0] OTMS 85%*
Ph)J\/ Ph)\W
de 5¢
6 (¢} OTMS 93%*
7 o} OTMS 93%
Ph)J\ Ph/&
49 59
8 o OTMS 80%
9 OTMS 96%

“ See Experimental section. ® Isolated yield after purification. < Z : E 4.9 :
1. “The only product detected was that (5f) from kinetic deprotonation.
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shown further benefits of this carbon-centred magnesium base
protocol over those with analogous lithium reagents: treatment
of cyclohexanone with MesLi, under similar conditions at 0 °C,
delivered only 13% conversion to the desired enol ether, with
the major product being C-silylated mesitylene.” Additionally,
use of LDA in the reaction with 4-chlorobutyrophenone 4h,
under analogous conditions to those employed here, led only to
elimination products.

Improvements to the one-pot procedure

Having successfully established this general one-pot process, some
further investigations were made in an attempt to enhance the
potential overall scope and applicability of this procedure. Firstly,
to this stage we had utilised a one hour syringe pump addition of
the ketone substrate, since this had been the standard procedure
used for all of our previous investigations into asymmetric
deprotonation reactions with chiral magnesium amide bases.?
However, it was unknown whether this slow addition procedure
was necessary for reactions utilising Mes,Mg, either as a pre-
formed reagent or as generated in situ. To address this, we
performed the deprotonation of cyclohexanone, 4a, under the
optimised one-pot conditions and with the introduction of the
ketone being completed manually over 10 minutes (Scheme 5).
Pleasingly, the reaction utilising simple manual addition delivered
comparable yields of the desired product Sa.

TMS

MesMgBr (1eq.), 1,4-Dioxane (1.05 eq.)

LiCI (2 eq.), TMSCI (1 eq.), THF, 0°C, 1 h

4a 5a
Syringe pump addition (1 h): 92%

Manual addition (10 min): 87 %

Scheme 5 Manual vs. syringe pump addition.

Following this useful practical development, the scalability of
the one-pot Mes,Mg procedure was assessed by carrying out
gram-scale reactions under the optimised one-pot conditions
with manual addition of the ketone substrates, as detailed in
Fig. 1. Gratifyingly, the developed MesMgBr conditions could be
successfully applied on enhanced scale to the deprotonation of the
substrates illustrated: the benchmark substrate 4a (cyclohexanone)
and also the more sensitive substrate 4h (4-chlorobutyrophenone)
gave the corresponding silyl enol ether products 5a and 5h in
90% and 83% yield, respectively. The efficiencies of these gram-
scale reactions compare very favourably with the results achieved
previously and as delineated above (Table 2).

OTMS
Scale: 1.08 g ketone 4a
Output: 1.68 g silyl enol ether 5a, 90%
5a
OTMS
= cl  Scale: 1.1 g ketone 4h
Ph Output: 1.27 g silyl enol ether 5h, 83%
5h
Fig. 1 Gram-scale one-pot processes.

Consideration of the structure of Mes,Mg-LiCl

Mes,Mg is known to exist as the solvated dimer
Mes,Mg-(THF),.7** However, in the presence of LiCl it is
likely that this structure will change. It is conceivable that, upon
introduction of LiCl, Mes,Mg will form an ‘ate-type complex.’
Indeed, ‘ate complexes have been suggested as the reactive species
in magnesium-halogen exchange reactions mediated by Grignard
reagents in the presence of LiCl, as pioneered by Knochel and
co-workers.’® Two possibile ‘ate complex structures are shown in
Fig. 2.

©
cl ¢
|
Mg
Mg
6 7
Fig. 2 Possible structures of Mes,Mg-LiCl.

While the charge-separate complex 6 is a possibility, the Li-
bridged structure 7 is considered more likely due to literature
precedent for a similar ‘ate complex, 8, which has been isolated
from the treatment of (2,4,6-'Pr;C¢H,), Mg with (2,4,6- Pr;C,H,)Li
(Fig. 3).™

iPr

ipr iPr
Pr Pr

@Mg’)@
i Li )
'Pr iPr‘Iipr Pr

THF
8

Fig.3 Analogous ‘ate complex [Li(THF)(Et,0),.][Mg(2,4,6- Pr,CeH,);].

Further support for an ‘ate-type structure comes from the
observation that ‘ate complexes derived from dialkylmagnesium
reagents and cryptands displayed increased nucleophilicity and
basicity compared to the parent reagent alone." Endeavours
towards the isolation and identification of the species generated
from Mes,Mg and LiCl are ongoing.

Further applications of Mes, Mg

A final exploratory reaction was performed to expand the
possible applications of our developed conditions. Here, Mes,Mg,
prepared in situ from MesMgBr and 1,4-dioxane, was treated with
ethyltriphenylphosphonium bromide and the resultant ylide was
used in a Wittig reaction with acetophenone (Scheme 6). Using

L

9
97%, 4:1 (E:2)

i) MesMgBr (1 eq.), LiCl (2 eq.),
1,4-Dioxane (1.05 eq.), THF,0°C, 1 h

EtPPh,Br
ii) PAC(O)CH; (1 eq.), 18 h

Scheme 6 Wittig reaction using in situ generated Mes,Mg as the base
reagent.
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in situ generated Mes,Mg, a 97% isolated yield of olefin 9 was
obtained with 4 : 1 (E : Z) ratio. This promising initial foray into
Wittig chemistry has now paved the way for future applications of
our developed carbon-centred base protocols.

Conclusions

In conclusion, we have further developed our magnesium-based
carbon-centred base protocols to provide a practically more con-
venient procedure which operates from a commercially available
Grignard reagent. In addition, while employing only 1 equivalent
of MesMgBr to generate 0.5 mol of Mes,Mg in situ, this new
procedure delivers the desired products in high yield and with
greatly increased efficiency in comparison to our previously de-
scribed methods.® Furthermore, these processes can be performed
on gram-scale and without the requirement for any slow addition
procedures. Throughout, the protocols led to carbon-centred
base species which are completely non-nucleophilic, even at the
routinely employed temperature of 0 °C.

Experimental

Allreactions were carried out using flame dried Schlenk apparatus.
Purging refers to an evacuation/nitrogen-refilling procedure. So-
lutions and solvents were added via syringe. THF and 1,4-dioxane
were dried by heating to reflux over sodium wire using benzophe-
none ketyl as indicator, and then distilled under N,. Diethyl ether
and light petroleum were used as purchased from suppliers without
further purification. Light petroleum (petrol) refers to the fraction
of bp 30-40 °C. 2-Mesitylmagnesium bromide,® obtained asa 1 M
solution in THF, was standardised using salicaldehyde phenyl-
hydrazone as indicator."”? Cyclohexanone 4a, cyclopentanone 4b,
cycloheptanone 4c, propiophenone 4e, 2-methylcyclohexanone 4f,
acetophenone 4g, 4-chlorobutyrophenone 4h, and a-tetralone 4i,
were dried by heating to reflux over calcium chloride and distilled
either under reduced pressure or under nitrogen and stored over
4 A molecular sieves under N,. 4-tert-Butylcyclohexanone 4d was
recrystallised twice from dry hexane at 4 °C and stored under N,.
Chlorotrimethylsilane was distilled under N, and stored over 4 A
molecular sieves and under N,.

Gas chromatography was carried out using a Hewlett Packard
5890 Series 2 Gas Chromatograph fitted with a Varian WCOT
Fused Silica Column containing a CP-SIL 19CB coating and
using H, as carrier gas (80 kPa): (i) injector/detector temperature,
200 °C; (ii) initial oven temperature, 45 °C; (iii) temperature
gradient, 20 °C min~'; (iv) final oven temperature, 190 °C; and (v)
detection method, FID. Thin layer chromatography was carried
out using Camlab silica plates coated with indicator UV,s,. These
were analysed using a Mineralight UVGL-25 lamp or developed
using a vanillin solution. Flash column chromatography was
carried out using Prolabo silica gel (230-400 mesh). IR spectra
were obtained on a Perkin Elmer Spectrum One machine. 'H and
BC spectra were recorded on a Bruker DPX 400 spectrometer at
400 MHz and 100 MHz, respectively. Chemical shifts are reported
in ppm. Coupling constants are reported in Hz and refer to
3Jun interactions unless otherwise specified. High resolution mass
spectra were obtained using a JEOL JMS-700 high resolution mass
spectrometer. The ionization method used was electron impact
(EI) with perfluorokerosene (PFK) as the reference compound.

General experimental procedure

A Schlenk tube was charged with LiCl (2 mmol, 85 mg) and flame-
dried under vacuum. The tube was purged three times with N,
before cooling to room temperature and charging with MesMgBr
(1 M solution in THF, 1 mmol, 1 mL), 1,4-dioxane (1.05 mmol,
88 mg, 0.09 mL) and THF (9 mL). The mixture was stirred
for 15 min at room temperature before cooling to 0 °C. TMSCI
(1 mmol, 109 mg, 0.13 mL) was added and the mixture was stirred
for 5 min before addition of the ketone (1 mmol) as a solution in
THF (2 mL) over 1 h via syringe pump. The reaction mixture was
stirred at 0 °C under N, for 1 h before being quenched with sat. aq.
NaHCO; solution (10 mL). The mixture was allowed to warm to
room temperature before extracting with Et,O ((1 x 40 mL) + (2 x
25 mL)). The combined organic extracts were dried (Na,SO,) and
a representative sample was analysed by GC to obtain the ketone
to silyl enol ether conversion. The solution was then filtered and
concentrated in vacuo to afford a residue which was purified by
column chromatography eluting with 1% Et,O—petrol to afford
the silyl enol ether product.

1-Trimethylsilyloxycyclohexene (5a).'*'*!>1¢ Using the general
experimental procedure above with cyclohexanone 4a gave 1-
trimethylsilyloxycyclohexene 5a as a colourless oil (157 mg, 92%):
Vmax (DCM): 1668 cm™; dy (400 MHz, CDCL): 0.18 (s, 9H,
Si(CHs);), 1.48-1.54 (m, 2H, CH,), 1.63-1.69 (m, 2H, CH,), 1.97-
2.03 (m, 4H, 2 x CH,), 4.86-4.88 (m, |H, CH).

1-Trimethylsiloxycyclopentene (5b).'>!“1517 Using the general
experimental procedure above with cyclopentanone 4b gave 1-
trimethylsiloxycyclopentene Sb as a colourless oil (133 mg, 85%):
Vi (DCM): 1645 cm™'; 6, (400 MHz, CDCl;): 0.20 (s, 9H,
Si(CH5);), 1.82-1.90 (m, 2H, CH,), 2.24-2.29 (m, 4H, 2 x CH,),
4.62-4.63 (m, 1H, CH).

1-Trimethylsilyloxycycloheptene (5¢).”® Using the general ex-
perimental procedure above with cycloheptanone 4c¢ gave 1-
trimethylsilyloxycycloheptene Sc as a colourless oil (177 mg, 96%):
Vmax (DCM): 1660 cm™; dy (400 MHz, CDCL,): 0.18 (s, 9H,
Si(CH5);), 1.50-1.59 (m, 4H, 2 x CH,), 1.66-1.70 (m, 2H, CH,),
1.97-2.01 (m, 2H, CH,), 2.22-2.24 (m, 2H, CH,), 4.86-4.88 (m,
1H, CH).

4-tert-Butyl-1-trimethylsilyloxy-1-cyclohexene (5d).3'*% Using
the general experimental procedure above with 4-fert-
butylcyclohexanone 4d gave 4-tert-butyl-1-trimethylsilyloxy-1-
cyclohexene 5d as a colourless oil (213 mg, 94%): vy, (DCM):
1672 cm™'; dy (400 MHz, CDCl;): 0.19 (s, 9H, Si(CH);), 0.90
(s, 9H, 3 x CH;), 1.21-1.29 (m, 2H, CH,), 1.78-1.85 (m, 2H,
CH,), 1.98-2.09 (m, 3H, CH+CH,), 4.84-4.86 (m, 1H, CH); d.
(100 MHz, CDCl,): 0.1, 24.1, 24.8, 26.9, 30.6, 31.8, 43.8, 103.6,
150.0.

1-Phenyl-1-silyloxyprop-1-ene (5e).'*?'> Using the general
experimental procedure above with propiophenone 4e gave 1-
phenyl-1-silyloxyprop-1-ene Se as a colourless oil (175 mg, 85%):
Vmax (DCM): 1686, 1652 cm™'; 6, (400 MHz, CDCl,): Z-isomer:
0.17 (s, 9H, Si(CH;);), 1.76 (d, 3H, CH;, J = 6.9 Hz), 5.35(q, 1H,
CH,J =69 Hz), 7.23-7.49 (m, 5SH, 5 x ArCH); E-isomer: 0.15
(s, 9H, Si(CH;)), 1.73 (d, 3H, CH;, J = 7.3 Hz), 5.13 (q, |H, CH,
J =7.3Hz), 7.23-7.49 (m, 5H, 5 x ArCH).
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6-Methyl-1-trimethylsilyloxy-1-cyclohexene  (5f)."*'*!¢ Using
the general experimental procedure above with 2-methyl-
cyclohexanone 4f gave 6-methyl-1-trimethylsilyloxy-1-cyclohe-
xene 5f as a colourless o0il (171 mg, 93%): vy (DCM): 1660 cm™;
Jn (400 MHz, CDCl,): 0.19 (s, 9H, Si(CH5),), 1.04 (d, 3H, CH;,
J = 7.0 Hz), 1.36-1.41 (m, 1H, CH), 1.45-1.49 (m, 1H, CH),
1.57-1.59 (m, 1H, CH), 1.78-1.82 (m, 1H, CH), 1.98-2.02 (m,
2H, CH,), 2.14-2.15 (m, 1H, CH), 4.81 (td, 1H, CH, J = 3.9,
1.2 Hz).

1-Phenyl-1-trimethylsiloxyethylene (5g).'*'*>** Using the gen-
eral experimental procedure above with acetophenone 4g gave
1-phenyl-1-trimethylsiloxyethylene 5g as a colourless oil (179 mg,
93%): Vi (DCM): 1620 cm™'; dy (400 MHz, CDCl;): 0.28 (s, 9H,
Si(CH),), 4.45 (d, 1H, CH,, J = 1.7 Hz), 493 (d, 1H, CH,, J =
1.7 Hz), 7.27-7.36 (m, 3H, 3 x ArH), 7.60-7.62 (d, 2H, 2 x ArH,
J =8.4 Hz).

Z-4-Chloro-1-phenyl-1-trimethylsilyloxybut-1-ene (5h).> Using
the general experimental procedure above with 4-chloro-
butyrophenone 4h gave Z-4-chloro-1-phenyl-1-trimethylsilyloxy-
but-1-ene 5h as a colourless oil (204 mg, 80%): V. (DCM):
1649 cm™'; §; (400 MHz, CDCl;): 0.15 (s, 9H, Si(CH5)s), 2.68 (q,
2H, CH,,J =7.1 Hz),3.59 (t, 2H, CH,, J = 7.2 Hz), 5.27 (t, 1H,
CH,J ="1.1Hz),7.26-7.34 (m, 3H, 3 x ArCH), 7.47 (dd, 2H, 2 x
ArH,J =6.8,1.5Hz);. (100 MHz, CDCl;): 0.8,29.9, 44.4, 106.6,
125.8, 128.1, 128.3, 138.9, 151.6. High resolution mass spectrum
(EI) m/z: ¥Cl1254.0890; “C1 256.0839; C;;H,,C1OSi (M*) requires
3C1254.0894; *"C1 256.0864.

(3,4-Dihydro-1-naphthyloxy)trimethylsilane (5i)."**'®* Using the
general experimental procedure above with o-tetralone 4i, gave
(3,4-dihydro-1-naphthyloxy)trimethylsilane 5i, as a colourless oil
(210 mg, 96%): vy (DCM): 1638 cm™'; Jy (400 MHz, CDCl;):
0.38 (s, 9H, Si(CH;)s), 2.42-2.47 (m, 2H, CH,), 2.89 (t, 2H, CH,,
J=17.8Hz),532(t, |H, CH,J =4.6 Hz), 7.21-7.36 (m, 3H, 3 x
ArCH), 7.54 (d, 1H, ArCH, J = 7.4 Hz).

General experimental procedure for non-syringe pump (manual)
addition process

A Schlenk tube was charged with LiCl (2 mmol, 85 mg) and flame-
dried under vacuum. The tube was purged three times with N,
before cooling to room temperature and charging with MesMgBr
(1 M solution in THF, 1 mmol, 1 mL), 1,4-dioxane (1.05 mmol,
88 mg, 0.09 mL) and THF (9 mL). The mixture was stirred
for 15 min at room temperature before cooling to 0 °C. TMSCI
(1 mmol, 109 mg, 0.13 mL) was added and the mixture was stirred
for 5 min before addition of cyclohexanone 4a (1 mmol, 98 mg) as
a solution in THF (2 mL) manually (by syringe) over 10 min. The
reaction mixture was stirred at 0 °C under N, for 1 h before being
quenched with sat. NaHCO; aq. solution (10 mL). The mixture
was allowed to warm to room temperature before extracting with
Et,0 ((1 x 40 mL) + (2 x 25 mL)). The combined organic extracts
were dried (Na,SO,) and a representative sample was analysed
by GC to obtain the ketone to silyl enol ether conversion. The
solution was then filtered and concentrated in vacuo to afford a
residue which was purified by column chromatography eluting
with 1% Et,O-petrol to afford the silyl enol ether product 5a as a
colourless oil (148 mg, 87%).

Silyl enol ether preparations on enhanced scale

The general procedure detailed above for manual addition was
used in the following preparations:

i) For the gram-scale preparation of 5a: LiCl (22 mmol,
935 mg); MesMgBr (1 M solution in THF, 11 mmol, 11 mL);
THF (99 mL); 1,4-dioxane (11.55 mmol, 1.02 g, 0.98 mL); TMSCI
(11 mmol, 1.2 g, 1.41 mL); cyclohexanone 4a (11 mmol, 1.08 g,
1.14 mL); a reaction time of 2.5 h delivered the product 1-
trimethylsilyloxycyclohexene (5a) as a colourless oil (1.68 g, 90%).
Spectral details as above.

ii) For the gram-scale preparation of Sh: LiCl (12 mmol,
255mg); MesMgBr (1 M solution in THF, 6 mmol, 6 mL); THF (99
mL); 1,4-dioxane (6.3 mmol, 555 mg, 0.54 mL); TMSCI (6 mmol,
652 mg, 0.77 mL); 4-chlorobutyrophenone 4h (6 mmol, 1.1 g,
0.96 mL); a reaction time of 2.5 h delivered the product Z-4-
chloro-1-phenyl-1-trimethylsilyloxybut-1-ene (Sh) as a colourless
oil (1.27 g, 83%). Spectral details as above.

2-Phenylbut-2-ene (9)**

A 20 mL round bottomed flask was charged with LiCl (2 mmol,
85 mg) and flame dried under high vacuum. The flask was purged
three times and allowed to cool to room temperature. MesMgBr
(1 M solution in THF, 1 mmol, 1 mL), THF (5 mL) and 1,4-
dioxane (1.05 mmol, 88 mg, 0.09 mL) were added and the solution
was stirred for 30 minutes. A separate 50 mL flask was flame dried
under high vacuum, cooled and purged with nitrogen then charged
with EtPPh;Br (1 mmol, 371 mg) and THF (5 mL) and cooled to
0 °C. The prepared Mes,Mg solution was then introduced to the
second flask via cannula. The resulting solution was then stirred
for 1 h before addition of acetophenone (1 mmol, 120 mg, 0.12mL)
as a solution in THF (2 mL) over 1 h via syringe pump, followed
by stirring at 0 °C for 18 h. The mixture was concentrated in vacuo
to give a residue which was dry loaded onto silica using DCM
as the dissolving solvent. Purification by column chromatography
using 10% Et,O-petrol afforded the product 9 as a colourless
oil (128 mg, 97%): Ve (DCM): 3025, 1498 cm™'; Jy (400 MHz,
CDCl,): E-isomer: 1.82 (dd, 3H, CH;, J = 5.4, 1.5 Hz), 2.01 (d,
3H,CH,,J=1.1Hz),5.88 (q, 1H,C=CH,J =5.5Hz),7.21-7.25
(m, 2H, 2 x ArH), 7.30-7.40 (m, 3H, 3 x ArH); Z-isomer: 1.61
(dd, 3H, CH,, J = 5.4, 1.5 Hz), 2.01 (d, 3H, CH,, J = 1.1 Hz),
5.59 (q, IH, C=CH, J = 5.5 Hz), 7.21-7.25 (m, 2H, 2 x ArH),
7.30-7.40 (m, 3H, 3 x ArH).
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Interplay between electronic effects imparted by phos-
phinothiol substituents and steric effects imposed by amino-
acid reactants affects the rate of the traceless Staudinger
ligation of peptides in a predictable manner.

Chemical synthesis enables the incorporation of nonnatural
functionality into proteins, harboring the potential to elucidate
function and enhance performance.! The most common peptide
ligation strategy is “native chemical ligation”, but this method
is limited to ligations at junctions containing a cysteine residue.”
Efforts in our laboratory have been aimed at developing another
strategy for peptide ligation called the “traceless Staudinger
ligation”, which alleviates this limitation.

The Staudinger ligation joins a peptide having a C-terminal
phosphinothioester with a peptide having an N-terminal azide
through an intermediate iminophosphorane (Scheme 1). Notable
attributes of this ligation strategy include its ability to generate an
amide product without either residual atoms® or racemization,*
and with a high reaction rate.’ (Diphenylphosphino)methanethiol
(1) is the most often used of known reagents for effecting the
traceless Staudinger ligation, and has mediated the orthogonal
assembly of a protein,® site-specific immobilization of peptides
and proteins,”” and synthesis of glycopeptides.'®!!
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Scheme 1 Putative mechanism of the traceless Staudinger ligation.
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Recently, we reported a new reagent, di(4-methoxy-
phenyl)phosphinomethanethiol (2), that is effective at mediating
ligations between encumbered residues.”? Results indicated that
electron-donating substituents on the aryl rings disfavor the
formation of a side product, thereby leading to an increased
yield (>80%) of the desired amide. Here, we report on electronic
and steric effects on the rate of different steps in the traceless
Staudinger ligation.

We surveyed the ligation rates mediated by a range of
phosphinothiol reagents (1-6) with varying degrees of electron-
donating character imparted by para substituents on their aryl
rings (Fig. 1). The phosphinothiols were synthesized via a route
analogous to that reported for similar phosphinothiols.® Their
respective thioesters (7-18) were prepared by coupling the phos-
phinothiols to AcGlyOH or AcAlaOH to provide model reactants
of less and more sterically encumbered ligations, respectively.

A0, x

o, Y=H Y=CH,
X=Cl 3 0.23 7 13
H 1 0.00 8 14
CH, 4 -0.17 9 15
OCH,4 2 -0.27 10 16
O(CH(CH,),) 5 -0.40 1 17
N(CH,), 6 -0.83 12 18

Fig. 1 Phosphinothiols, phosphinothioesters, and the o, values of their
aryl substituents.™

A detailed mechanism of the traceless Staudinger ligation is
depicted in Scheme 2. In this mechanism, phosphinothioester 19
and azide 20 react to form phosphazide 21 (Step 1), which gives
iminophosphorane 22 with concomitant release of N,(g) (Step 2).
Formation of the tetrahedral intermediate 23 follows (Step 3),
which collapses to amidophosphonium salt 24 (Step 4). Hydrolysis
of 24 yields the desired amide 25 and phosphine oxide 26 (Step 5).

A BCNMR-based assay developed previously in our laboratory
was used to monitor the fate of azides enriched with *C on their a-
carbon during the course of a traceless Staudinger ligation.® This
assay enables the determination of the rate constants for both
the disappearance of the azide reactant and the appearance of the
amide product. Phosphinothioesters with various aryl substituents
(7-12) were reacted with *C-labeled glycyl azide 27, and it was
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Scheme 2 Putative mechanism of the traceless Staudinger ligation.

found that both of these rate constants correlate well with the
Hammett o, values of the substituents (Fig. 2, O), which is
indicative of an electronic effect.’® In general, substituents with
greater electron-donating ability provide higher rates of reaction.

The trend was also evident in the more sterically encumbered
reaction between alanyl phosphinothioesters 13-18 and "C-
labeled alanyl azide 28 (Fig. 2, @). Interestingly, the rate constants
for azide consumption were similar for the Gly + Gly and
Ala + Ala ligations (Fig. 2A). This similarity indicates that the
intermolecular reaction rate of the phosphinothioester and azide
is influenced by electronic but not steric effects. On the other hand,
the rate constants for amide formation were markedly lower for
the ligation of the bulkier alanyl reactants (Fig. 2B). Apparently,
the rate of an intramolecular step is diminished by steric effects.
The values of p for amide formation are, however, highly negative,
indicating that this rate can benefit substantially from electron-
donating substituents.

Previous reports have assigned the rate-determining step in the
Staudinger ligation to be the association of starting phosphinoth-
ioester and azide to form phosphazide intermediate 21.'%* This
assignment appears to be true for Gly + Gly ligations, as no
intermediates accumulate during the course of that reaction. In
an Ala + Ala ligation, however, an intermediate does accumulate
(Fig. 3), indicating that the rate of amide formation is indeed
influenced by the rate of an intramolecular step.

To correlate the observed chemical shifts with discrete
intermediates along the reaction pathway for an Ala + Ala ligation,
mimics of the intermediate were synthesized and characterized

|
N
|

log (k/(M-'s7"))
|
|

A
[

2

log (k/(M-'s™"))

Fig. 2 Hammett plots for the reaction of glycyl phosphinothioesters
7-12 with “C-labeled glycyl azide 27 (O) and for the reaction of alanyl
phosphinothioesters 13—-18 with *C-labeled alanyl azide 28 (@) in DMF at
room temperature. Reactant concentrations: 0.146 M. Lines depict a linear
least-squares fit. (A) Second-order rate constants for azide consumption
(O:p=-0.62; @ p = —0.55). (B) Second-order rate constants for amide
formation (O: p = —1.09; @: p = —0.86).
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Fig.3 CNMR-based assay of an Ala + Ala traceless Staudinger ligation
in DMF at room temperature. Reactant concentrations: 0.146 M. Ninety
spectra were acquired over a 12-h time course.

by “C NMR spectroscopy.* A mimic of iminophosphorane
29 in an Ala + Ala ligation was synthesized by the reaction of
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Table 1 Yields of amide and amine produced during Ala + Ala traceless
Staudinger ligations of 0.146 M reactants in DMF at room temperature
for 12 h

Phosphinothioester o, Azide  Amideyield  Amine yield
16 -0.27 28 51% 49%
17 —040 28 45% 55%
18 —0.83 28 36% 59%

diphenylethylphosphine and C-labeled alanyl azide 28, both
in the absence of water (to generate iminophosphorane 32) and
in the presence of water (to generate amine 33; Scheme 3). The
chemical shifts of iminophosphorane 32 and amine 33 were
obtained by BC NMR spectroscopy.

Il
~_-PPhy

~PPh ~ben,
DMF N o= H,0 *
H / — — H /
13¢ 07 “NHBn 13¢
Na/C\ﬂ/NHBn HZN/C\H/NHBn
0] (0]
28 32 33
6=58.06 ppm 6="54.66 ppm 6=51.02 ppm
Scheme 3 "*C Chemical shifts of reaction-intermediate mimics.

Iminophosphorane 32 was found to have a chemical shift
of 54.66 ppm, which supports the assignment of the signal at
54.64 ppm in Fig. 3 to iminophosphorane 29. Thus, the inter-
mediate that accumulates in ligations between bulkier reactants
is the iminophosphorane, and Step 3 partially limits the rate
of amide formation. Presumably, the steric effects hinder S— N
acyl transfer. Analogous steric effects have been observed in
non-traceless Staudinger ligations.’® In the traceless Staudinger
ligation, these steric effects can be mitigated by electron-donating
substituents (Fig. 2B).

Electron-donating substituents are also known to benefit Step 4
of the reaction pathway (Scheme 2). Previously, we demonstrated
that increasing electron density of the phosphorus increases
the yield at bulkier ligation sites by discouraging tetrahedral
intermediate 23 from forming a P-O bond and hence an
oxazaphosphetane.'* Thus, electron-rich phosphinothiols aid in
both Step 3 and Step 4 of the traceless Staudinger ligation.

Electron-donating substituents do, however, have a detrimental
effect. Hydrolysis of 32 gave a signal at 51.02 ppm for amine 33,
which is similar to the 51.27 ppm signal in Fig. 3. Thus, an amine
is the major byproduct of more sterically encumbered ligations.
Furthermore, amine was formed to a greater extent when azide 28
was reacted with the more electron-donating phosphinothioesters
(Table 1). We suspect that increased electron density renders the

iminophosphorane nitrogen more susceptible to protonation by
trace amounts of water. That protonation would impair the desired
S— N acyl transfer, as well as make the adjacent phosphorus more
electrophilic and thereby expedite hydrolysis.

In conclusion, electronic and steric effects play multiple roles
in determining the rate and yield of traceless Staudinger ligations.
Most notably, electron-donating phosphinothiol substituents have
dichotomous consequences. They are advantageous in accelerat-
ing the intermolecular reaction, enhancing S— N acyl transfer
in the iminophosphorane, and discouraging undesirable P-O
bond formation in the ensuing tetrahedral intermediate. Electron-
donating substituents are deleterious in promoting the protona-
tion of the iminophosphorane nitrogen, which impairs S— N acyl
transfer in the iminophosphorane and leads to amine formation.
Overall, electron-donating substituents increase the ligation rate
of sterically encumbered reactants (Fig. 2), but decrease the yield
of amide product (Table 1). The optimal choice of phosphinothiol
for a particular ligation (especially between non-glycyl reactants)
requires consideration of these electronic and steric effects."”
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