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This article gives the recent developments in molecular imprinting for proteins. Currently
bio-macromolecules such as antibodies and enzymes are mainly employed for protein recognition
purposes. However, such bio-macromolecules are sometimes difficult to find and/or produce, therefore,
receptor-like synthetic materials such as protein-imprinted polymers have been intensively studied as
substitutes for natural receptors. Recent advances in protein imprinting shown here demonstrate the
possibility of this technique as a future technology of protein recognition.

Introduction

Recent advances in materials sciences have helped develop in-
telligent materials bearing various functions and performances.
Synthetic materials with molecular recognition ability can be
used as separation media, adsorbents, chemical sensors, selective
catalysts, and so on. Molecular imprinting, a templated poly-
merization technique, is a promising method to prepare such
functional polymers selective for target molecules.! To obtain
selective molecularly imprinted polymers (MIPs) with highly se-
lective molecular recognition ability for target molecules, design of
functional monomers for suitable adduct formation with template
molecules is critical. There are two distinct methods to prepare
imprinted polymers. One is non-covalent molecular imprinting,
in which intermolecular interactions such as hydrogen bonding,
electrostatic interactions, hydrophobic interactions, n—7 stacking,
van der Waals forces, efc. are used to form functional monomer-
template adducts in solution and are co-polymerized with cross-
linkers. The other is covalent molecular imprinting, in which target
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molecules are conjugated with functional monomers by covalent
bonds. In both systems, the template molecules are removed from
the obtained polymers after the polymerization, to yield binding
sites toward the corresponding target molecules complementary
in shape, size and functional group orientation. Non-covalent
methods are easy to perform and many kinds of functional
monomers are available, but the homology among generated
binding sites in terms of affinity and selectivity is commonly
low, depending upon the stability of functional monomer-template
molecule complexes during the polymerization. Covalent methods
generally provide more homogeneous binding sites but usually
the cleavage of template molecules is not easy. The two methods
have merits and defects, and therefore, careful choice should be
required, according to the chemical characteristics of the target
molecules.

Recently, recognition of bio-molecules has drawn much atten-
tion, and proteins, saccharides, DNAs, cells, and viruses have
been considered to be the next targets in molecular recognition
chemistry. Generally speaking, recognition of proteins seems to
be difficult, because they fold into three dimensional structures
and are vulnerable to harsh conditions such as high/low pH,
temperatures, high salt concentrations, and so on. In order to
achieve molecular imprinting of proteins, such obstacles should
be overcome. In this article, some highlights of recent advances in
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molecular imprinting of proteins are described and they should
help give a clue as to how to obtain highly selective protein-
imprinted polymers as a reliable tool of protein recognition.

N,N’-Methylene bisacrylamide-based
protein-imprinted hydrogels

In protein-imprinting, non-covalent molecular imprinting is com-
monly used. Although proteins are not good template molecules
because of their flexible structures and instability in organic
solvents, many efforts have been recently made to prepare protein-
imprinted hydrogels by using a hydrophilic crosslinker, N,N'-
methylene bisacrylamide (MBAA).

For protein imprinting, acidic and/or basic functional
monomers have been frequently used in order to bind proteins by
electrostatic interactions. Minoura et al. reported glucose oxidase-
imprinted hydrogels prepared on silica gel. They used acrylic acid
(acidic monomer) and dimethylaminopropyl acrylamide (basic
monomer) as functional monomers.>* Silica gel was used as a
support to obtain robust and large surface areas of the polymer
matrices. Glucose oxidase bound most strongly to the polymer
when the polymer had a positive charge and the same charge
values as the protein.

Unlike Minoura’s system, Ou et al. reported support-free
MBAA-based lysozyme-imprinted hydrogels prepared by co-
polymerization of methacrylic acid and 2-(dimethylamino)ethyl
methacrylate as functional monomers.* The polymers were exten-
sively studied by adsorption experiments and isothermal titration
calorimetry (ITC).’ ITC experiments thermodynamically proved
the creation of lysozyme binding sites by the imprinting process,
i.e. the binding of the template protein (lysozyme) gave differences
in the binding enthalpy between the imprinted and the non-
imprinted polymers, while any major changes in the adsorption
enthalpy were observed for cytochrome c.

Chitosan is a natural polysaccharide composed of B-(1-4)-
linked D-glucosamine and N-acetyl-D-glucosamine. Various func-
tional materials based on chitosan have been reported, since it
is biocompatible and biodegradable, and works as a cationic
polyelectrolyte. Hemoglobin-imprinted polymers have been pre-
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pared by using acrylamide as a functional monomer.® Porous
chitosan beads crosslinked by epichlorhydrin were treated with
maleic anhydride to introduce polymerizable vinyl groups, and
after the addition of hemoglobin as a template, acrylamide as a
functional monomer and MBAA as a crosslinker, polymerization
was carried out. The resulting beads were washed with acetic acid
containing sodium dodecyl sulfate to remove hemoglobin, yielding
hemoglobin-imprinted chitosan beads. Hemoglobin and albumin
were separated chromatographically by a hemoglobin-imprinted
polymer-packed column.

The use of functional monomers capable of specific binding
for the particular amino acid residues, catalytic sites, etc. could
be good for obtaining specific imprinted binding sites for target
proteins. Enzyme inhibitors are good candidates of specific func-
tional monomers for enzyme imprinting. Vaidya et al. developed
MBAA-based trypsin imprinting by using a trypsin inhibitor, N-
acryloyl p-aminobenzamidine, as a functional monomer.” The
obtained imprinted polymer bound trypsin more strongly than
chymotrypsin. Imprinted polymer containing 50% crosslinker
exhibited a linear Scatchard plot,> meaning that homogeneous
binding sites are obtained under the conditions and the crosslinker
content is crucial for the imprinting efficacy.

O
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Miyata et al. prepared protein-responsive hydrogel by com-
bining a functionalized lectin and an antibody as functional
monomers.’ A glycoprotein, tumor-specific marker AFP was used
as a target protein. A ternary complex was formed among AFP,
lectin and the antibody corresponding to AFP, and then the
complex was cross-linked with MBAA to obtain AFP-imprinted
hydrogel. The imprinted gel shrunk when AFP was added, in which
both lectin and the antibody bind to the target glycoprotein. In
contrast, when ovalbumin, which can be bound to only lectin,
was added, no change was observed (Fig. 1). The volume of
the swelling was dependent on the concentration of the target,
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Fig.1 Schematic representation of glycoprotein-responsive behaviors of tumor marker (AFP)-imprinted and non-imprinted gels for AFP and ovalbumin.
(Reproduced from ref. 9: Copyright 2006 The National Academy of Sciences of the United States of America.)
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Fig. 2 PCA score plots showing the discrimination of four trials of five different proteins based upon bound amounts of acrylic acid (AA)-based and
2-dimethylaminoethyl methacrylate-based DM A-based polymers. Alb: albumin, Cyt: cytochrome ¢, Lac: lactalbumin, Myo: myoglobin, Rib: ribonuclease
A. Alb and Myo are non-templated proteins. (Reproduced from ref. 12 with permission from Royal Society of Chemistry.)

where cooperative binding by lectin and the antibody was clearly
evidenced.

Pattern-based recognition of various bioanalytes has been
conducted by differential receptor array systems in nature, e.g. the
mammalian nose for the senses of smell, where odor can be recog-
nized by the combination of the olfactory receptor responses. Such
differential receptor arrays can be constructed artificially by using
synthetic receptors.’® This strategy can be applied to the molecular
recognition of proteins by using plural imprinted polymers.!
Takeuchi and co-workers have studied the binding profiles of
guest proteins toward plural protein-imprinted polymers, where
acrylic acid (AA) or 2-dimethylaminoethyl methacrylate (DMA)
was used as a functional monomer, and MBA A was used as a cross-
linker."? Protein-imprinted polymers were prepared in the presence
of cytochrome c, ribonuclease A, and lactalbumin as template
proteins. Non-imprinted polymer was also prepared in the absence
of templates. Each polymer had the highest binding affinity for
the corresponding template protein. When principle component
analysis (PCA) was carried out toward the binding data, and the
PCA scores were plotted on a three-dimensional scale, each protein
could be clearly distinguished from each other (Fig. 2). This
means that the protein-imprinted polymer array can be applied
to protein profiling by pattern analysis of binding activity for each
polymer. In the case of the DMA-based polymers, the binding
profiles obtained also showed clear fingerprinting of proteins on
the imprinted polymer array. Unlike natural antibodies, binding
properties of imprinted polymers can be changed easily by
varying template proteins, functional monomers, and reaction
conditions employed, i.e. imprinted polymers with a diverse range
of binding characteristics can be easily obtained to construct
differential receptor array systems. These results suggest that
protein-imprinted polymer arrays may be an alternative tool in
proteomics to antibody-based microarrays.

Recently, efforts have been made to visualize protein specific
cavities for MBAA-based imprinted polymers. The imaging of the
adsorption and desorption processes have been investigated by
using FITC-albumin and hemoglobin, where confocal microscopy

was employed for FITC-albumin and two-photon confocal mi-
croscopy was used for protein autofluorescence of hemoglobin."
Transmission electron microscopy imaging was also reported
for hemoglobin-imprinted polymer, where a critical point drying
based sample preparation technique was employed.™

According to our experiences, a hydrogel prepared by co-
polymerizing acrylamide and MBAA sometimes possesses its
intrinsic binding property for proteins, and it may cause non-
specific binding. This binding can be weakened by the addition of
salt, thus it may be due to weak ion-exchange ability. Matsunaga
et al. reported that molecularly imprinted polymers selective for
lysozyme were prepared on surface plasmon resonance (SPR)
sensor chips by radical co-polymerization with acrylic acid and
MBAA."® The presence of NaCl during the polymerization and
the re-binding tests affected the selectivity, revealing that the
optimization of NaCl concentration in the pre-polymerization
mixture and the re-binding buffer could improve the selectivity
in the target protein sensing. If more hydrophilic crosslinkers than
MBAA that can retain more free water were employed, this kind
of non-specific binding could be reduced, yielding more selective
protein imprinted polymers.

Ethylene glycol dimethacrylate-based protein
imprinted polymers

Ethylene glycol dimethacrylate (EDGMA) is a common
crosslinker that has been preferably used to prepare imprinted
polymers for small lipophilic molecules. EDGMA-based polymers
are fairly hydrophobic and suitable for imprinted polymers with
the use of apolar solvents, in which hydrogen bonding is a main
driving force to achieve the specific binding. Therefore, when water
is used as a medium, hydrophobic interaction can be dominant; e.g.
EDGMA-based atrazine imprinted polymers worked in a reversed
phase mode during solid-phase extraction with water.'® In spite of
the hydrophobic property that may cause non-specific binding
in aqueous solution, EDGMA-based protein imprinted polymers
have been reported and they seem to work.

This journal is © The Royal Society of Chemistry 2008
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Ersoz et al. reported EDGMA-based histidine-imprinted beads
prepared by suspension polymerization with a copper(i1) complex
of N-methacryloyl-L-histidine and L-histidine'” (Fig. 3). An asso-
ciation constant of L-histidine was estimated to be 58300 M.
The resultant metal complex-based histidine imprinted poly-
mer showed higher affinity to L-histidine than its antipode.
The polymer also showed higher affinity for surface histidine
exposed proteins such as cytochrome c than for ribonuclease
A. This looks like “epitope imprinting” described later in this
article.

Fig. 3 Schematic representation of binding sites in the L-histidine-
imprinted polymer for the recognition of surface histidine exposed
proteins. (Reproduced from ref. 17 with permission from American
Chemical Society.)

Tong et al. prepared superparamagnetic ribonuclease A-
imprinted polymeric particles (700 to 800 nm) using methyl
methacrylate and EDGMA as the functional and cross-linker
monomers.'® Redox-initiated miniemulsion polymerization was
employed in this case. Although good selectivity toward ribonu-
clease A over lysozyme was observed for the imprinted particles
in the competitive rebinding tests, lysozyme itself also bound
considerably to the particle and even the bound amount was
greater when re-binding tests were carried out individually. They
mentioned that the hydrophobic effect was probably the main
form of interaction responsible for the template rebinding to the
imprinted sites in an aqueous media.

Ribonuclease A-imprinted polymeric nanoparticles were pre-
pared by miniemulsion polymerization using methyl methacrylate
and EDGMA as the functional and cross-linker monomers."
To prevent denaturation of the protein, poly(vinyl alcohol) was
used as a co-surfactant and the amount was optimized by
measuring circular dichroism spectra to check the conformation
of ribonuclease A. The prepared imprinted nanoparticles showed
better selectivity than those prepared through non-optimized
miniemulsion polymerization, suggesting that protein structural
integrity is important in protein imprinting. Unfortunately, the
selectivity toward ribonuclease A over albumin was not su-
perior. This may be due to the use of methyl methacrylate
that has a less selective binding ability, thus the screening of

monomers to optimize the system would lead to the enhancement
of the present selectivity and the reduction of non-specific
binding.

3-Aminophenylboronic acid-based imprinted polymers

3-Aminophenylboronic acid (APBA) can be polymerized under
mild aqueous conditions and is expected to interact with various
saccharides and amino acid residues. The redox polymerization
can be initiated chemically or electrochemically. Bossi was the first
to report that this polymer is suitable for protein imprinting and
various protein imprinted polymers were prepared in a microtiter
plate format, including microperoxidase, horseradish peroxidase,
lactoperoxidase, and hemoglobin.?® Rick prepared poly(APBA)-
based lysozyme and cytochrome c imprinted polymers on the gold
surfaces of quartz crystal microbalance (QCM) electrodes.”! They
also prepared APBA-based protein-imprinted polymers on screen-
printed platinum supports by cyclic voltammetric deposition.?
Microcalorimetry experiments proved that the specificity could be
induced by the imprinting process, where the enthalpy changes
were observed associated with the rebinding.?
H,N
OH
/
OH

3-Aminophenylboronic acid

Recently, Turner and co-workers successfully imprinted
thermal- and fluoro-alcohol-induced B-lactoglobulin isoforms in
poly(APBA)-thin films on QCM chips.* Each imprinted polymer
showed better template selectivity, compared with the correspond-
ing non-imprinted polymer. Interestingly, distinct conformations
of the same protein can be recognized by the polymers, suggesting
that protein conformational imprinting could provide a way to
detect non-native pathogenic proteins.

Protein-imprinted organic—inorganic hybrid materials

At an early stage, Mosbach and his co-workers reported imprinted
polysiloxane-coated silica for a glycoprotein, transferrin.® A
boronic acid derivative was used as a functional monomer to
form a cyclic ester with a sugar moiety of transferrin. The
resulting polysiloxane copolymer showed preferential binding of
transferrin over albumin. Kempe er al. used a polymerizable
metal complex as a specific functional monomer, namely a
copper complex of N-(4-vinyl)-benzyliminodiacetate, which can
be bound to histidine residues of template proteins by coordinate
bonding.*® A ribonuclease A-imprinted polymer was prepared
on the surface of methacrylated silica gel by using this metal
chelating monomer. Ribonuclease A was separated from lysozyme
on the imprinted polymer-coated silica gel in liquid chromato-
graphy.

Recently, by using sol-gel reactions, albumin-imprinted poly-
mers coupled with QCM were prepared by Yao et al? QCM
chips treated with thioglycolic acid were immersed into a mixture
of albumin and an initial sol composed of tetraethoxysilane,
phenyltrimethoxysilane and methyltrimethoxysilane. After the
repetitive adsorption process, a submicrometre-ordered thin film
was formed on the QCM chips. Finally, the albumin-imprinted
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sol-gel thin film-coated QCM chips were obtained by wash-
ing out albumin with hot water. The imprinted films showed
selective recognition for albumin and discriminated albumin
from hemoglobin, peroxidase and trypsin. Although the authors
mentioned that the binding occurs because of the conformation
compatibility and electrostatic force, rather hydrophobic interac-
tions could play important roles in this case, since higher binding
was observed even in the presence of salt and pH dependence was
not observed from pH 4.5 t0 9.2.

Protein-imprinted xerogels have been prepared by Bright and
co-workers, which are capable of signal transduction of the
protein binding events into fluorescence change of the reporter
molecules located inside the imprinted cavity (Fig. 4).® The
proposed protein-responsive chemical sensing materials were
prepared in array format and applied for the detection of
interleukin-1 alpha and beta. This technique lies in sol-gel derived
xerogels prepared in the presence of target proteins. An initial
sol was prepared with tetraethoxysilane, methyltrimethoxysilane,
n-octyltrimethoxysilane, 3-aminopropyltriethoxysilane, and bis(2-
hydroxyethyl)aminopropyltriethoxysilane, and mixed with the
target protein. Then, the sol solution was pin printed onto a
slide glass, and after xerogel was formed, the template protein was
removed by washing with concentrated urea or diluted phosphoric
acid, yielding the imprinted cavities.

Protain

(E10),5i; (EtC)4Si-R
Target

(Et0),Si-R-Si(Et0), ...
From Protein-Doped

W Xerogel |
\\ N ) " | Remove
— | = Protein
N [ T3X ‘
Add Phetereactive ©
Fluorophore/Protein 5510 Seietive
Initiate | Complex
poaicim 2. = 360 nm xamge, .
reaction | .
S " Remove
-, Protein : >
e ] Protein Imprinted Xerogels
2 (’ P with Integrated Emission
\ X/ Sites (PIXIES)

Fig. 4 Preparation of protein-imprinted xerogels capable of signal
transduction of the protein binding events into fluorescence change.
(Reproduced from ref. 28 with permission from Elsevier.)

BODIPY FL (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-
indacene-3-propionic acid) was used as a fluorescent reporter
molecule and coupled with an aryl azide (4-azido-2,3,5,6-
tetrafluorobenzyl amine) to obtain a photoreactive BODIPY
FL. The obtained fluorophore was non-covalently bound to the
target protein (the mechanism was not described in the literature),
and then mixed with the resultant imprinted xerogel. In this case,
the target protein worked as a carrier to deliver the photoreactive
fluorophore at the imprinted cavity. A photochemical reaction
was carried out to immobilize the fluorophore around imprinted
binding sites to construct the imprinted xerogel with integrated
emission sites.

Photoreactive BODIPY FL N3

F

The resultant xerogels appeared to be highly sensitive and
selective; human interleukin-1 alpha could be recognized by the
imprinted xerogel with a selectivity factor of 147 (a signal of
interleukin-1 alpha divided by that of interleukin-1 beta) and
the detection limit was 1.4 pM. Since the system consists of a
programmable liquid handler, a pin printer and an imaging system,
it could be expected to be used as a high throughput screening
method. It should be noted that since the aryl azide-BODIPY FL
may be grafted not only to the xerogel but also to the protein
itself, some binding sites have no BODIPY FL, resulting in a
decrease of sensitivity. Another point is that BODIPY FL can
form adducts with various proteins, therefore BODIPY FL located
inside/around the binding cavity may lead to non-specific binding.
Nevertheless, the system showed high selectivity and affinity, which
may be due to the fact that the target protein could interact
with 3-aminopropyltriethoxysilane (by electrostatic interaction)
and n-octyltrimethoxysilane (by hydrophobic interaction) during
the imprinting process, and they should be fixed at appropriate
positions to create highly selective binding sites.

Liquid-phase deposition (LPD) is a rather new soft-solution
process for preparing metal oxide thin films from aqueous
solutions.” LPD proceeds in solution through the two equilibrated
steps below: (a) metal fluoride is hydrolyzed to form a metal oxide
and release a fluoride ion; (b) the fluoride ion produced is trapped
by boronic acid. As a result, the equilibrium is shifted to the right-
hand side and the hydrolysis is accelerated. Thereby a metal oxide
thin film is gradually deposited on various kinds of substrates
homogeneously.

MF -~ 4+ nH,0 = MO, + xF~ + 2nH* (a)

H;BO; + 4H* + 4F~ = HBF, + 3H,0 (b)

Takeuchi et al. prepared protein-imprinted organic-inorganic
hybrid materials toward an acidic protein, pepsin, using tita-
nium oxide-LPD (Fig 5).* Therein, pepsin—poly-L-lysine adducts
were formed electrostatically in a titanium oxide-LPD treat-
ment solution and were co-deposited with titanium oxide onto
SPR sensor chips during the LPD process, yielding a pepsin-
imprinted organic-inorganic hybrid thin film. As a reference, a
non-imprinted film was also prepared without the addition of
pepsin. The binding studies toward pepsin, lactalbumin, albumin
and chymotrypsin clearly showed that the imprinted film had
high selectivity for pepsin. An appropriate molar ratio of poly-
L-lysine and pepsin in the complexation process could keep
the native structure of pepsin, which was examined by circular
dichroism spectroscopy, and such conditions should be used
to construct pepsin selective binding sites. The chips prepared
without poly-L-lysine were also prepared in the presence and
absence of pepsin. They showed similar binding profiles toward

This journal is © The Royal Society of Chemistry 2008
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Fig.5 Schematic illustration of the pepsin-templated LPD process. (Reproduced from ref. 30 with permission from American Chemical Society.)

guest proteins and have no specificity for pepsin, meaning that
simple pepsin-templated titanium oxide films are inappropriate
for protein recognition.

Various LPD-based imprinted organic-inorganic hybrid ma-
terials can be prepared by simply mixing target proteins and a
diverse range of organic polyion compounds capable of interacting
with target proteins in the LPD treatment solution. Therefore, the
proposed LPD-based protein imprinting may be more convenient
than sol-gel reaction-based processes that should have appropriate
metal oxide derivatives, if protein—polyion complexes can be
formed stably in the corresponding LPD treatment solutions.

Protein imprinting using immobilized templates

Difficulties in protein imprinting are not only their instability
under harsh conditions but also their thermodynamic motions
in solution, therefore, immobilized templates may be effective to
improve the imprinting efficiency. Shiomi et al. have successfully
used an immobilized protein as a template.’ Hemoglobin was im-
mobilized on glutaraldehyde-treated aminopropyl silica through
imine bonds between amino groups of hemoglobin and aldehyde
groups on the silica. 3-Aminopropyltrimethoxysilane and propy-
Itrimethoxysilane were then polymerized on the hemoglobin-
immobilized silica, followed by washing with oxalic acid to remove
hemoglobin. The imprinted silica showed selective binding for
hemoglobin, and the selectivity was superior to the imprinted
silica prepared with free hemoglobin. Competitive re-binding
tests in the presence of hemoglobin, myoglobin, transferrin, and
chymotripsinogen confirmed the selective binding of hemoglobin.
Recently, this immobilized protein system has been extended to
APBA-based albumin imprinting.*?

Chou also reported an imprinting method combining immobi-
lized proteins and micro-contact printing techniques (Fig. 6).%
In this case, a protein layer was formed as a stamp on
a hexamethyldisilazane-treated microscope cover glass by hy-
drophobic interaction. Stamps of lysozyme, ribonuclease A and
myoglobin were prepared and contacted on a 3-(trimethoxysilyl)
propyl methacrylate-grafted glass slide carrying neat functional
and crosslinking monomers. After polymerization, the cover glass
was removed to obtain protein surface imprinted polymer thin
films on the slide glass. Firstly, the template recognition abilities of

{1) Protein Stamp

a proteins

{2) Pelymanzation

ﬁ a Microcontact &
Pa\ymeuzmlon

cover glass

Absorption

—>

¢ee

THe

glass side
(3) Extracton
@ w Exlraclm
<_,_IDI
Rebinding

Molecularly imprinled polymer

Fig. 6 Microcontact molecular imprinted polymer preparation proce-
dures. (Reproduced from ref. 33 with permission from Elsevier.)

MIPs prepared with only crosslinkers (no functional monomers)
of dimethacrylic acid ester with ethylene glycol repeat units (n = 1,
4,9 and 13) were evaluated. Among the crosslinkers, tetracthylene
glycol dimethacrylate (n = 4) gave the most selective lysozyme
binding, while polyethylene glycol 400 dimethacrylate (n = 9) was
most selective for ribonuclease A and myoglobin. From the screen-
ing of functional monomers by microcalorimetric titration toward
the protein stamps with neat functional monomers as titrants,
including methyl acrylic acid, 2-hydroxyethylmethacrylate, and
dimethylaminoethyl methacrylate, N-vinyl pyrrolidone, styrene,
methyl methacrylate and 4-vinyl pyridine, styrene showed a good
selectivity for lysozyme and ribonuclease, while for myoglobin, the
highest affinity functional monomer was methyl methacrylate.
These results reveal that the micro-contact approach is a conve-
nient way to prepare many MIPs, and the selection of monomers
for protein imprinting can be easily conducted. Nevertheless,
several issues should be pointed out on this approach: the direct
adsorption of proteins on glass substrates to prepare the protein
stamps often lead to denaturation of proteins; the MIP preparation
using highly concentrated crosslinkers would be unfavorable since
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the interaction of proteins with functional and/or crosslinking
monomers may occur under non-aqueous environments during
the imprinting process; because neat functional and crosslinking
monomers were used to prepare MIPs, a dense crosslinking
network could be formed, where ethylene oxide groups of ethylene
glycol repeat chains may work as hydrogen bonding-based binding
sites rather than water containable matrices.

Li and co-workers prepared protein-imprinted polymer
nanowires using immobilized protein templates.** Firstly silica
nanotubes were prepared within pores of alumina membranes
(100 nm in diameter) by using 3-aminopropyltrimethoxysilane,
followed by a glutaraldehyde treatment to yield the amine-reactive
surface bearing aldehyde groups. Immobilization of protein was
then carried out; i.e. the membrane was treated with a template
protein solution to form imine bonds between the silica nanotubes
and the protein. After the protein-immobilized membrane was
immersed in a mixture of acrylamide and MBAA, polymerization
was carried out. Finally, the membrane and silica nanotubes were
dissolved by NaOH to yield the MBAA-based protein-imprinted
polymer nanowires (Fig 7). When hemoglobin was used as a
template, the resultant imprinted nanowires (2 mg) could bind
amounts of hemoglobin seven times higher than non-imprinted
nanowires. Albumin, cytochrome c and peroxidase were also used
as templates, and the resulting imprinted nanowires showed higher
binding capacity toward the corresponding template proteins. The
surface imprinted nanowires have a large surface area and are well-
dispersed in aqueous media, therefore the imprinted nanowires
could be applied to a diverse range of analytical fields.

Mag= SO0 KX
ng = 5000 WO= 2mm  Oun Vassm = 1Eh 487 Py

FvHn i

Fig. 7 SEM image of MBAA-based protein-imprinted polymer
nanowires. (Reproduced from ref. 34 with permission from American
Chemical Society.)

Time :11:28:21

Crystallized proteins are regularly oriented with no mobility
and are considered to be a kind of immobilized protein, therefore
the transcription of the surface by functional monomers may be
easier than conventional molecular imprinting using dissolved free
proteins with thermodynamic molecular motion. Matsunaga et al.
used a crystallized lysozyme as a template.® Lysozyme crystals
were placed on a cellulose ester membrane, on which were added
acrylic acid as a functional monomer, 2-methacryloyl oxyethyl
phosphocholine as a co-monomer to reduce non-specific binding,
MBAA as a cross-linker, and polyethylene glycol as a precipi-
tant to prevent the crystal from dissolution (Fig. 8). Onto the
substrate, a vinylated gold substrate (SPR chip) was placed, and
then polymerization was carried out. As references, conventional

Pre-polymerization

SPR sensor chi mixture
Celluioie ester Lysozyme crystal 3
mem {ane / (Template)

T ]

Slide glass

Polymerization
Removal of the cellulose
ester membrane =S
— X
) Imprinted polymer coated
SPR sensor chip

Fig. 8 Preparation procedure of a lysozyme crystal-imprinted thin film.
(Reproduced from ref. 35 with permission from Chemical Society of
Japan.)

lysozyme-imprinted polymer was prepared by using dissolved
lysozyme, and a non-imprinted polymer was also prepared in
the absence of lysozyme. The crystallized lysozyme-imprinted
polymer had much higher selectivity than the conventional and
non-imprinted polymers. Recently, imprinting of protein crystals
has been conducted in organic solvents.*® Organic solvents may
affect the conformation of proteins on the surfaces, therefore,
careful operations should be conducted in this case.

Two-dimensional protein imprinting

Britt et al. achieved ferritin imprinting by using self-assembling
ternary lipid films prepared as Langmuir monolayers consisting
of cationic dioctadecyldimethylammonium bromide (DOMA),
nonionic methyl stearate (SMA), and poly(ethylene glycol) bearing
phospholipids (PEG-P) (Fig. 9).3 The cationic DOMA in the
ternary lipid monolayer could be restructured according to the
surface charge of adsorbed ferritin at the air/water interface,
i.e. the lipids were reordered to accommodate ferritin by self
assembling. When the ferritin adsorbed monolayer was transferred
to a hydrophobic support, no more reconstruction occurred
and after the removal of ferritin, the protein-sized pockets were
created on the monolayers. This imprinted monolayer showed
up to a 6-fold increase in ferritin adsorption compared with
the corresponding control monolayers prepared without ferritin.
Regarding the selectivity, albumin was tested with the ferritin
imprinted monolayers and albumin was unfavorably bound to
them. In contrast, albumin-imprinted monolayers showed low
binding toward ferritin. Although 2-D protein imprinting often
gives rise to such size-dependent non-specific binding, this would
be a promising method for protein imprinting, if more biomimetic
layers could be prepared by optimization of lipid ratios and careful
design of components for specific binding site construction and
non-specific binding reduction.

Epitope-imprinting for sequence selective recognition
of peptides and proteins

Recently important studies on molecular recognition of proteins
have been reported, called “epitope imprinting” by Rachkov ez al.%®
This technique involves imprinting for a small peptide, whose
structure represents a small exposed fragment of oxytocin. The
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Fig. 9 Schematic illustration of 2D-ferritin imprinting. (A) Ferritin
adsorption. (B) The lipids were reordered to accommodate ferritin by self
assembling. (C) Immobilization of the monolayer to a solid hydrophobic
support, and generation of the imprint sites by removing ferritin. (Repro-
duced from ref. 37 with permission from American Chemical Society.)

resulting polymers efficiently recognized both the template peptide
and oxytocin that possess the same C-terminal part of the structure
(Fig. 10). Shea et al. chose C-terminal 9-mer peptides of target
proteins as epitopes and prepared the peptide-imprinted polymers
against the immobilized epitopes.* The polymer films obtained
had high selectivity for the target proteins including cytochrome
¢, alcohol dehydrogenase and albumin.

Epitope imprinting was also applied to the preparation of
MIP-based QCM sensor chips for the diagnosis of dengue virus
infection.* Acrylic acid, acrylamide, N-benzylacrylamide and
EDGMA were polymerized in the presence of a linear epitope
(15-mer peptide) of Japanese Encephalitis virus NS1 (dengue
nonstructural protein 1) to form a thin film on N,N’-diBoc-
L-cystine dibenzylamide treated QCM sensor chips. For serum
samples from patients, the sensors could detect dengue virus in 20
to 30 min ata pg L~! scale and the sensor responses were correlated
with ELISA results (correlation coefficient: 0.73). The results
illustrate the potential of epitope-imprinted polymers on sensi-
tive sensor systems for diagnostic and biotechnological applica-
tions.

These data clearly show that such epitope-imprinting ap-
proaches are effective in providing sequence-specific recognition
of proteins. Epitope imprinting could open a new way to prepare
imprinted polymers for the recognition of various kinds of
unknown or unidentified proteins, if small parts of proteins could
be known from the corresponding DNA sequence analyses. This
convenient technique may become essential for proteomics as a
future technology in biotechnology and medicine.

Functional monomers,
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m:-ization 00@@ mpfg.
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|
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Fig. 10 Schematic representation of the epitope approach for the
preparation of oxytocin-imprinted polymer. (Reproduced from ref. 38 with
permission from Elsevier.)

Conclusions

Today, protein-profiling and its application to diagnostics for
diseases draw much attention, thus proteomics is an important
technology in medicine and biotechnology. However, expression
of antibodies still requires elaborate and complicated processes.
Therefore, for protein detection and analyses, simpler, easier and
higher throughput techniques should be developed. Synthetic
materials could be ideal for next-generation protein analysis due
to their stability, repeatability, and inexpensiveness. To achieve this
goal, more sophisticated and precise recognition systems should
be integrated into the current protein imprinting technologies.
Although molecular imprinting of proteins still needs to be
improved, it is now surely emerging as a powerful tool for
protein recognition, where biochemists, polymer chemists and
organic/inorganic chemists should collaborate to design and
produce highly organized systems for molecular recognition.

Notes and references

1 (a) Molecular and Ionic Recognition with Imprinted Polymers, ACS
Symp. Ser. 703, ed. R. A. Bartsch and M. Maeda, American Chemical
Society, Washington, DC, 1997; (b) Molecularly Imprinted Polymers,
ed. B. Sellergren, Elsevier, Amsterdam, 2001; (¢) M. Komiyama,
T. Takeuchi, T. Mukawa and H. Asanuma, Molecular Imprinting,

2466 | Org. Biomol. Chem., 2008, 6, 2459-2467

This journal is © The Royal Society of Chemistry 2008





Wiley-VCH, Weinheim, 2002; (d) G. Wulff, Angew. Chem., Int. Ed.
Engl., 1995, 34, 1812; (¢) T. Takeuchi and J. Haginaka, J. Chromatogr.,
B, 1999, 728, 1; (f) K. Haupt and K. Mosbach, Chem. Rev., 2000, 100,
2495; (2) S. C. Zimmerman and N. G. Lemcoff, Chem. Commun., 2004,
5; (h) S. Wei, M. Jakusch and B. Mizaikoff, Anal. Chim. Acta, 2006,
578, 50; (/) N. W. Turner, C. W. Jeans, K. R. Brain, C. J. Allender, V.
Hlady and D. W. Britt, Biotechnol. Prog., 2006, 22, 1474; (j) A. Bossi, F.
Bonini, A. P. F. Turner and S. A. Piletsky, Biosens. Bioelectron., 2007,
22, 1131; (k) D. E. Hansen, Biomaterials, 2007, 28(29), 4178; (/) A
special issue of molecular imprinting, Anal. Bioanal. Chem., 2007, 389,
().
2 M. Burow and N. Minoura, Biochem. Biophys. Res. Commun., 1996,
227, 419.
3 K. Hirayama, M. Burow, Y. Morikawa and N. Minoura, Chem. Lett.,
1998, 731.
4 S.H. Ou, M. C. Wu, T. C. Chou and C. C. Liu, Anal. Chim. Acta, 2004,
504, 163.
5 O. Kimhi and H. Bianco-Peled, Langmuir, 2007, 23, 6329.
6 T.-Y. Guo, Y.-Q. Xia, J. Wang, M.-D. Song and B.-H. Zhang,
Biomaterials, 2005, 26, 5737.
7 A. A. Vaidya, B. S. Lele, M. G. Kulkarni and R. A. Mashelkar, J. Appl.
Polym. Sci., 2001, 81, 1075.
8 G. Scatchard, Ann. N. Y. Acad. Sci., 1949, 51, 660.
9 T. Miyata, M. Jige, T. Nakaminami and T. Uragami, Proc. Natl. Acad.
Sci. USA, 2006, 103, 1190.
10 A. T. Wright and E. V. Anslyn, Chem. Soc. Rev., 2006, 35, 14.
11 N. T. Greene and K. D. Shimizu, J. Am. Chem. Soc., 2005, 127, 5695.
12 T. Takeuchi, D. Goto and H. Shinmori, Analyst, 2007, 132, 101.
13 D. M. Hawkins, A. Trache, E. A. Ellis, D. Stevenson, A. Holzenburg,
G. A. Meininger and S. M. Reddy, Biomacromolecules, 2006, 7, 2560.
14 D. M. Hawkins, E. A. Ellis, D. Stevenson, A. Holzenburg and S. M.
Reddy, J. Mater. Sci., 2007, 42, 9465.
15 T. Matsunaga, T. Hishiya and T. Takeuchi, Anal. Chim. Acta, 2007,
591, 63.
16 J. Matsui, M. Okada, M. Tsuruoka and T. Takeuchi, Anal. Commun.,
1997, 34, 85.
17 A. A. Oezcan, R. Say, A. Denizli and A. Ersoz, Anal. Chem., 2006, 78,
7253.
18 C.J. Tan and Y. W. Tong, Anal. Chem., 2007,79, 299.
19 C. J. Tan and Y. W. Tong, Langmuir, 2007, 23, 2722.
20 A.Bossi, S. A. Piletsky, E. V. Piletska, P. G. Righetti and A. P. F. Turner,
Anal. Chem., 2001, 73, 5281.

21 J. Rick and T.-C. Chou, Anal. Chim. Acta, 2005, 542, 26.

22 J. Rick and T.-C. Chou, Biosens. Bioelectron., 2006, 22, 544.

23 J. Rick and T.-C. Chou, Biosens. Bioelectron., 2005, 20, 1878.

24 N. W. Turner, X. Liu, S. A. Piletsky, V. Hlady and D. W. Britt,
Biomacromolecules, 2007, 8, 2781.

25 M. Glad, O. Norrlow, B. Sellergren, N. Siegbahn and K. Mosbach,
J. Chromatogr., 1985, 347, 11-23.

26 M. Kempe, M. Glad and K. Mosbach, J Mol. Recognit., 1995, 8,
3539.

27 Z. Zhang, Y. Long, L. Nie and S. Yao, Biosens. Bioelectron., 2006, 21,
1244.

28 Z. Tao, E. C. Tehan, R. M. Bukowski, Y. Tang, E. L. Shughart, W. G.
Holthoff, A. N. Cartwright, A. H. Titus and F. V. Bright, Anal. Chim.
Acta, 2006, 564, 59.

29 H.Nagayama, H. Honda and H. Kawahara, J. Electrochem. Soc., 1988,
135, 2013; S. Deki, Y. Aoi, O. Hiroi and A. Kajinami, Chem. Lett.,
1996, 433; S. Deki, N. Yoshida, Y. Hiroe, K. Akamatsu, M. Mizuhata
and A. Kajinami, Solid State Ionics, 2002, 151, 1; S. Deki, S. lizuka,
A. Horie, M. Mizuhata and A. Kajinami, Chem. Mater., 2004, 16,
1747.

30 M. Tatemichi, M. Sakamoto, M. Mizuhata, S. Deki and T. Takeuchi,
J Am. Chem. Soc., 2007, 129, 10906.

31 T. Shiomi, M. Matsui, F. Mizukami and K. Sakaguchi, Biomaterials,
2005, 26, 5564.

32 F. Bonini, S. Piletsky, A. P. F. Turner, A. Speghini and A. Bossi, Biosens.
Bioelectron., 2007, 22, 2322.

33 H.-Y. Lin, C.-Y. Hsu, J. L. Thomas, S.-E. Wang, H.-C. Chen and T.-C.
Chou, Biosens. Bioelectron., 2006, 22, 534.

34 Y. Li, H.-H. Yang, O.-H. You, Z.-X. Zhuang and X.-R. Wang, Anal.
Chem., 2006, 78, 317.

35 T. Matsunaga and T. Takeuchi, Chem. Lett., 2006, 35, 1030.

36 O. Hayden, C. Haderspoeck, S. Krassnig, X. Chen and F. L. Dickert,
Analyst, 2006, 131, 1044.

37 H. Dhruv, R. Pepalla, M. Taveras and D. W. Britt, Biotechnol. Prog.,
2006, 22, 150; N. W. Turner, B. E. Wright, V. Hlady and D. W. Britt,
J. Colloid Interface Sci., 2007, 308, 71.

38 A. Rachkov and N. Minoura, J. Chromatogr., A, 2000, 889, 111; A.
Rachkov and N. Minoura, Biochim. Biophys. Acta, 2001, 1544, 255.

39 H. Nishino, C. S. Huang and K. J. Shea, Angew. Chem., Int. Ed., 2006,
45, 2392.

40 D.-F. Tai, C.-Y. Lin, T.-Z. Wu, J.-H. Huang and P.-Y. Shu, Clin. Chem.,
2006, 52, 1486.

This journal is © The Royal Society of Chemistry 2008

Org. Biomol. Chem., 2008, 6, 2459-2467 | 2467






PAPER

www.rsc.org/obc | Organic & Biomolecular Chemistry

Mono- and dicationic short PEG and methylene dioxyalkylglycerols for use in

synthetic gene delivery systemsT

Christopher A. Hurley,* John B. Wong,* Jimmy Ho,” Michele Writer,” Scott A. Irvine,” M. Jayne Lawrence,*
Stephen L. Hart,? Alethea B. Tabor” and Helen C. Hailes*“

Received 20th December 2007, Accepted 14th May 2008
First published as an Advance Article on the web 30th May 2008
DOI: 10.1039/b719702k

A range of monocationic and dicationic dioxyalkylglycerol cytofectins have been synthesised possessing
methylene and short n-ethylene glycol spacers. The monocationic compounds were found to be effective
in transfections when formulated as lipopolyplexes with peptide and DNA components, in particular
with shorter PEG head groups which may have less effect on peptide targeting in the ternary complex.

Introduction

Gene transfer technology has the potential to revolutionise many
treatment strategies for inherited or acquired diseases; however,
an efficient vector system is required to deliver the gene of
interest into target cells. Synthetic vectors offer one solution
and have several advantages over viral systems in terms of their
greater nucleic acid packaging capacity, lower immunogenicity
and greater safety.! Several different synthetic vector systems have
been reported including complexes of polycationic polymers such
as polyethylenimine (PEI), dendrimers, and cationic lipid delivery
systems (lipoplexes).>* However, the major limitation to date has
been their poor transfection efficiency relative to viral vectors, and
therefore the advantages of non-viral delivery systems will only
be realised if gene transfer efficiencies can be improved in vivo.
One approach has been to improve the efficacy and selectivity
of synthetic vectors by targeting to cell-surface receptors using
peptides, polysaccarides or antibodies.® Ternary synthetic vectors
(lipopolyplexes) have recently been described by several groups’
including Hart et al® The targeted system was comprised of a
mixture of lipids (1 and 2) (L), an integrin-targeting peptide 3 (I)
and plasmid DNA (D) which combined electrostatically on mixing
in solution to form LID vector particles (Fig. 1).2 The lipid compo-
nent (L) Lipofectin™, was a 1 : 1 mixture of the cationic lipid 2,3-
dioleyloxypropyl-1-trimethylammonium chloride (DOTMA) (1)
and neutral phospholipid dioleoyl L-a-phosphatidylethanolamine
(DOPE) (2).° The peptide component contained a targeting motif,
the cyclic asp, integrin-specific sequence (I) CRRETAWAC," and
a sixteen-lysine motif to mediate DNA compaction separated via
a linker GA (glycine-alanine).® The lipid/peptide/DNA ternary

“Department of Chemistry, University College London, 20 Gordon Street,
London, WCIH 0AJ, UK. E-mail: h.c.hailes@ucl.ac.uk; Fax: +44 20 7679
7463; Tel: +44 20 7679 4654

"Wolfson Centre for Gene Therapy of Childhood Disease, UCL Institute of

Child Health, 30 Guilford Street, London, WCIN IEH, UK
‘Pharmaceutical Science Research Division, King’s College London, Stam-
ford Street, London, SE1 YNH, UK

T Electronic supplementary information (ESI) available: Syntheses of the
alkyl mesylates and 9, 11-13, 15, 16, 18-24, 26, 27, 32, 33, 35, 36, 38, 39,
41 and 42 are described, together with formulation, sizing, transfection
procedures and transfection data. See DOI: 10.1039/b719702k

i Current address: Argenta Discovery Ltd, 7-9 Spire Green Centre, Flex
Meadow, Harlow, CM19 5TR, UK.

DOTMA 1

n H
H;r:l’\/o_ F|’_o\/\/o\n/\/\/\/E/\/\/\/\
o DOPE 2

o

H-(Lys)1S—GIy-AIa-CI:ys-Arg-Arg-Glu-Thr-AIa-Trp-AIa—CI'ys-GIy-OH 3

Fig. 1 LID vector components.

formulation reported was found to produce a synergistic increase
in transfection efficiency compared to the corresponding binary
vector formulations.®*!" Indeed, the LID systems displayed high
transfection efficiency and low toxicity in vitro and in vivo.%'"-"3 Par-
ticle sizing studies of this vector formulation indicated that discrete
particles were formed upon combining the LID components.® The
stoichiometry and structure of the LID complex has been studied
using fluorescence correlation spectroscopy (FCS), fluorescence
quenching experiments, and freeze-fracture electron microscopy.
These indicated that the peptide (I) interacts with the plasmid
DNA (D), resulting in a tightly condensed DNA-peptide inner
core which is surrounded by a disordered lipid layer, from which
the integrin-targeting sequence of the peptide partially protrudes.'*

Cationic lipids (cytofectins) such as DOTMA have several roles
in the gene delivery process including DNA compaction, together
with the peptide component in LID, interaction with anionic cell
surface receptors, and in enhancing endosomal release. The neutral
lipid DOPE is also believed to help stabilise the liposome structure
and enhance liposome fusion with the endosomal membrane
leading to endosomal escape.? DOTMA contains a glycerol
backbone, two hydrocarbon oleyl chains linked through ether
moieties and a trimethylammonium cationic head group. Each
of these components may influence the transfection efficiency
of both binary lipoplex and ternary lipopolyplex formulations
such as LID. Indeed there have been several studies which
have investigated the use of different head groups or diether-
linked chain length analogues in lipoplex systems including: N,N-
dimethyl-N-ethanolamine headgroups (in for example DIMRIE
and DORIE which possess C14:0 and CI18:1 chain lengths
respectively);’® N,N,N-trialkylammonium head groups and C, to
C; saturated chains used in sizing studies of cationic lipoplexes;'
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N,N-dimethyl-3-aminopropyl head groups with C,, to C,5 chains
(in cytofectins such as GAP-DLRIE which proved effective in
lipoplex in vivo and in vitro systems);"" and spermine car-
boxyamido head groups (such as that in DOSPA).2*>> We have
also investigated the use of different chain length analogues in the
LID ternary system.?® The published data on these formulations
indicated that the length of the alkyl chain and head group are
important factors for achieving high transfection, but that trans-
fection efficiencies are frequently system and cell-type dependent.

Despite the recent advances made in gene delivery, one key
problem is the stability of nonviral vector systems in biological
fluids, since for systemic delivery prolonged plasma circulation
of the vector is essential. Positively charged particles are prone to
non-specific interactions with plasma proteins leading to increased
clearance by the reticuloendothelial system (RES).?** In addition
they are unstable in serum and buffers, leading to the formation
of large aggregates.*** Previous reports have indicated that the
tethering of poly(ethylene glycol) (PEG) moieties can provide
a steric barrier, thus shielding the complexes from interactions
with biological fluids and enhancing stabilisation in vivo.>?” PEGs
are typically used in the range 1000-5000 Da, and PEG-grafted
lipids are added to the formulation at normally 2-10 mol%. This
approach has proved to be effective and PEG-lipids have enhanced
lipoplex stability in serum.?”** However, transfection efficiencies
are frequently lower due to the PEG acting as a steric barrier,
reducing particle and cell membrane contact.”’** The length of
the hydrophobic chain in PEG-lipid conjugates has also been
shown to be an important factor in particle stability and delivery
properties.”’*> One more recent strategy has been to introduce
cleavable PEG groups to improve transfection efficiencies.*

We are interested in enhancing the LID particle stability in
the presence of serum for ex vivo or in vivo applications. Since
in the LID ternary vector targeting by the peptide component
is essential, our strategy was to prepare modified cytofectins
possessing PEG moieties, in particular shorter PEGs of defined
length to ensure minimal disruption of peptide targeting, and
moreover, to use these in formulations at high mol% to enhance
shielding effects. Monocationic lipids 4 and dicationic lipids 5 were
designed incorporating a glycerol skeleton, which has proven to be
particularly effective in the LID formulation, with PEG directly
attached to the head group and a pendant OH (4) or a second
trimethylammonium cation (5) giving a dicationic cytofectin
to enhance lipid-DNA interactions (Fig. 2). For comparison
purposes, the dicationic species (5) were prepared with both a
PEG and methylene spacer. Furthermore, in the most promising
compounds the length of the hydrophobic chain was also varied
because this has been shown to be important in long PEG-lipid

g R
Y
_ o 4
"o .

- _R
X o
N l"\)\/
Me;N—]| PEG or (CHy), /N Og 5

R = unsaturated hydrophobic chain

Fig.2 Monocationic PEG-lipid conjugates 4 and dicationic lipids 5.

conjugates and other lipid systems, and in a ternary system may
also influence the availability of peptide targeting.?***

Results and discussion

The syntheses of monocationic PEG-lipids were carried out as
outlined in Scheme 1. The tertiary amines 6—10 were prepared from
3-(dimethylamino)-1,2-propandiol and the corresponding alkyl
mesylate as previously described.** Synthesis of the unsaturated
Cy (at C-11) C,4 and C,5 mesylates have been reported:** the Cy,
(at C-9) alkyne and alkene mesylates were readily prepared from
the alcohols which were synthesised via a route similar to that
recently reported by Basita-Pereira et al.*®> Mono-brominations
of commercially available PEG diols were achieved using hy-
drobromic acid* or thionyl bromide to give 11-14 in 36-58%
yield. Quaternisation of amines 6-10 with PEG bromoalcohols
11-14 in methanol using a sealed tube readily gave the PEG-
lipid conjugates 15-24 (Scheme 1, Table 1). These were purified
by low temperature recrystallisation where possible to avoid
complexation of the lipids to SiO, which was observed when using
flash silica chromatography. When this was used silica was removed
by dissolving the lipid in chloroform, centrifugation and filtration.

| OH
/N\J\/OH
8R= (CHz)BC= C(CHz)chg

1Mm=1

HO. Br

b ‘L/\O A

14m=5

- OR

la 6 R = (CH,)g(2)CH=CH(CH,);CH3
9 R = (CH,)g(2)CH=CH(CH,);CH3
12m=2
x|
HO. * OR
\L/\ok‘\// \)\/

OR 7 R =(CHy)1o(2)CH=CH(CH,);CH3
I
N A _or
10 R = (CH)1o(2)CH=CHCH,CH;
13m=3
15-24

Scheme 1  Reagents and conditions: (a) ROMs, NaH, 61-85%; (b) 11-14,
MeOH, 90 °C, 34-73%.

It has previously been observed that multiply charged cationic
lipids can enhance transfection efficiencies compared to conven-
tional mono-cationic lipids."* Typically the charged species is
formed within the acidic environment of the endosome from a
lipid possessing primary or secondary amine moieties. Dicationic
quaternary ammonium lipids have also previously been reported

Table 1 Short PEG-lipid conjugates synthesised

Compound Chain R m X

15 Cis (CH,)5(Z)CH=CH(CH,),CH; 1 Br
16 Cys (CH,)5(Z)CH=CH(CH,),CH, 2 Br
17a Cis (CH,)s(Z)CH=CH(CH,),CH; 3 Br
17b Cis (CH,)5(Z)CH=CH(CH,),CH; 3 Cl
18 Cys (CH,)s(Z)CH=CH(CH,),CH, 5 Br
19 Cis (CH,),o(Z)CH=CH(CH,);CH, 3 Br
20 Cis (CH,),o(Z)CH=CH(CH,);CH, 5 Br
21 Cu (CH,);C=C(CH,);CH; 1 Br
22 Cy (CH,)s(Z)CH=CH(CH,);CH; 1 Br
23 Cy (CH,),o(Z)CH=CHCH,CH, 1 Br
24 Cu (CH,),o(Z2)CH=CHCH,CH; 3 Br

“ Chloride prepared from the bromide via ion-exchange.
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for use in gene delivery, including PropEce® and a pentaerythritol-
derived tetraester,” and demonstrated good activities. The pres-
ence of a second quaternary amine group could increase the
electrostatic interaction between the lipid and DNA, or less lipid
may be required to maintain the charge ratio, and may also increase
interactions with the endogenous negatively charged lipids in
the endosome, enhancing endosomal escape. The diquaternary
ammonium lipids were designed with a lipophilic methylene or
hydrophilic PEG spacer between the cationic moieties (4, Fig. 2).
In addition, the length of the spacer was also varied to obtain
information regarding the optimal charge separation; however,
in general shorter linkers were used to ensure the lipids did not
interfere with peptide targeting in the ternary lipopolyplex vector.

The dicationic lipids were synthesised as shown in Scheme 2 us-
ing spacers 25-30. The PEG dibromides 26 and 27 were readily pre-
pared from tri- and tetraethylene glycol and triphenylphosphine
and carbon tetrabromide in 90% and 68% yield respectively.* The
quaternisations of 6, using an excess of the dibromides to avoid a
double quaternisation, were achieved in reasonable yields to give
31-36. We noted that yields of products using the lipophilic spacers
were generally higher (46-87%) than for the PEG dibromides (22—
48%) and no di-quaternised products were detected. Introduction
of the second quaternary ammonium centre to give 37-42 was then
readily achieved using trimethylamine and heating in a sealed tube,
where again the higher product yields were for the lipophilic series.

OR
l \)\/ 6 R = (CHp)g(2)CH=CH(CH);CH3

28n=1 Br. Br 25m=1
29n=4 26m=2

30n=8 27m 3
Br~ |
\,{/\]\/NW \L/\ OR
34n=1 3Mm=1
3Bn=4 32m=2
36n=8 b b 3m=3
Br-
l, Br | | OR Bf OR
Py,
/ v/ ‘L/\ ]’\/
40n=1 37Tm=1
41n=4 38m=2
42n=8 39m=3

Scheme 2 Reagents and conditions: (a) 24-29, solvent, 90 °C, 22-87%;
(b) NMe; (45 wt% in H,0), MeOH, 90 °C, 32-93%.

With the mono- and dicationic lipids in hand, ternary lipopoly-
plexes were formulated using these lipids, plasmid DNA and
peptide 3. A preliminary assessment of the transfection properties
in human airway epithelial HAE cells (IHAEo—) was performed
in the ternary lipopolplex vector using peptide 3. In general, the
dicationic lipids possessing the lipophilic spacers (40-42), when
formulated with or without DOPE (2), transfected at a lower
level than Lipofectin™, although the transfection efficiency of 40
was significantly higher than 42, suggesting less charge separation
in the lipid was preferable (data in ESIt). The diquaternary
ammonium hydrophilic spacer lipids 37-39 generally displayed
activities lower than for 40-42 when formulated with or without
DOPE. Although the activities were low, 37 with the shorter spacer
was the most active of the three analogues 37-39, highlighting
again that a shorter linker between the cationic charges is
preferred.

The monocationic PEG conjugates 15-24 displayed the best
transfection activities, and therefore these were investigated in
more detail. Sizing and zeta potential measurements were carried
out with and without DOPE (2) on a subset of compounds, 21—
23. After sonication and equilibration for 24 h the vesicle sizes
for 21-23 were approximately 160-170 nm without DOPE (2) and
70-80 nm with 2. Zeta potentials were in the range 60-73 mV
without 2 and 46-57 mV with 2. The size of liposomes comprised
of trimethylammonium head group lipids such as DOTMA (1)
together with DOPE (2) are reported as 100-200 nm depending on
the formulation method,*** and we measured the size of liposomes
of 1 + 2 as approximately 140 nm. This indicated that the short
PEG lipids with 2 formed comparably smaller vesicles.

Some representative transfection data is shown in Fig. 3-5, for
compounds 17a, 18, 19 and 20 highlighting our key observations.
The PEG chain conjugate cytofectins, containing PEG4-OH
moieties and C,; or Cj alkyl chains, compounds 17a and 19,
were found to be particularly effective transfection reagents in
HAE cells (1IHAEo—)* (Fig. 3), and SCFTE290— cells* (Fig 4)
(see ESI for preliminary transfection data on other PEGylated
lipidst). Attachment of a PEG6-OH to the cytofectin head group
(compounds 18 and 20) led to decreased levels of transfection,
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Fig. 3 Transfection of IHAEo— cells with PEG lipids 17a-20 in LID
ternary complexes with and without DOPE (2). A is a 2 : 1 mixture (by
weight) of total lipid and DNA. Bis a 4 : 1 ratio (by weight) of total lipid
and DNA (error bars represent the mean and SD from 6 experiments).
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Fig. 4 Transfection of SCFTE290— cells with PEG lipids 17a-20 in LID
ternary complexes with and without DOPE (2). Aisa 2 : 1 ratio (by weight)
of total lipid and DNA. B is a 4 : 1 ratio (by weight) of total lipid and
DNA (error bars represent the mean and SD from 6 experiments).
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Fig. 5 Comparison of transfection performance in IHAEo— cells (2 :
1 ratio by weight of total lipid:DNA) reflecting serum stabilities of
the lipopolyplex complex without PEG-lipid and with PEG-lipid 17a
(RLU/10* cells are shown).

most likely due to unfavourable steric interactions, with the PEG
chain on the ternary particle surface blocking access of the
targeting peptide to the cell surface. Conjugates 17a and 19 PEG4-
OH cytofectins formulated into lipopolyplexes were also observed
to be more stable in the presence of foetal calf serum (FCS) than
compounds with shorter n-ethylene glycol units (compounds 15,
16, 21-23), and higher levels of transfection were observed for 17a
compared to DOTMA (Fig. 5). Thus the PEG4-OH conjugates
may provide an optimal balance between enhanced stability
properties, and accessibility of the targeting peptide appears to be
unaffected. Since the addition of PEG6-OH groups to 6 appeared
to have a detrimental effect on the levels of transfection achieved
using LID, we did not synthesise conjugates possessing longer
PEGs, which could reduce the peptide targeting efficiency further.

Conclusions

In summary, routes to cytofectins possessing dicationic quaternary
amine groups separated by hydrophilic and lipophilic linkers
have been described. Dicationic lipids 37-39 and 40—42 generally
gave lower transfection levels than that for Lipofectin™ when
formulated with or without DOPE. Cationic lipids have also
been prepared possessing short PEG-OH groups on the head
group. These lipids were shown to form compact vesicles, and give
efficient gene delivery vectors when formulated as lipopolyplexes.
Lipids containing PEG4-OH rather than PEG6-OH moieties
were shown to be particularly effective when used in the ternary
lipopolyplex formulations. This is probably because peptide tar-
geting in the ternary complex is not affected when formulated with
short PEG conjugates for steric reasons. There are an increasing
number of delivery systems utilising targeting moieties where
shielding facilities can enhance in vivo properties. It is however
crucial that strategies to ensure minimal steric obstruction of the
targeting group by the shielding functionality are used. This issue
of the accessibility of a peptide ligand to the surface of cells
and length of PEG chains has also been highlighted by Tirrell
and co-workers.* Our approach has been to incorporate short
PEG groups used exclusively as the cationic cytofectin in the
formulation, and these results are important for the design of
other delivery systems possessing cell-targeting groups. Detailed
in vitro and in vivo studies are now underway and will be reported
elsewhere.

Experimental
General methods

Unless otherwise noted, solvents and reagents were reagent grade
from commercial suppliers and used without further purification.
THF was dried by distillation from a sodium/benzophenone
suspension under a dry N, atmosphere. CH,Cl, was dried by
distillation from CaH, under a dry N, atmosphere. All moisture-
sensitive reactions were performed under a nitrogen atmosphere
using oven-dried glassware. Reactions were monitored by TLC on
Kieselgel 60 F.s, plates with detection by UV, or permanganate
and phosphomolybdic acid stains. Flash column chromatography
was carried out using silica gel (particle size 40-63 um). Melting
points are uncorrected. '"H NMR and "C NMR spectra were
recorded in CDCI, at the field indicated. J values are given in Hz.
Representative procedures are shown below for the synthesis of
mono- and dicationic lipids.

Syntheses

2,3-Di-(tetradec-9-ynyloxy)propyl-NV,N-dimethylamine (8). To
a stirring solution of sodium hydride (60% in mineral oil; 0.275 g,
6.88 mmol) in anhydrous toluene (35 mL) at rt was added
3-(dimethylamino)propane-1,2-diol (0.27 mL, 2.28 mmol). The
mixture was heated at 50 °C for 20 min, and tetradec-9-ynyl
mesylate (1.98 g, 6.88 mmol) was added. The reaction was then
heated at reflux for 72 h. On cooling, water (100 mL) was
added and the product extracted with ethyl acetate (3 x 50 mL).
The combined organic extracts were washed with a solution of
saturated sodium hydrogencarbonate (50 mL), saturated sodium
chloride (50 mL) and dried (MgSO,). The solvent was removed in
vacuo to give the crude product which was purified by silica gel
flash chromatography (5% MeOH in CH,Cl,) to afford 8 (0.760 g,
66%) as a pale yellow oil. Ry = 0.36 (5% MeOH in CH,CL,); vy,
(film)/cm~" 2932, 2855, 2361, 1458; Jy (300 MHz; CDCI;) 0.88
(6H,t,J7.2,2 x CH,CH;), 1.28-1.46 (32H, m), 2.12 (8H, m, 2 x
H,CC=CCH,), 2.28 (6H, s, N(CH};),), 2.41 (2H, m, NCH,CH),
3.39-3.60 (7TH, m, CHOCH,, CH,0CH); d (75.4 MHz; CDCl;)
13.6 2 x CH,;CH,), 18.4, 18.7, 21.9, 26.0, 28.8, 29.1 (signal
overlap), 29.4, 29.6, 30.2, 31.3, 46.2 (N(CH,),), 61.0 (NCH,CH),
70.1 (CHCH,0), 71.6 and 71.9 (2 x OCH,CH,), 76.6 (CHOCH,),
80.2 (C=C, signal overlap); m/z (+ES) 504.5 (MH*, 100%); Found
(+HRES) MH* 504.47930. C;;H(,NO, requires 504.47806.

2,3-Di-((9Z)-octadecenyloxy)propyl-/N-(2-{2-[2-(2-hydroxy-
ethoxy)ethoxylethoxy }ethyl)-/V,N-dimethylammonium  bromide
(17a). Compound 13 (137 mg, 0.533 mmol) and the amine 6
(300 mg, 0.485 mmol) in methanol (2 mL) were stirred at 90 °C
in a sealed tube for 24 h. The solvent was removed in vacuo and
the product purified by low temperature recrystallisation (ethyl
acetate) to yield 17a as a pale yellow oil (245 mg, 58%). R, = 0.23
(10% MeOH in CH,CL); vy, (film)/cm™" 3404, 2920, 2858, 1634,
1466; o4 (300 MHz; CDClL,) 0.85 (6H, t, J 7.0, 2 x CH,CH,),
1.25 (44H, m), 1.54 (4H, m, 2 x OCH,CH,), 2.01 (8H, m, 2 x
CH,CH=CHCH,), 2.58 (1H, brs, OH), 3.43 (6H, 5,2 x N*CH),
3.48-4.20 (25H, m, 6 x CH,0 (PEG), CHOCH,, CHOCH,,
CH,0CH;;5, CH,OCH,CH,, 2 x N*CH,, CH,0H), 5.35 (4H,
m, 2 x CH=CH); . (75.4 MHz; CDCl,) 14.0 (2 x CH,CH,),
22.6, 26.0, 26.2, 27.2, 29.1, 29.3, 29.5, 29.6, 29.7 (signal overlap),
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30.4, 32.3, 33.0, 53.1 and 53.6 (2 x N*CH,), 61.2 (CH,OH),
65.1, 66.7, 68.7, 69.3, 70.1 (signal overlap), 70.5, 72.0, 72.6, 73.5
(CHOCH,), 129.8 (2 x CH=CH), 130.0 2 x CH=CH); m/z
(+ES) 797 (M* — Br, 100%); Found (+HRFAB) (M* — Br),
796.7399. CHyNO, requires 796.7394; Found C, 66.19; H, 10.99;
N, 1.50. C,oHosNO4Br-H,O requires C, 65.74; H, 11.26; N, 1.56%.

2,3-Di-((9Z)-octadecenyloxy)propyl- V-(2-{2-[2-(2-hydroxy-
ethoxy)ethoxy]ethoxy }ethyl)-/V,/N-dimethylammonium  chloride
(17b). Crude 17a (approximately 250 mg) (generated as
described above) in methanol (I mL) was passed through an
Amberlite® TRA-400 (Cl) ion exchange column eluting with
dichloromethane-methanol (1 : 1). The solvents were removed
in vacuo and the crude product purified by low temperature
recrystallisation (ethyl acetate) to yield 17b as a pale yellow oil
(~90% from crude 17a).

2,3-Di~((9 Z)-octadecenyloxy)propyl-N-{2-(2-bromoethoxy)ethyl]-
N,N-dimethylammonium bromide (31). 2-Bromoethyl ether (25)
(278 mg, 1.20 mmol) and the amine 6 (300 mg, 0.483 mmol) were
stirred in methanol (2 mL) at 90 °C in a sealed tube for 24 h. The
solvent was removed in vacuo and the product purified by low
temperature recrystallisation (ethyl acetate) to yield 31 as a pale
yellow oil (197 mg, 48%). vy, (film)/cm™' 2927, 2854, 2344, 1642,
1465; 6, (300 MHz; CDCl;) 0.84 (6H, t, J 7.0, 2 x CH,CH,),
1.25 (44H, m), 1.52 (4H, m, 2 x OCH,CH,CH,), 1.98 (8H, m,
2 x CH,CH=CHCH,), 3.41 (4H, m, CH,OCH,CH,, CHOCH,),
3.48-4.10 (19H, m, 2 x CH,0 (PEG), CHOCH,, CH,0C3H;;s,
2 x N*CH,, CH,Br, 2 x N*CH,), 5.31 (4H, m, 2 x CH=CH);
dc (75 MHz; CDCL,) 14.0 (2 x CH,CHy), 22.6, 26.0, 26.2, 27.2,
29.1, 29.2-29.4 (signal overlap), 29.5, 29.6, 29.7, 30.0, 30.8, 31.8,
32.5,53.3 and 53.5 (2 x N*CH,), 64.9, 66.8, 68.6, 69.3, 71.0, 72.0
(signal overlap), 73.4 (CHOCH,), 129.7 (2 x CH=CH), 129.9
(2 x CH=CH); m/z (+ES) 773 (M* — Br (*'Br), 100%), 771
(M* — Br (“Br), 88); Found (+HRFAB) (M* — Br), 770.6039.
C,sHgO;NBr requires 770.6020.

2,3-Di-((9Z)-octadecenyloxy)propyl- N -(3-bromopropyl)-/V,/N-
dimethylammonium bromide (34). Amine 6 (0.500 g, 0.806 mmol)
and 1,3-dibromopropane (28) (0.82 mL, 8.10 mmol) were stirred
in hexane (2 mL) in a sealed tube at 80 °C for 18 h. The solvent
was removed in vacuo and the product purified by flash silica gel
chromatography (gradient: CH,Cl, to 10% MeOH in CH,Cl,) to
yield 34 as a pale yellow oil (0.410 g, 62%). R; = 0.17 (5% MeOH
in CH,CL,); vy (film)/cm™' 2924, 2853, 1634, 1464; 6y, (300 MHz;
CDCl;) 0.85 (6H,t,J 6.7,2 x CH,CH,), 1.27 (44H, m), 1.53 (4H,
m, 2 x OCH,CH,CH,), 1.97 (8H, m, 2 x CH,CH=CHCH,), 2.42
(2H, m, CH,CH,Br), 3.40 (4H, m, CH,O0CH,CH,, CHOCH,),
3.45-3.92 (14H, m, CH,0C3H;;, 2 x N*CH,, CH,Br, 2 x
N*CH;), 4.06 (1H, m, CHOCH,), 5.32 (4H, m, 2 x CH=CH); J
(75 MHz; CDCl;) 14.0 (2 x CH,CH,), 22.7, 26.1, 26.3, 27.3, 28.7,
29.2,29.3-29.8 (signal overlap), 30.1, 31.9, 32.6, 52.8 and 53.0 (2 x
N*CH,), 64.5, 65.8, 68.4, 69.4, 72.1, 73.3 (CHOCH,), 129.7 (2 x
CH=CH), 129.8 (2 x CH=CH); m/z (+ES) 743 (M* — Br (*'Br),
100%), 741 (M* — Br (”Br), 88); Found (+HRFAB) (M* — "Br),
740.5939. C,Hy; BrNO, requires 740.5915.

2,3-Di-((9Z)-octadecenyloxy)propyl-NV-[2-(2-(N ,N ,N-trimethyl-
ammonium)ethoxy)ethyl]-V,/N-dimethylammonium dibromide
(37). Bromide 31 (100 mg, 0.118 mmol) and trimethylamine
(45 wt% in H,O; 0.36 mL, 2.35 mmol) were stirred in methanol

(3mL) in a sealed tube at 90 °C for 24 h. The solvent was removed
in vacuo and the residue triturated at low temperature (diethyl
ether) to obtain 37 (73 mg, 67%). Vn. (film)/cm™" 2922, 2853,
1462; 6 (300 MHz; CDCl;) 0.85 (6H, t, J 6.6, 2 x CH,CH;),
1.24 (44H, m), 1.51 (4H, m, 2 x OCH,CH,CH,), 1.98 (8H, m,
2 x CH,CH=CHCH,), 3.40-4.14 (32H, m, 2 x CH,O (PEQG),
CH,0CH;;, CH,O0CH,CH,, CHOCH,, CHOCH,, 3 x N*CH,,
5 x N*CH,), 5.35 (4H, m, 2 x CH=CH); 6. (75 MHz; CDCl,)
14.1 2 x CH,CH;), 22.7, 26.1, 26.2, 27.2, 29.2-29.8 (signal
overlap), 30.1, 31.9, 32.6, 52.9 (N*CH;), 53.8 (N*CH;), 54.7
(3 x N*CH,), 64.8, 65.0, 65.5, 65.9, 66.6, 69.0, 69.4, 72.1, 73.4,
129.8 (2 x CH=CH), 130.0 (2 x CH=CH); m/z (+ES) 375.6
(([M — 2Br]*, 100%); Found (+HRFAB) (M* — Br), 829.6729.

2

C,sHoBrN,O; requires 829.6755.

2,3-Di-((9Z)-octadecenyloxy)propyl- N -3-(N,N,N -trimethyl-
ammoniumpropyl)-V,N-dimethylammonium  dibromide  (40).
Bromide 34 (100 mg, 0.12 mmol) and trimethylamine (45 wt% in
H,O0; 0.094 mL, 0.61 mmol) were stirred in methanol (2 mL) in a
sealed tube at 90 °C for 24 h. The solvent was removed in vacuo
and the product purified by low temperature recrystallisation
(ethyl acetate) to give 40 (87 mg, 82%). vy (CHClL)/cm™" 2922,
2852, 1656, 1456; oy (300 MHz; CDCl;) 0.86 (6H, t, J 6.5, 2 x
CH,CH,), 1.25 (46H, m), 1.53 (4H, m, 2 x OCH,CH,), 2.00 (8H,
m, 2 x CH,CH=CHCH,), 3.38-4.01 (27H, m, CH,OCH;s,
CH,OCH,CH,, CHOCH,, 3 x N*CH,, 5 x N*CH,;), 4.11 (1H,
m, CHOCH,), 5.33 (4H, m, 2 x CH=CH); . (75 MHz; CDCl,)
14.1 2 x CH,CH;), 22.6, 25.8, 26.0, 27.1, 29.0-29.6 (signal
overlap), 29.9, 31.7, 32.4, 51.5 (N*CH,), 53.6 (N*CH,), 54.0 (3 x
N*CH,), 62.6, 63.1, 67.2, 68.8, 69.2, 71.9, 73.0 (CHOCH,), 129.6
(2 x CH=CH), 129.7 (2 x CH=CH); m/z (+ES) 361 (;[M —
2Br]*, 100%); Found (+HRFAB) (MNa — 2Br)*, 743.7350.
C,HyO,N,Na requires 743.7346.
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Sulfonamide diuretics such as hydrochlorothiazide, hydroflumethiazide, quinethazone, metolazone,
chlorthalidone, indapamide, furosemide and bumetanide were tested as inhibitors of the zinc enzyme
carbonic anhydrases (CAs, EC 4.2.1.1). These drugs were discovered in a period when only isoform CA
1T was known and considered physiologically/pharmacologically relevant. We prove here that although
acting as moderate to weak inhibitors of CA II, all these drugs considerably inhibit other isozymes
known nowadays to be involved in critical physiologic processes, among the 16 CAs present in
vertebrates. Some low nanomolar/subnanomolar inhibitors against such isoforms were detected, such
as among others metolazone against CA VII, XII and XIII, chlorthalidone against CA VB, VII, IX,
XIT and XIII, indapamide against CA VII, IX, XII and XIII, furosemide against CA I, IT and XIV, and
bumethanide against CA IX and XII. The X-ray crystal structure of the CA II-indapamide adduct was

also resolved at high resolution, and the binding of this sulfonamide to the enzyme was compared to
that of dichlorophenamide, sulpiride and a pyridinium containing sulfonamide. Indapamide binds to
CA II in a manner not seen earlier for any other CA inhibitor, which might be important for the design

of compounds with a different inhibition profile.

Introduction

Diuretics are among the most widely used clinical agents and
their discovery was a great success of both synthetic organic
chemistry and pharmacology, with most of these agents being
discovered in the late 50s and 60s.* Right from the beginning of
research in this field, it was clear that many compounds incorpo-
rating SO,NH, groups showed this pharmacological activity."?
5-Acetamido-1,3,4-thiadiazole-2-sulfonamide, acetazolamide 1,
originally developed as an inhibitor of the zinc enzyme carbonic
anhydrases (CAs, EC 4.2.1.1) was the first non-mercurial diuretic
to enter into clinical use, in 1956.%* Acetazolamide played a
major role in the development of fundamental renal physiology
and pharmacology, as well as for the design of many of the
presently widely used diuretic agents, such as among others the
thiazide and high ceiling diuretics, compounds exerting their
diuretic action by promoting sodium chloride (and osmotically
obligated water) excretion in different segments of the nephron.’*
In mammals, 16 different a-CA isozymes or CA-related proteins
(CARP) were described so far, with very different catalytic activity,
subcellular localization, tissue distribution and susceptibility to
be inhibited by sulfonamides.">”® These enzymes catalyze a
very simple physiological reaction, the interconversion between
carbon dioxide and the bicarbonate ion, and are thus involved
in crucial physiological processes connected with respiration
and transport of CO,/bicarbonate between metabolizing tissues
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T The X-ray coordinates of the hCA II-indapamide 10 adduct are available
in PDB with the ID 3BL1.

and lungs, pH and CO, homeostasis, electrolyte secretion in a
variety of tissues/organs, biosynthetic reactions (such as gluco-
neogenesis, lipogenesis and ureagenesis), bone resorption, calci-
fication, tumorigenicity, and many other physiologic/pathologic
processes.”>"® CAs are highly abundant in the kidneys (a total
concentration of about 8-10 uM has been estimated for this
organ), and many isoforms have been shown to be present in
various tissues of this organ.”' CA isoforms present in kidneys,
such as CA 11, TV, VB, IX, XII and XIV play a crucial function in
at least three physiological processes: (i) the acid—base balance
homeostasis (by secreting and excreting protons, due to the
carbon dioxide hydration reaction catalysed by these enzymes);
(ii) the bicarbonate reabsorption processes, and (iii) the renal
NH,* output.>''? These important functions are well localised in
the different segments of the nephron: bicarbonate reabsorption
occurs in the proximal tubule, whereas urinary acidification and
NH,* output occur in the distal tubule and collecting duct.>!*?
Following the administration of a CA inhibitor (CAI), such as
acetazolamide 1, the urine volume promptly increases, and its
normally acidic pH (of 6) becomes alkaline (around 8.2).%10-12
An increased amount of bicarbonate is eliminated into the urine
(120 times higher than the amount eliminated normally), together
with Na*, and K* as accompanying cations, whereas the amount
of chloride excreted is diminished. The increased alkalinity of the
urine is accompanied by a decrease in the excretion of titratable
acid and ammonia, and in consequence by metabolic acidosis. This
sequence of events is due to the inhibition of various CA isozymes
in the proximal tubule, which leads to inhibition of H* secretion
by this segment of the nephron. Inhibition of both cytosolic (CA
IT) as well as membrane-bound (CA IV and CA XIV) enzymes
seems to be involved in the diuretic effects of the sulfonamides.>!"'?
Inhibition of such CAs decreases the availability of protons for the
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Na*-H* antiporter, which maintains a low proton concentration
in the cell. The net effect of these processes is the transport of
sodium bicarbonate from the tubular lumen to the interstitial
space, followed by movement of the isotonically obligated water,
and whence augmented diuresis. CAls also increase phosphate
excretion (by an unknown mechanism) but have little or no effect
on the excretion of calcium or magnesium ions. >
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Acetazolamide 1, and structurally related sulfonamides, such as
methazolamide 2, ethoxzolamide 3 and dichlorophenamide 4 were
and are still used for the treatment of edema due to congestive
heart failure, and for drug-induced edema, in addition to their
applications as antiglaucoma agents.">!* However, these systemic
CAIs generally produce many undesired side effects due to
inhibition of CAs present in other organs than the kidneys.? The
structurally related compound to acetazolamide, benzolamide 5,
with a quite acidic pK, of 3.2 for the secondary sulfonamide group
is completely ionised at physiological pH, as the sulfonamidate
anion.' Its renal effect on bicarbonate excretion is around 10 times
as potent as that of acetazolamide, the drug being maximally active
at doses of 1 mg kg™', and being actively and rapidly accumulated
in the kidney, but its plasma half-life is only 20 min."* All these
facts make benzolamide a renal specific CAI, but the compound
remained an orphan drug and has not been developed for wide
clinical use, due to its inappropriate pharmacokinetics, although

some anecdotal reports indicate that it might be beneficial for
patients suffering from chronic obstructive lung disease.!!

Using acetazolamide 1 as a lead, a large number of other quite
successful sulfonamide diuretics were developed in the 60s and
70s, such as the benzothiadiazines 6 (hydrochlorothiazide 6a, hy-
droflumethiazide 6b and the like), quinethazone 7, metolazone 8,
chlorthalidone 9, indapamide 10, furosemide 11 and bumetanide
12.* Some of them are among the most widely clinically used
diuretics,®'"3 and as they all possess primary SO,NH, moieties,
acting as excellent zinc-binding groups for the metal ion present
within the CA active site,’ it is to be expected that they should
also have CA inhibitory properties. However, this issue has been
investigated only in the 60s or 70s when these drugs were launched,
and when only one CA isozyme (i.e., CA II) was presumed
to exist and be responsible for all the physiological effects of
the sulfonamide drugs.!' Here we reinvestigate the interaction of
some of these clinically used diuretics with all 12 catalytically
active mammalian CA isoforms and also report the X-ray crystal
structure of one of them (indapamide 10) with CA II. Such
data might be useful for the design of novel classes of more
isozyme-selective CAls and probably also to understand some
new pharmacological effects of these old drugs.

Results and discussion
CA inhibition studies

Table 1 shows inhibition data of 12 CA isozymes (i.e., CA I, II,
III, IV, VA, VB, VI, VII, IX, XII, XIII and XIV) obtained by a
stopped-flow assay' monitoring the physiological reaction (CO,
hydration to bicarbonate) with the clinically used sulfonamides
1-12. Data of Table 1 show that similarly to the clinically
used/orphan drug classical sulfonamide CAls, i.e., compounds
1-5, the clinically used sulfonamide diuretics 6-12 also act as
inhibitors of all twelve investigated CA isozymes, but with an in-
hibition profile quite different from that of inhibitors investigated
earlier, and particularly different from that of sulfonamides 1-5.
The following should be noted from these inhibition data. (i)
Hydrochlorothiazide 6a acts as a medium potency inhibitor of
isoforms hCA 1, 1I, VB, IX and XII, with inhibition constants
in the range of 290-603 nM, the compound being a weaker
inhibitor of isoforms hCA VA, VI, VII, XIII and XIV (K;s
in the range of 3.655-5.010 uM) and an exceedingly weak one
against hCA III (K; of 0.79 mM). (ii)) Hydroflumethiazide 6b
shows an inhibition profile quite distinct from that of the closely
structurally related diuretic 6a, being a rather efficient inhibitor
of the following isoforms: hCA II, VB, VII, IX, XII and XIV,
with inhibition constants in the range of 305-435 nM. This
sulfonamide is a weaker inhibitor of hCA I, IV and VI (K;s
in the range of 2.84-8.25 uM) and shows very weak inhibition
against isozymes hCA III, VA and XIII (K;s of 10.2-870 uM).
It is already apparent that even small structural changes in the
benzothiadiazine scaffold, such as the substitution of the chlorine
atom ortho to the sulfamoyl moiety by a trifluoromethyl group,
such as in the pair 6a/6b, has dramatic consequences for the CA
inhibitory properties of the two compounds, basically against all
investigated CA iozymes (Table 1). (iii) Quinethazone 7 is the
only diuretic among compounds 1-12 investigated here which is
not approved for clinical use in Europe (but it is approved in
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Table 1 Inhibition data of some of the clinically used sulfonamides 1-12 against isozymes I-XIV (the isoforms CA VIII, X and XI are devoid of catalytic activity and probably do not bind sulfonamides
1

as they do not contain Zn(11) ions)"?

Isozyme*
hCA I¢
hCA II¢
hCA III¢
hCA V¢
hCA VA«
hCA VB¢
hCA VI¢
hCA VII¢
hCA IX¢
hCA XII°
mCA
XIII¢
hCA
XIVe

murine isozyme. ® Mean value from at least 3 different measurements.' Errors were in the range of +5% of the obtained value (data not shown). nt = not tested, data not available.

human; m =
¢ Full length enzyme. ¢ From ref. 3b. ¢ Catalytic domain.

ah:

USA),*" and this derivative was not available to be investigated
here. Literature data®® show it to be a very weak hCA T and a
modest hCA II inhibitor, with inhibition constants in the range of
1.26-35 uM (Table 1). (iv) Metolazone 8 shows very weak hCA
I and III inhibitory properties (K;s in the range of 54-610 uM),
and is a low micromolar inhibitor (thus, not a very efficient one)
of hCA 11, VI and XIV, with inhibition constants in the range of
1.714-5.432 uM. However, the drug is a medium potency inhibitor
of isozymes hCA 1V, VA, VB and IX (K;s in the range of 216—
750 nM) and a very efficient one against hCA VII, hCA XII and
mCA XIII (K;s in the range of 2.1-15 nM). (v) Chlorthalidone 9
also shows a very interesting inhibition profile, acting as a weak
hCA III inhibitor (with a K; of 11 uM, this compound is one
of the most effective hCA III inhibitors ever detected among
all know sulfonamides except trifluoromethanesulfonamide which
has a K; of 0.9 uM),*** and a rather weak hCA VI and hCA XIV
inhibitor (K;s in the range of 1.347-4.95 uM). Chlorthalidone is
a moderate hCA VA inhibitor (K; of 917 nM) and an effective,
or very effective inhibitor of the other mammalian CA isozymes.
Thus, the ubiquitous hCA I and II, as well as hCA IV, show
inhibition constants in the range of 138-348 nM, but isoforms
VB, VII, IX, XII and XIII are inhibited in the low nanomolar
range (K;s in the range of 2.8-23 nM). These results showing 9 to
be such a strong CAI against many isoforms are quite unexpected,
and considering the wide clinical use of the compound for the
treatment of hypertension,'® at least two issues can be raised: is
the inhibition of these CA isozymes responsible for some of the
therapeutic effects of the drug (or for some side effects observed
with it), and, secondly, can these observations be useful for the
design of CAls with increased selectivity for some CA isoforms or
for envisaging novel therapeutic applications of the drug (e.g., an
adjuvant to antitumor therapies, considering its strong inhibitory
effects against the tumor-associated CA isozymes IX and XII)?"
We shall reply to some of these questions after considering in detail
the inhibition profile of the remaining three drugs. (vi) Indapamide
10 acts as an inefficient CA I and III inhibitor (K;s in the range
of 51.9-230 uM), is a weak inhibitor of isoforms CA II, VA, VI,
and XIV (K;s in the range of 890-4950 nM) but shows significant
inhibitory activity against CA IV and VB (K;s in the range of 213~
274 nM) and excellent inhibition of CA VII, IX, XII and XIII,
with inhibition constants in the low nanomolar range (K;s of 0.23—
36 nM). These data are indeed remarkable, also considering the
wide use of the drug as diuretic and its beneficial effects in patients
with type 2 diabetes mellitus, as recently reported in an important
clinical trial."® (vii) Furosemide 11 acts as a very weak hCA
III inhibitor (K; of 3200 uM), but it shows moderate inhibitory
activity against many isoforms, namely CA IV, VA, VB, VI, VII,
IX, XII and XIII, with K;s in the range of 261-564 nM. The
compound is on the other hand a much better inhibitor of
CA I, II and XIV, with K;s in the range of 52-65 nM. (viii)
Bumethanide 12 is again an extremely weak hCA III inhibitor (K
of 3400 uM), similarly to furosemide with which it is structurally
related. However, bumethanide is also a weak inhibitor of hCA 1, 11
and XIII (K;s in the range of 2570-6980 nM), probably due to the
quite bulky phenoxy moiety ortho to the sulfamoyl zinc-binding
group. The compound shows better inhibitory activity against
isoforms CA IV, VA and XIV (K;s in the range of 250-700 nM)
but excellent inhibition of the tumor-associated isoforms CA IX
and XII (K;s in the range of 21.1-25.8 nM, i.e., the same order of
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magnitude as acetazolamide 1, methazolamide 2 or ethoxzolamide
3). Thus, it may be observed that bumethanide is an effective
inhibitor of only the tumor-associated isoforms CA IX and XII,
discriminating thus between these drug targets'” and other CA
isoforms that should not be inhibited by a cancer-specific CAI.

But what is the relevance of this study for the drug design
of CAIs with diverse pharmacological applications? We think
that there are at least several aspects that need to be considered
here for answering this question. First, these widely used drugs
were considered to be inactive as CAls, due to the fact that
they were launched in a period when only CA II was well
known (and considered to be responsible for all physiological
effects of CAls). It may indeed be observed that in contrast to
the classical CAls of type 1-5 (generally low nanomolar CA 11
inhibitors), all compounds 6-12 (except furosemide 11) are much
weaker inhibitors of this isozyme, usually in the micromolar range.
Indeed, only furosemide 11 is a good CA II inhibitor among these
diuretics, with a K; of 65 nM, whereas all others show K;s in the
range of 138-6980 nM (Table 1). Again with the exception of
furosemide 11, the diuretics 6-12 have low affinity for CA I, the
other isoform known when these drugs were discovered. However,
data in Table 1 show that many of the drugs 6-12 appreciably
inhibit CAs discovered after their introduction in clinical use, with
some low nanomolar (or even subnanomolar) inhibitors against
many of them. Examples of such situations, are among others:
metolazone 8 against CA VII, XII and XIII, chlorthalidone 9
against CA VB, VII, IX, XII and XIII, indapamide 10 against CA
VII, IX, XII and XIII, furosemide 11 against CA I, I and XIV,
and bumethanide 12 against CA IX and XII (Table 1). As already
mentioned above, bumethanide 12 is a tumor-specific (targeting
CA IX and XII) CAlI, of equal potency to acetazolamide 1, but
without the promiscuity of acetazolamide which is a potent CAI
against most mammalian isozymes. Indeed, bumethanide is a weak
inhibitor of all other isoforms except CA IX and XII, which are
overexpressed in tumors.’” Indapamide 10 and chlorthalidone 9
are also strong inhibitors of the tumor-associated CAs, but they
are also effective in inhibiting CA VII and XIII (Table 1). It is thus
clear, that these old drugs may indeed have newer applications
in therapy or as experimental agents, in situations in which the
selective inhibition of some CA isozymes is needed, and which
cannot be obtained with the presently used compounds of types
1-5.

A second important aspect of these findings is whether we can
explain some recent observations of clinical trials in which such
diuretic agents have been employed, and how this is reflected in
the drug design process. Thus, a relevant question arising is how
these inhibitory activities of compounds of type 612 against CA
isoforms known nowadays to play important physiological roles,'®
is reflected by the pharmacological effects (or side effects profile)
of these drugs? It is in fact known that many interesting classes of
novel drugs have been discovered just by observing side effects of
some clinically used agents.'”* Recently it has been observed that
indapamide 10 in combination with an ACE inhibitor (as diuretics)
are highly beneficial for the treatment of patients with hypertension
and type 2 diabetes.” Treatment with indapamide was also shown
to lead to a significant decrease of plasma adiponectin concen-
tration in patients with essential hypertension.”® Adiponectin is
considered to participate in the pathogenesis of carbohydrate
metabolism disturbances often found in patients treated with other

thiazide-type diuretics.”* On the other hand, classical sulfonamide
CAIs such as acetazolamide 1, methazolamide 2 ethoxzolamide
3, and other compounds possessing such properties, are known to
induce vasodilation in a variety of tissues and organs, including
the kidneys, eye vasculature, brain vessels, erc.'®® However, the
exact mechanisms by which they produce this beneficial effect
for many pathologies (e.g., hypertension, glaucoma, diabetic
retinopathy, etc.), or the isoforms involved in it, are unknown
for the moment.”*" In line with these studies,’®' a very recent
report shows that indapamide 10 has a protective role against
ischemia-induced injury and dysfunction of the blood-brain
barrier, probably due to its vasodilating effects.® An organ-
protective effect of indapamide in animal models of renal failure
has also been reported, showing the drug to be beneficial in
preventing damage to the capillary structures, the endothelium,
and in reducing the hypertrophy of superficial glomeruli among
others.”*?' All these effects are probably mediated by inhibition
of CAs present in blood vessels or in the kidneys, but no specific
pharmacological or biochemical studies are available so far, except
for these clinical observations mentioned here."**!' The lesson
we learn from all these data is that probably many of the recently
reported beneficial clinical properties of indapamide 10 are due
indeed to its diuretic effects, but in conjunction with its strong
inhibition of some CA isozymes (such as CA 1V, VB, VII, IX, XII
and/or XIII) reported here for the first time, isoforms present in
kidneys and blood vessels. This hypothesis may explain both the
blood pressure lowering effects as well as organ-protective activity
of the drug. For medicinal chemists this means that probably it
is possible to design sulfonamide CAls possessing an inhibition
profile similar to 10, but with a stronger activity against the target
isoform(s) involved in these pathologies, provided that it will be
possible to understand which these isozymes are.

X-Ray crystallography

Crystallographic parameters and refinement statistics for the hCA
I1-10 complex are shown in Table 2, whereas Table 3 presents
hydrogen bonds and other contacts of the hCA 11-10 adduct.
The electron density map of 10 bound to the active site of hCA
IT is shown in Fig 1, whereas Fig. 2 and 3 show the detailed
interactions of the inhibitor 10 bound within the enzyme active
site. A superposition of the active site of hCA II complexed
with indapamide 10, with that of the hCA II complexes of other
sulfonamide CAIs such as dichlorophenamide 4, the positively-
charged sulfonamide 13 and sulpiride 14, is presented in Fig. 4.
In order to understand at molecular level the interactions between
indapamide 10 and the active site of a CA isozyme, we report
here the X-ray crystal structure of its adduct with the ubiquitous,
highly investigated isoform hCA I1.'* Crystallographic refinement
of the hCA II-10 adduct was performed at a final resolution
of 2.1 A. Crystals of the adduct were isomorphous with those
of the native protein,*?¢ allowing for the determination of the
crystallographic structure by difference Fourier techniques. The
refined structure presented a good geometry with rmsd from ideal
bond lengths and angles of 0.015 A and 1.8°, respectively (Table 2).
The overall quality of the model was good with all residues in the
allowed regions of the Ramachandran plot. Refinement statistics
are summarized in Table 2. Inspection of the electron density maps
at various stages of the refinement, showed features compatible
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Table 2 Crystallographic parameters and refinement statistics for the
hCA 11-10 adduct

Parameter Value

Crystal Parameter
Space group P2,

Cell Parameters a=4132A
bh=42.05A
c=7225A
B =104.29°

Data Collection Statistics (20.0-2.1 A)

No. of total reflections 24 686

No. of unique reflections 24373

Completeness (%0)* 85.0 (82.0)

F2/sig(F2) 7.8 (1.7)

R-sym (%) 14.0 (30.0)

Refinement Statistics (20.0-2.1 A)

R-factor (%) 22.8

R-free (%)° 29.9

Rmsd of bonds from ideality/A 0.015

Rmsd of angles from ideality/° 1.80

“Values in parentheses relate to the highest resolution shell (2.1-2.0 A).
b Calculated using 5% of data.

Table 3 Hydrogen bonds and contacts of indapamide 10 in complex with
hCA 11

Indapamide atom hCA II residue Distance/A
NAS Zn 2.15
OAW Zn 3.06
NAS Oyl Thr199 2.86
OAV N Thr199 3.19
NAR N&2 His64 3.76
OAU N&2 His64 3.95
CAG Cel Phel31 3.41
CAH Ce2 Phel31 3.46

with the presence of one molecule of inhibitor 10 bound within
the active site (Fig. 1).

Interactions between the protein and the Zn** ion were entirely
preserved in the adduct (data not shown), as in all other hCA
IT-sulfonamide/sulfamate/sulfamide complexes investigated so

His64 Q
o Phe131
His94
His96

His119

Fig. 1 Simulated annealing omit |2Fo-Fc| electron density map of
indapamide 10 bound within the hCA II active site.

far.®2 A careful analysis of the three-dimensional structure of
the complex revealed a compact binding between the inhibitor
and the enzyme active site, similar to that observed earlier for
other such complexes, with the tetrahedral geometry of the Zn**
binding site and the key hydrogen bonds between the SO,NH,
moiety of the inhibitor and enzyme active site all retained (Fig. 2
and 3, and Table 3).*%¢ In particular, the ionized nitrogen atom
of the sulfonamide group of 10 is coordinated to the zinc ion
at a distance of 2.15 A (Table 3). This nitrogen is also hydrogen
bonded to the hydroxyl group of Thr199 (N-Thr1990G =2.86 A),
which in turn interacts with the Glul060E1 atom (2.5 A, data
not shown). One oxygen atom of the sulfonamide moiety is
3.06 A away from the catalytic Zn** ion, being considered as
weakly coordinated to the metal ion, whereas the second one
participates in a hydrogen bond (of 3.19 A) with the backbone
amide group of Thr199.22¢ His64 (in its in conformation) makes
strong van der Waals contacts (<4 A) with the CONH moiety of
the inhibitor, but these interactions cannot actually be considered
as hydrogen bonds (Table 3). A very strong interaction is on the
other hand the strong offset face-to-face stacking between the
annulated ortho-phenylene moiety of inhibitor 10 and the phenyl
group of Phel31 (Table 3 and Fig. 2 and 3), which has been
observed previously for several other adducts of hCA II with
sulfonamides such as the pyridinium derivative 13% and sulpiride

Fig. 2 The hCA Il-indapamide 10 complex. (a) View of the zinc coordination sphere and neighboring amino acid residues involved in the binding of
the inhibitor 10 (in yellow). (b) Detailed representation of the hCA II-indapamide active site.
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Phe131

His112

Fig. 3 Detailed interactions in which indapamide 10 (in yellow) par-
ticipates when bound within the hCA II active site. Active site residues
coordinating the metal ion (His94, 96, 119) as well as those involved in the
binding of the inhibitor (His64, Phel131 and Thr199) are shown. Distances
are presented in Table 3.

14.%%* Such a stacking interaction was in fact demonstrated to be
highly important for the orientation of the inhibitor within the
active site and for the potency of a sulfonamide as CAI against
this isoform.? Thus, in order to better understand the binding of
10 to hCA 11, the superpositions of its hCA II adduct with those of
dichlorophenamide 4*% as well as those of sulfonamides 13* and
14%% are shown in Fig. 4. Two facts can be observed. First, a quite
unexpected orientation for the phenyl ring of inhibitors 4 and 10
bound within the enzyme active site may be observed with respect
to that of other benzene-sulfonamides whose structures in complex
with hCA II have been reported (Fig. 4a).>>¢ It may be seen that
the plane of the phenyl moiety of the benzene-1,3-disulfonamide
4 and of indapamide 10 appears clearly rotated by almost 30°
and tilted by approximately 10° with respect to its most recurrent
orientation, as the one of derivatives 13% and 14** (Fig. 4b and 4b).

SO,NH,

13 14

This peculiar conformation may be ascribed to the presence
of the secondary sulfonamide group in the meta position of 4,
and the corresponding bulky carbohydrazide substituent in the
meta position to the sulfamoyl moiety of 10, which probably
orientates the entire molecule in this unusual conformation, when
bound within the enzyme cavity. In addition, both these CAls
(i.e., 4 and 10) possess a chlorine atom ortho to the sulfamoyl
moiety coordinated to the Zn(ir) present in the enzyme cavity,
which could also influence the orientation of the organic scaffold
due to steric impairment in the rather restricted environment
near the metal ion. In fact, Fig. 4a shows that the sulfamoyl-
chloro-phenyl fragment present in the scaffold of inhibitors 4 and
10 is practically completely superposable in these two hCA 11—
sulfonamide complexes, whereas the second sulfamoyl group of
dichlorophenamide 4 binds in the same active site region as the
much bulkier carbohydrazide moiety of indapamide 10 (Fig. 4a).
The second feature which is salient for the adduct of 10 with hCA 11
regards the stacking interaction in which Phel31 participates with
the phenylene moiety of the bicyclic ring present in indapamide.
As seen from Fig. 24, the two rings, ie., the ortho-phenylene
moiety of the inhibitor 10 and the phenyl group of Phel31 are
strictly parallel to each other, being at a distance of 3.41-3.46 A.
The same stacking has been previously evidenced between the
phenyl moiety of Phel31 and the 2.,4,6-trimethylpyridinium ring
of the positively-charged sulfonamide 13,* or the same phenyl
moiety and the N-ethyl-pyrrolidine group of sulpiride 14.%* In
both these complexes this stacking interaction has been one of the
main factors assuring a strong affinity of the inhibitor for the hCA
IT active site. As seen from Fig. 4b and 4c, although the phenylene
moiety of 10 binds in the same active site region as the tri-
methylpyridinium ring of the positively-charged sulfonamide 13,*
and the N-ethyl-pyrrolidine group of sulpiride 14, these three
cyclic moieties are not very well superposable with each other,
which in part probably explains the net difference of activities as
hCA Il inhibitors between the three compounds. Thus, whereas 13
is a very strong hCA II inhibitor (K; of 21 nM),* sulpiride 14 is a
slightly weaker one (K; of 40 nM)*“ whereas 10 is a moderate-weak
inhibitor (K; of 2.52 uM, Table 1). However, we consider this as a
quite positive and interesting feature of indapamide as a CAI (as
discussed above), which might be used to design compounds with
reduced affinity for the ubiquitous, house-keeping enzyme hCA
I1, but strong inhibitory properties against other isoforms, such as
hCA 1V, VB, VII, IX, XII or XIII, against which indapamide acts
as a much more efficient CAI (Table 1).

Fig. 4 Superposition of: (a) hCA II-indapamide 10 (yellow) with hCA II-dichlorophenamide 4 (magenta); (b) hCA II-indapamide 10 (yellow) with
hCA II-pyridinium sulfonamide 13 (magenta);* (c) hCA II-indapamide 10 (yellow) with hCA II-sulpiride 14 (magenta) adducts.?*
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Experimental
Materials

Sulfonamides 1-12 are commercially available compounds (from
Sigma-Aldrich, Milan, Italy). The twelve CA isozymes used in
the experiments were recombinant ones obtained and purified as
reported earlier by this group.?*

CA inhibition assay

An Applied Photophysics (Oxford, UK) stopped-flow instru-
ment was used for assaying the CA catalysed CO, hydration
activity. Phenol red (at a concentration of 0.2 mM) was used
as indicator, working at the absorbance maximum of 557 nm,
with 10 mM Hepes (pH 7.5) as buffer, and 0.1 M Na,SO, (for
maintaining constant ionic strength), following the CA-catalyzed
CO, hydration reaction."* The CO, concentrations ranged from
1.7 to 17 mM for the determination of the kinetic parameters
and inhibition constants. For each inhibitor at least six traces
of the initial 5-10% of the reaction were used for determining
the initial velocity. The uncatalyzed rates were determined in the
same manner and subtracted from the total observed rates. Stock
solutions of inhibitor (10 mM) were prepared in distilled-deionized
water with 10-20% (v/v) DMSO (which is not inhibitory at these
concentrations) and dilutions up to 0.01 pM were done thereafter
with distilled-deionized water. Inhibitor and enzyme solutions
were preincubated together for 15 min at room temperature prior
to assay, in order to allow for the formation of the E-I complex.
The inhibition constants were obtained by non-linear least-squares
methods using PRISM 3, and represent the mean from at least
three different determinations.™

X-Ray crystallography

The hCA I1-10 adduct was crystallized as previously described.?*
Diffraction data were collected under cryogenic conditions (100 K)
on a CCD Detector KM4 CCD/Sapphire using CuKa radiation
(1.5418 A). The unit cell dimensions were determined to be:
a=4132A,b=4202A, ¢c=7225A and a =y = 90°,
S = 104.25° in the space group P2, Data were processed with
CrysAlis RED (Oxford Diffraction 2006).3' The structure was
analyzed by difference Fourier technique, using the PDB file
1CA2 as starting model. The refinement was carried out with
the program REFMACS;* model building and map inspections
were performed using the COOT program.*® The final model of
the complex CAIl/Indapamide had an R-factor of 22.8% and
R-free 29.0% in the resolution range 20.0-2.1 A, with a rms
deviation from standard geometry of 0.015 A in bond lengths
and 1.8° in angles. The correctness of stereochemistry was finally
checked using PROCHECK .** Coordinates and structure factors
have been deposited with the Protein Data Bank (accession code
3BL1). Crystallographic parameters and refinement statistics are
summarized in Table 2.

Conclusions

We investigated whether such widely used drugs as the benzothia-
diazines and high ceiling diuretics, among which hydrochloroth-
iazide, hydroflumethiazide, quinethazone, metolazone, chlorthali-

done, indapamide, furosemide and bumetanide, which contain
primary sulfamoyl moieties acting as potential zinc-binding
functions, may show significant inhibitory effects against 12
catalytically active mammalian CAs. These drugs are widely used
clinically and were launched in a period when only isoform CA
IT was known and considered physiologically/pharmacologically
relevant, and thus no inhibition data against other CA isoforms
are available in the literature. Although acting as moderate to weak
inhibitors of CA II and CA 1, all these drugs considerably inhibit
other CA isozymes known nowadays to be involved in critical
physiological processes, among the 16 CAs present in vertebrates.
Some low nanomolar (or even subnanomolar) inhibitors against
such isoforms were detected, such as metolazone against CA VII,
XII and XIII, chlorthalidone against CA VB, VII, IX, XII and
X111, indapamide against CA VII, IX, XII and XIII, furosemide
against CA I, II and XIV, and bumethanide against CA IX and
XII. The X-ray crystal structure of the CA II-indapamide adduct
was also resolved at high resolution, showing features that may
be useful for the drug design of novel classes of CAls. We also
propose that the recently observed beneficial effect of indapamide
for the treatment of patients with hypertension and type 2 diabetes
is due to its potent inhibition of CA isoforms present in kidneys
and blood vessels, which explains both the blood pressure lowering
effects as well as organ-protective activity of the drug. Lessons for
the drug design of novel sulfonamide CA inhibitors based on these
findings are also discussed.
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Examination of local folding and H-bonding patterns in model compounds can be extremely
informative to gain insight into the propensity of longer-chain oligomers to adopt specific folding
patterns (i.e. foldamers) based on remote interactions. Using a combination of experimental techniques
(i.e. X-ray diffraction, FT-IR absorption and NMR spectroscopy) and theoretical calculations at the
density functional theory (DFT) level, we have examined the local folding patterns induced by the urea
fragment in short-chain aza analogues of - and y-amino acid derivatives. We found that the urea-turn,

d

a robust Cg conformation based on 1<«-3 H-bond interaction, is largely populated in model
ureidopeptides (I-IV) obtained by replacing the a-carbon of a f-amino acid by a nitrogen. This
H-bonding scheme is likely to compete with remote H-bond interactions, thus preventing the formation
of secondary structures based on remote intrastrand interactions in longer oligomers. In related
oligomers obtained by the addition of a methylene in the main chain (V-VIII), nearest-neighbour
H-bonded interactions are unfavourable i.e. the corresponding C, folding pattern is hardly populated.
In this series, folding based on remote intrastrand interactions becomes possible for longer oligomers.
We present spectroscopic evidence that tetraurea VIII is likely to be the smallest unit capable of
reproducing the H-bonded motif found in 2.5-helical N,N’-linked oligoureas.

Introduction

Non-natural oligoamides built from homologated amino acid
residues (e.g. B- and y-peptides) are the quintessential pep-
tidomimetic foldamers.”7 Substituting heteroatoms for the carbon
atoms in the backbone of @-amino acid constituents of aliphatic
oligoamides to generate non-amide linkages (e.g. N-oxyamide,*®
hydrazide,'®"" urea'»") can dramatically alter the pattern of
intrastrand H-bond interactions, and thus represent a promising
strategy to design new foldamers.’ In particular, the urea group
shares a number of interesting features with the amide linkage,
i.e. rigidity, planarity, polarity, and hydrogen bonding capacity,
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and thus represents an interesting surrogate. We are interested in
determining the structure of urea-based oligomers belonging to
the B- and y-peptide lineages, namely compounds of type A and B
(Fig. 1).1213

N
o 7
H N 0 H o o HON 0
R H R
urea tum (Cg) o N-O tum (Cg) hydrazino tum (Cg)
i . p |
b) R - , i
L 2SN ) &
N°p Y 7™ = _— T
(0] "< .
B i 2.5, 14 heli
542,14 helix

Fig. 1 a) The 1«3 H-bonding scheme in B-peptide isosteres: ureidopep-
tides of type A, a-aminoxy acid C, N“-substituted hydrazinoacetic acid D
derivatives; b) the 2.5-helical fold of N,N’-linked oligoureas of type B.

Previous work suggests that estimation of nearest-neighbour
interactions in model compounds can be extremely useful to
discriminate between backbones and identify those that may
preferentially adopt compact folding patterns with long range
order. For example, the original demonstration by Gellman and
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Table 1 Urea—peptide derivatives I-IV containing a gem-diamino residue

Compound Code R! R R’ R? R?
R' H R?2 I.1a tBuO iBu H Me H
R rlj‘ rl‘? r112 L1b tBuO z:Bu H z:Pr H
\n/ >/ \n/ “R2 L1"b Bu iBu H iPr H
o H ;R o Llc tBuO iBu H Me Me
2 1.2a tBuO Bn H Me H
L.2b tBuO Bn H iPr H
1.2¢ tBuO Bn H Me Me
1.3a tBuO CH,0Bn H Me H
L.3b tBuO CH,0OBn H iPr H
1.3¢ tBuO CH,OBn H Me Me
L4a tBuO (CH,); Me H
1.4b tBuO (CH,); iPr H
L4c tBuO (CH,), Me Me
1.5¢ Me Bn H Me H
L.6° Me iPr H Me H
H H H R II.1a tBuO iBu — Me H
. L |
< N2 N® N3 II.1'a Bu iBu — Me H
1 ~
N 7o R IL1b {BuO iBu — iPr H
R1«§1 0?2 HR o ILTc Bu iBu — Me Me
0 1.2 BuO iBu — CH(Bn)CO,Me H
OO RRr H H R? 1.3 BnO Me H iPr H
B | | | 11.4 BnO H Me iPr H
N
R'” TN - “R2
| z
H o [ o©°
H H }ﬂ (o} 1.1 tBuO H iBu — —
R ’1‘17/’1]2 N2 S/Me 1.2 tBuO iBu H — —
g N
" ° |
orH 7 o RR H
OBn

v
oo oo (o
2 13 3
N\/N N\)kwﬂ ,TISJJ\,?ISJ\
H H H

“Ref. 16a. * Ref. 16b.

coworkers that intramolecular H-bonding between neighbouring
amide groups is not a favourable process in simple diamides
derived from B-alanine led to the proposal that folding based on
remote intrastrand interactions would be favoured in oligomers
composed of B-amino acids.™

Preliminary results from our laboratories suggest that sub-
stituting a nitrogen for the o-carbon in B-amino acid deriva-
tives, to give ureido compounds of type A, makes nearest-
neighbour interactions more favourable than in f-amino acids
counterparts.® In non-polar solvents, type A N-acyl-N'-
carbamoyl-gem-diaminoalkyl derivatives have been found to
populate a C; conformation with a 1<-3 H-bonding pattern,
reminiscent of the C,; o-peptide y-turn. A particular feature of
this folding pattern (i.e. the urea-turn) is that the urea adopts a
characteristic cis,trans (E,Z) geometry.’** It is noteworthy that very
similar turn conformations have been observed in isosteric systems

such as g-aminoxy acid C and N“-substituted hydrazinoacetic acid
D derivatives (i.e. the N-O® and hydrazino'®!! (or N-N) turns,
respectively) (Fig. 1a)."s

In contrast, ureido monomers of type B possessing an extra
carbon in their backbone are not expected to favor intramolecular
hydrogen bonding between adjacent residues. This is supported
by the finding that homochiral N,N’-disubstituted oligoureas
of type B form robust helical structures stabilized by remote
H-bond interactions closing 12 and 14-membered pseudorings
(Fig. 1b)."2 To further delineate the propensity for local folding
induced by the urea fragment in compounds of type A and B,
we have now undertaken a detailed conformational investigation
of short-chain ureido peptidomimetics I-VIII (see Tables 1 and
2) using a combination of experimental techniques (ie. X-
ray diffraction, FT-IR absorption and NMR spectroscopy) and
theoretical calculations using density functional theory (DFT).
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Table 2 Urea-peptide derivatives V=VIII having two sp® carbons in the main chain

Compound Code R' R R? R”?
III 0? V.la tBuO Bn Me H
V.1b tBuO Bn iPr H
1 1
: N\_ﬁ/a\N'zﬂ\ N2 V.lc BuO Bn Me Me
o 5 |1| F'r2 V.2a {BuO CH(Me)OBn Me H
V.2¢ tBuO CH(Me)OBn Me Me
III 'I{ 02 VI.1 tBu CH(Me)OBn Me H
" 1 2 V1.2 Bn Bn Me H
R"N\H/N\./\NQM\N?’
H I I
o' R H R?
H H 02 R H R*? VI Bn Bn Me H
I 1 \ 1 J_L ’113 ’\‘13
N N :
17 S~ N2 2 SR2
R YT N g
o' R H H (o}
H H 0?2 R H H (o Vi Bn Bn Me H
I I I |
NI NI IS J\/N'3 N3 IS
1° N2 2 N~ 4~
RO Y oY
o' R H H ok R H R?
Results and discussion a) free NHs
Synthesis of urea-based compounds |-3|\1:
1.3a
The urea-containing peptides and oligoureas I-VIII (Tables 1 and bonded N2H
2) are divided in two families depending on the number of sp’ |
carbons between the nitrogen atoms in consecutive urea or amide I'3\°A 132 L3b

groups.

Compounds of type A (I-IV, containing a 1,1-diamino
alkyl residue) were synthesized as previously described™”
by coupling succinimidyl {1-{[(alkyloxy)carbonylJamino}-1-X-
methyl}carbamates or succinimidyl [1-(acylamino)-1-X-methyl]
carbamates (derived from N-protected a-amino acid and dipep-
tides, respectively) to simple amines or o-amino acid esters.
Ureido compounds of type B (V-VIII containing a 1,2-
diamino alkyl residue) were prepared from succinimidyl {2-
{[(tert-butoxy)carbonyllamino }-2-X-ethyl}carbamates as previ-
ously reported.”” Compounds IV, VII and VIII were obtained
by repetitive urea formation with appropriate succinimidyl carba-
mates.

Comparative spectroscopic study of ureido compounds of type A
and type B

The relative propensity for local folding induced by the urea
fragment in model ureas with a 1,1-diaminoalkyl residue (I, type A)
and a 1,2-diaminoalkyl residue (V and VI, type B) was studied in
solution using a combination of FT-IR and NMR spectroscopies.

The IR data (Table 3) of compounds I with R”? = H are not
significantly sensitive to dilution below 10 mM in CH,Cl, and
2 mM in CCl,, indicating a similar behaviour to analogous peptide
models."®"

The broad absorption in the 3300-3400 cm™' region, which is
assigned to H-bonded NHs, shifts to low frequencies when R?
Me is changed into iPr, and disappears for R?> = Me (Fig. 2a,
Table 3). Therefore it may be assigned to the H-bonded N*H

I.3c_ _
3450 3400 3350 3300
N-H stretching (CH,CI,)
b) bonded Boc-C=O __. fr?e C=0
1327130

free Boc-C=0
L3c:

1675 1625

C=0 stretching (CH,Cl,)

1725

Fig. 2 Superimposition of a) NH stretch and b) C=0 stretch region
FT-IR data for 2 mM compounds I.3a, I.3b and 1.3¢ in CH,Cl,.

vibrator.” On the other hand, the stretching absorption of the
CO' carbonyl is shifted from about 1695 cm™' for R? = H to
about 1715 cm™' for R* = Me (Fig. 2b, Table 3). We may then
conclude that part of molecules I with R = H are folded by an
N2H-to-CO' intramolecular H-bond closing an 8-membered ring
(Fig. 3a).
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Table 3 N-H and C=0 stretching frequencies for the urea—peptide models I and V

N>-H + N2-H N>-H Cc=0! Cc=0?
Cmpd Solvent Free Free Bonded Free Bonded Free
ILla CH,Cl, 3453 3431 3350 1718 1695 1676
L1b CH,Cl, 3430 3339mer 1718+ 1695 1667
L1b CH,Cl, 3437 3286 mr 1662
IL.3a CH,Cl, 3453 3431 3363%0r n.v. 1698 1679
L.3b CH,Cl, 3431 3344wbr n.v. 1698 1669
1.2a CH,Cl, 3431 3450 3352mbr 1718 1692 1677
CCl, 3462/3439 — 3346 1718* 1693 1689
1.2b CH,Cl, 3431 33360 1718 1694 1667
CCl, 3462/3439 — 3346mbr 1714 1702 1682
I1.2¢ CH,Cl, 3445 — — 1713 — 1657
L4a CH,Cl, 3429 3451 3312 1696 1673
L.4b CH,Cl, 3431 32920 1696 1670
L4c CH,Cl, 3455 — — 1693 — 1656
V.1a CH,Cl, 3432 3452 3366%" 1703 n.v. 1677
CCl, 3442 3459 3356 1707 n.v. 1690
V.1b CCl, 3436 3448:h 3367 1707 n.v. 1682
V.1c CH,Cl, 3472/3432 — — 1704 n.v. 1648
CCl, 3480/3442 — — 1707 n.v. 1658
a) b) compounds I.1a-1.3a) (see Fig. 4 (heavy line), Fig. 6 (left panel)
O"’H\N/ O O~ N and Fig. 7 (left panel)).
O\(/ H /& N H The trans,trans conformation of the urea fragment is not
N N H N /go compatible with the above N?’H-CO' H-bond, and a cis,trans
H 4 |[| conformation is geometrically required. This point was confirmed

Fig. 3 Schematic representation of (a) the Cg vy-like folded structure
induced by the urea—peptide motif in I.1a, and (b) the minor folded C,
structure induced by the urea—peptide motif in V.1a, showing the cis,trans
conformation of the N,N’-disubstituted urea fragment.

The N'H and N?H bonds are free from any intramolecular
interaction, as demonstrated by NMR DMSO-d, titration exper-
iments in CDCl; By progressive addition of DMSO-d, in CDCl;,
their proton resonances actually experience a higher shift (AJ :
1.6-2.1 ppm for N'H and 0.83-1.22 ppm for NH in compounds
I.1a-1.3a) to low fields than N°H (AJ : —0.22 to 0.42 ppm in

by NOESY experiments in solution in CDCI, (Fig. 5).

Molecule I.1a in CDCI; actually exhibits a C*H/N?H NOE
correlation, denoting a short interproton distance typical of
the cis,trans conformation, but no N*H/N"?H NOE correlation
that would denote the trans,trans conformation (Fig. 5, lower
panel). For molecules I.1a and I.1¢, we verified that the cis,trans
conformation of the urea fragment is not strictly dictated by
the occurrence of the N?H-CO! intramolecular H-bond. The
cis,trans conformation is effectively retained by I.1a in DMSO,
where solvation breaks this H-bond. In L1lc (R> = R = Me),
where the single resonance for both methyl groups indicates a
rapid rotation of the CO>~N*Me, bond, the Me/C“H (in CDCl;)
and Me/N"?H (in DMSO-d,) NOE correlations denote a solvent-
induced transition from the cis (CDCI;) to the trans (DMSO-d,)
conformation of the N’>~CO? bond (Fig. 5, upper part).

3(N"H)
ppm

S(N'H)
71 ppm

%DMSO

3(N?H)
7 1 ppm

%DMSO

4 T T 4 T
0,1 1 10 100 0,1 1

%DMSO
. 4 . .

10 100 0,1 1 10 100

Fig. 4 Influence of DMSO-d, content in CDCl;—-DMSO-d mixtures on the NH proton resonances for I.2a (solid line) and V.1a (dotted line).
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Fig.5 NOESY correlations demonstrating the cis,trans conformation of the N, N'-disubstituted urea fragment for I.1a in CDCl; and DMSO-d, (bottom)
and the transition from the cis (CDCl;) to the trans (DMSO-d,) conformation for the urea N’>~CO? bond in L1¢ (top).

Qualitative analyses of IR data reveal a similar behavior between
compounds I and V (Table 3), but the intensity of the broad
contribution in the 3300-3400 cm™' region is much weaker in
CH,CI, for the latter, indicating a smaller percentage of folded
molecules (see Fig. S17).

In CCl,, the intensity of the low frequency component is highly
sensitive to the concentration down to 0.2 mM, which denotes
a great tendency to molecular aggregation (see Fig. S1t). The
residual absorption at 0.04 mM reflects the existence of a minor
percentage of folded molecules with an N>)H-CO' intramolecular
H-bond closing an 9-membered ring (Fig. 3b).

Because of the small concentration (0.2 mM) required to have
non-aggregated molecules V in CCl,, NOESY experiments could
not be carried out in this case. However, the existence of the

N?H-CO' H-bond implies that the cis—trans conformation of the
urea fragment is populated (albeit to a low extent) in solution.
The molecular flexibility of the urea models deriving from an
1,2-diaminoalkyl residue is corroborated by the magnetically
equivalent main-chain CH, protons in compound V series. In
addition, the larger chemical shifts experienced by N’H in the
compounds V series compared to compound I series upon
progressive addition of DMSO-d¢ in CDCI; indicates a higher
solvent accessibility (see Fig. 4, right panel). The NH accessibility
for diurea VI.1 in CDCl,—-DMSO-d; mixtures revealed that N*H is
alittle less accessible in V1.1 than in V.1a (see Fig. S2t), suggesting
that the percentage of the N°H-CO' H-bond is a little higher,
probably being related to the higher basicity of the urea carbonyl
in VI.1 compared with the urethane carbonyl in V.1a.
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Fig. 6 Influence of DMSO-d, content in CDCl;—~DMSO-d,; mixtures on the NH proton resonances for I.1a (left), I1.1'a (middle) and II.1a (right).
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Fig. 7 Schematic representation of the C; urea-turn conformation
associated with the y-folded Pro residue in I1.1'a.

Spectroscopic studies of type A amide/urea hybrids II-1V

An additional series of compounds of type A (II-1V, Table 1) have
been prepared to evaluate the influence of i) the position of the
urea moiety in the peptide chain (central in III versus terminal in
1II), and ii) the number of urea moieties (IV) on folding propensity
and C; urea-turn formation.

When proline precedes the gem-diamino residue, the NH
stretching for IL.1'a exhibits a strong, broad absorption at
3327 cm™' which considerably decreases for IL.1'c (R? = Me).
The low solvent accessibility for the N°H proton in II.1'a is quite
similar to that for N°H in I.1a (Fig. 6).

Substitution of Boc for Piv in Il.1a allows the cis—trans
equilibrium around the Boc-Pro bond, but has no influence on
the N3H solvent accessibility (Fig. 6). All these data indicate

that proline does not prevent the occurrence of the urea-turn.
It is noteworthy that the high and low solvent accessibility for
the N?H proton contributions in II.1a depends on the cis and
trans conformation of the Boc—Pro bond, respectively (Fig. 6, right
panel). Combined with the persistence of a broad NH absorption
at 3306 cm™! for IL.1'c, this observation indicates that N?H in
IL.1'a is partly engaged in a 1«3 interaction with CO' to give
overlapping y- and urea-turns (Fig. 7).

It is noteworthy that the same trend i.e. y-turn nucleation, albeit
to a lower extent, was observed when alanine was substituted
for proline (see Fig. S3t). The chemical shift variation observed
for N?H in II.3 when increasing the DMSO concentration from
1.25% to 100% is larger than when a prolyl residue was present
(0.92 ppm versus 0.37 ppm) but is significantly lower than
that of a fully accessible amide NH (ca. 1.28 ppm for N*H
in compound III series; vide infra). Substituting D-Ala for L-
Ala in I1.3 (i.e. heterochiral versus homochiral sequences) has
no significant effect on the chemical shift variation of N?H
(A6 = 0.94 ppm).

The incorporation of the urea group between two peptide bonds
in IT1.1 and I11.2 does not affect significantly the urea spectroscopic
data. For example, the N*H proton resonance is the less sensitive
to solvation while those for N'H and N*H experience a large shift
to low fields (Fig. 8).

S(NH) 5(NH)
ppm ppm

5 T

%DMSO %DMSO

0,1 1

10 100 01 1 10 100

Fig. 8 Influence of DMSO-d, content in CDCl;—-DMSO-d mixtures on the NH proton resonances for 1.3a (left), IIL.1 (middle) and II1.2 (right).
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Moreover, the profiles of NH resonances for III.1 and I11.2
are practically superimposed, indicating that the chirality of the
sequence (homochiral versus heterochiral) has no influence on
the conformational properties induced at a short distance by
the urea group. The N°H/C“H NOE correlation again confirms
the cis,trans conformation of the urea group (See Fig. S47).
This NOE pattern is conserved in longer hybrid oligomers
made of alternating amide and urea bonds such as tetramer IV
(Fig. 9).

3) 3 , gleu gval
Y [ P P CoH \(?H
e ) RN

! I
ppm | |
| I

Fig.9 NOESY correlations demonstrating the cis,trans conformation of
N,N'-disubstituted urea fragments for IV in DMSO-d;.

Theoretical calculations

To gain additional information on interactions between nearest
neighbours in ureido compounds of type A and B, we have
performed theoretical investigations using density functional
theory (DFT) on model compounds I and V.

Before starting the exploration of potential energy surfaces of
ureidopeptides, a brief comparison of the energy properties of N-
methyl acetamide (NMA) and N,N’-dimethylurea (DMU), which
are parent representatives of peptide and urea plaques, may be
instructive. The lower thermodynamic stability of cis-NMA with
respect to trans-NMA (by 2.6 kcal mol™" at the present level of
calculation), restrictions in conformational space, non-covalent
stabilization of frans amide bonds, and the so-called steric clash
between successive side-chains in all-cis peptides, are invoked for
explaining the extreme scarcity of cis peptide bonds in natural
proteins. Rotation about urea bonds is less unfavourable, owing to

thermodynamic as well as to kinetic data. cis,trans-DMU actually
lies at A,G°=1.3 kcal mol™' above its trans,trans- counterpart,
indicating that rotation about C(=0)-N bonds in ureas leads
to a less unstable isomer. It should be noted that, according to
theoretical calculations, some alkyl-substituted urea derivatives
are expected to be more stable in their cis conformation.? In
addition, while the lowest* free energy of isomerisation of NMA
lies 19.6 kcal mol™!' above the frans isomer, the transition state
which connects trans,trans and cis,trans isomers of DMU lies only
9.1 kcal mol™" above the former geometry. This value is similar to
those obtained by previous experimental® or theoretical® studies
on ureas. In other words, rotation about an urea bond is less
demanding than rotation about a peptide bond and cis,trans urea
bonds should be significantly more populated than cis peptide
bonds in oligomers.

Preliminary studies on model compounds with R! = R =
R? = Me ((1R)-N-[1-(3-methylureido)ethyl]-acetamide and (1.5)-
N-[1-methyl-2-(3-methylureido)ethyl]acetamide (See Fig. S57),
hereafter called .M and V.M) have provided a first overview on
the structures and energies of different folding patterns. In order
to check the role of substituents and side-chains on the stability
scale found for the models, we have also addressed two of the
urea-containing derivatives studied in the experimental part of
this work, namely 1.3a and V.2a. All structures considered in this
theoretical work are shown in Figs. 10 and 11 for compounds I
and V, respectively.

The nomenclature first refers to unfolded patterns (u), or to the
n-membered (Cn) H-bonded ring, followed by a capital letter when
several geometrical patterns lead to the same ring size. Eight- and
nine-membered rings are only observed in the case of urea-turns
inIand V respectively (C8-I and C9-V types). Besides this folding
pattern, for topological reasons hybrid amide—urea models such
as I can only exhibit an unfolded structure (u-I) or 6-membered
rings. Similarly, compounds V can be unfolded or may exhibit
7-membered pseudocycles. The stability of the conformations
envisaged in this work is mainly ruled by three factors : i) the
energy associated with the backbone, ii) the directionality and
bond length of hydrogen bonds, iii) the energy cost associated
to trans— cis inversion of urea bonds. Considering the intrinsic
penalty of 2.5 kcal mol~! generated by frans— cis isomerisation of
peptide bonds, we only considered peptide fragments in their trans
conformation.

Urea models containing a gem-diamino residue (type A). All
the results are collected in Table S1t. Relative Gibbs free energies
(A.G°) differ from AE by less than 1 kcal mol™', thus showing
that entropic effects do not play a significant role in the energies.
Except for C6C-1.M, we systematically found two conformations
associated with a given folding pattern. They differ by the torsion
angles ¢ and w, and in most cases by the hydrogen bond
parameters, i.e. the angle between N-H and H--- O (0) and the
distance between H and O (ry,). In the case of the urea-turn, it is
interesting to notice that according to ¢ and w, structures of type
C8-1 and C8-I are reminiscent of the C, a-peptide classic and
inverse y-turns. None of the geometry parameters not significantly
differ between compounds I.M and 1.3a.

The model compound in its unfolded geometry (u-—1.M) is not
a minimum on the potential energy surface, whereas we have
found two stable geometries for the “real” system I.3a. Such a
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Fig. 10 Molecular conformations for compound I.M and selected conformation for compound I.3a. Calculated Gibbs free energies (A, G°, in kcal mol™")
are also given for .M (plain text) and similar conformations for I.3a (italic). Hydrogen bonds are systematically depicted, even though values for § and
 indicate that they are very weak for C6A’'-1, C6B'—1, C6C-1, C6D'-1. See the ESIT for additional details.

structure may thus exist in the gas phase, but it is significantly
less stable than the urea-turn C8-1.3a by 3.3 kcal mol™'. The
most important result is that one of the two structures which
exhibits a C; conformation is the most stable one among all
the isomers considered in this work. This is already true for the
model compound .M, and more marked for 1.3a, since the next
structures in the energy scale (C6A'-1.3a and C6B'-1.3a, with trans
peptide and urea bonds) lie ca. 2.5 kcal mol~' above. We have also
undertaken the study of two conformations which exhibit cis,trans
and trans,cis bonds in NH-CO-NH (C6C-I and C6D-I). These
structures are relatively high in energy.

In summary, it is noteworthy that the stability of the urea-turn
is important enough to ensure that compound I.3a preferentially
adopts this conformation. The relative stability of C8-1.M
suggests that this preference for the urea-turn motif should resist
to substitution.

Urea models with an additional methylene group (type B). In
this case, we have only found a single configuration for each folding
pattern. All the results are given in Table S27. In both the model
system V.M and the real system V.2a, the urea-turn does not
appear viable, being less stable than the extended conformation u—
V and all other folded structures. Interestingly, we have found
an additional structure (//-V) in which the peptide and urea
plaques are almost parallel. This structure is stabilized by a dipole—
dipole interaction (| 1) between the two chemical fragments. As
a matter of fact, our calculations on NMA and DMU show that
these compounds have similar dipole moments (ca. 3.6 Debye).

This interaction is allowed by the flexibility introduced by the
additional methylene group. Although this structure could be
favoured under specific conditions (solvent or substituents), it was
not the lowest-energy configuration in the gas phase. The two
most stable conformations are C7TA-V and C7B-V, for both the
model and real systems. The directionality of the hydrogen bond
(0) together with the r,, distance are in the range of relatively
strong hydrogen bonds. It is also the case for the urea-turn
C9-V, which is probably unstabilized owing to the backbone.
In opposition to compounds of type I, the two conformations
which exhibit cis,trans and trans,cis bonds in NH-CO-NH (C7C-
V and C7D-V) have low energy. Nevertheless, it is unlikely that
the former could be observed since, according to A,G°, it lies at
least 3 kcal mol~' above the lowest-energy structures C7TA-V and
C7B-V.

In summary, in the case of ureido compounds with an additional
methyl group in the backbone, C, turn conformations are not
expected to be observed. The effect of side-chains or substituents in
V.2a does not improve the stability of the urea-turn with respect to
its counterpart in the model compound V.M. In addition, several
folded structures, as well as the unfolded conformation, compete
in a narrow energy range and are more likely populated than the
urea-turn.

Crystal structures

Whereas spectroscopic and theoretical studies above indicate that
nearest-neighbour hydrogen interaction are favoured in ureido
compounds of type A, the situation turned out to be different in
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Fig. 11 Molecular conformations for compound V.M. Calculated Gibbs
free energies (A,G°, in kcal mol™") are also given for V.M (plain text) and
similar conformations for V.2a (italic). See the ESIT for additional details.

the solid state. We obtained crystals suitable for X-ray diffraction
for eight of the urea-containing derivatives (rac-1.1b, 1.3c, rac-1.4b,
I1.1'a, 112, V.1a, V.1c, V1.2, see Table S37).

Table4 Main torsional angles (°) of the urea-containing unit*

None of the crystal structures displays an intramolecular
hydrogen bond. Except rac-1.4b and II.1'a, where proline logically
induces a kink, the molecules assume more-or-less extended
conformations, probably favoured by intermolecular interactions
in the crystal (Fig. 12).

The main torsion angles for the urea-containg unit® are listed
in Table 4.

In all cases, the NH-CO-NH urea fragment is nearly sym-
metrical and trans,trans planar.* One notes that, similarly to L-
peptides, the ¢ angle is negative (—133° to —89°). The pseudo
“w” angle generally adopts a positive value (84° to 137°), except
for V.1a where the negative value is associated with a skewed
conformation of the 1,2-diamino ethane fragment. In all the cases
except I1.2, where the /Bu substituent is #rans to the nitrogen ()
—173°), the /Bu or Bn side substituent retains the same gauche-
orientation (y' = —71° to —58°). The iPr substituent in .6 assumes
the classical disposition, with *C-H and side-chain PC-H bonds
in the trans conformation.

All compounds form hydrogen-bonded ladder structures
(Fig. 12). Successive molecules in the ladder are either parallel
related by a translation for 1.5, V.1a, V.1c and V1.2 or antiparallel
related by a 2, screw axis for rac-1.1b,1.3¢, 1.6, II.1'aand I1.2. Com-
pound rac-1.4b is different because adjacent molecules present
the same chirality and are crystallographically independent. The
intermolecular spacing (4.67-5.24 A) is similar to that found for
symmetrically disubstituted ureas.” The NH-CO-NH urea motif
is involved in more-or-less complex contacts, with both urea NHs
being engaged in an H-bond with i) the same amide carbonyl in
1.6, I1.1'a and I1.2, ii) the urethane carbonyl in I.1b, or iii) the urea
carbonyl in I.4b, 1.5, V.1a and VI.2. The N - - - O distances (2.84—
3.58 A) may be above the limiting value for a classical H-bond.?
The closest double contacts (2.91 A and 2.97 A) are observed for
V1.2, and the loosest ones (3.51 A and 3.58 A) for V.1a. In one
case (II.1'a), a urea NH is engaged in an H-bond network with
three carbonyls, but the N --- O distances are rather large (3.46,
3.48 and 3.50 A). One also notes that the NHs of contiguous urea
and/or amide groups in the same molecule may be oriented in the
same (I.1b, L5, 1.6, II.1'a and I1.2) or opposite (V.1a and VI.2)
directions.

o 92 Y v \4 1 2
—oF PSR
1
o} X o
2
xL

Compound” oy, i, ¢ v 4 Wy, (% Ve Ve
L1b 171.42)  179.12) —122822) — —9232) 16932  172.62) ~58.1(3)  —63.1(3)/173.2(2)
13c _1778(6) —172.6(6) —1154(7) — 1208(6)  178.6(6) —177.9(7)/15(1) —67.08)  149(1)
1.4b 173.102) 353) 7632 — 137.02) —17342) —179.92) 306(2)  —39.6(2)
1.5¢ — 174 —111 — 93 —166 —174 —60 —89/91
1.6¢ — 176 —113 — 105 179 174 —58/180 —
IL.1'a — 178.8(3) —125.53) — 83.7(4) —168.1(3) —178.9(3) —58.6(4) —65.3(4)/171.4(3)
12 _ 1762(5)  —122.5(6) — 118.5(5)  1721(5)  —179.3(6) ~1717(6)  69.8(8)/—166.1(6)
Vla 176.8(6) —167.05) —123(1)  58(1)  —1452) —1732)  —173Q2) —64909)  —85.7(8)/94(1)
Ve 1777)  —169.12)  —133.0(2) 171.82)  112.93)  1754(2)  175.4(3)/—224(4) —62.6(3)  —87.7(2)/90.8(3)
V2 _1794(5)  1773(4)  —892(5) 177.1(4)  1054(5) 175.7(4) —179.3(5) “7L1G5) —100.5(7)/82.8(7)

“Ref. 23. * The angles are reported for the molecule having the same absolute chirality as the starting L-amino acid. ¢ Ref. 16a. “ Ref. 16b.
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Fig. 12 Molecular conformations and intermolecular interactions in the crystal structures of compounds I.1b, 1.3c, 1.4b, I1.1'a, I1.2, V.1a, V.1¢, and
V1.2 (see Table S3 in ESI for crystal data and structure refinement and Table 4 for torsional angles of the urea-containing unit). Intermolecular NH - - - O

distances in A are indicated.

From unfavourable local folding to remote intrastrand interactions:
"H NMR studies of short oligomers of type D

According to spectroscopic data collected on monomeric com-
pounds V and VI and theoretical studies, intramolecular hydrogen
bonding between nearest neighbours is not a favourable process
for compounds of type B. This is consistent with previous finding
from our laboratories showing that longer oligomers of type B
(heptaurea and nonaurea) adopt a helical fold stabilized by remote
intrastrand interactions.’ This 2.5-helical structure is stabilized
by a double H-bonding scheme where each carbonyl is H-bonded
to both NHs of the urea two residues ahead (See Fig. S67).
Accordingly, one would expect a triurea to be the smallest
molecule capable of reproducing a turn of the aforementioned
helix. To investigate the minimum length required to nucleate a

helical conformation, we have investigated derivatives containing
three (VII) and four (VIII) urea motifs.

Due to their low solubility in chloroform, compounds VII and
VIII with three and four urea motifs were examined in DMSO-d;
and in CDCl;-30% DMSO-d, and compared to diurea VI.2 (see
Tables S4-S1271). Qualitative examination of "H NMR spectra
revealed a number of interesting features. The NH regions of
diurea VI.2 and triurea VII remain poorly dispersed in both
pure DMSO and CDCl;-30% DMSO-d,. In contrast, the urea
NH signals of tetraurea VIII in CDCl1;-30% DMSO-d; are very
well dispersed. The NH chemical shifts with DMSO solvation
were generally smaller for VIII than for VI.2. In addition, the
non-equivalence of the main-chain CH, protons spectacularly in-
creased from diurea/triurea to tetraurea. In CDCl;-30% DMSO-
d,, the chemical shift difference changes from 0.2 ppm for VI.2 to
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0.88-1.29 ppm for VIII, thus supporting the existence of a rigid
structure for tetraurea VIIL.

The present 'H-NMR data obtained for VIII in CDCl;—
30% DMSO-d; strongly suggest that the minimum number of
urea units required to initiate folding in N,N'-linked oligoureas
is four. In particular, the large®* J(N*H,*CH) values (9.7 Hz), the
large chemical-shift differences (Ad) and strong differentiation of
vicinal coupling constants for diastereotopic protons of the central
residue (A6 = 1.29 ppm; *J(N*H,"CH) = 3.2 Hz and 9.6 Hz
for upfield and downfield “CH, respectively), as well as the i/i+2
NOE correlations (Fig. 13) observed in VIII, are all spectroscopic
features previously associated with helical oligoureas.

Fig. 13 Representative inter-residue NOE connectivities observed for
tetraurea VIII in CDCl;-DMSO-d, (70 : 30) at 298K. s = strong, m =
medium, and w = weak. These NOE connectivities are consistent with
VIII being the smallest unit capable of populating a 2.5-helical fold.

Conclusion

All the above spectroscopic data indicate that the N,N'-
disubstituted urea is a flexible fragment. In the solid state,
where it is systematically engaged in intermolecular H-bonds, the
trans,trans conformer placing the N-H and C=0 bonds in an
anti orientation is observed in all cases. In solution, however, the
urea motif recovers a conformational freedom, and the CO-N
bond may assume the cis and trans conformations. In the case of
ureido compounds of type A, it essentially populates the cis,trans
conformation and gives rise to a short-distance interaction, with
the preceding peptide carbonyl in a folded structure originally
being term a urea-turn (Fig. 3a)."™ Theoretical investigations
using density functional theory (DFT) are in good agreement with
experimental data. The H-bond closing an 8-membered ring in the
urea-turn is not essential to the cis—trans conformation of the urea
fragment.

The striking difference between the conformations observed
in solution and those existing in the solid state is not un-
precedented in the field of peptidomimetic foldamers. A similar

dichotomy was noticed earlier by Yang and coworkers in the a-
and B-aminoxy peptide series.** Whereas in non-polar solvents
short aminoxypeptides adopt helical conformations consisting of
successive N-O turns, extended parallel and antiparallel sheet-
like structures stabilized by intermolecular H-bonds have been
observed in the solid state.

Interestingly, experimental NMR and IR data on (amide/urea)
hybrids IT support the formation of overlapping y-turns and urea-
turns (see Fig. 7). The comparison with type III urea/amide
hybrids suggest that y-turn nucleation could be favoured by
the presence of a subsequent urea-turn. This conformational
preference of oligo(amide/urea) hybrids in non-polar solvents
parallels that observed in peptides composed of alternating o-
aminoxy acids and o-amino acids.”’

Examination of local folding and H-bonding patterns in model
compounds can be extremely informative to gain insight into the
propensity of longer-chain oligomers to adopt specific folding
patterns based on remote interactions. Estimation of H-bonding
between nearest-neighbour amide groups in simple B-alanine
and y-amino butyric acid derivatives was used by Gellman and
coworkers as a criterion to estimate the relative propensity of f-
and y-peptide backbones to adopt compact and specific folding
patterns.”* By analogy, the 1<-3 H-bonds that occur in model
ureido compounds of type C and related oligo(urea/amide)
hybrids is likely to compete with long-range order H-bonds,
thus preventing the formation of secondary structures based on
remote intrastrand interactions in longer oligomers. In contrast,
the addition of a methylene in the main chain (e.g. type B residues)
noticeably decreases the stability of the folded structure. Although
the H-bond closing the 9-membered pseudocycle (Fig. 3b) is
clearly visible in CCl,, it is hardly populated in a slightly more polar
solvent such as CH,Cl,. Theoretical calculations confirmed this
trend and identified a number of alternative conformations that
are more likely to be populated. Folding propensity does not in-
crease significantly in corresponding diurea and triurea oligomers.
However, the presence of four consecutive urea fragments in this
series results in the appearance of a more rigid and folded structure,
which probably corresponds to the 2.5-helical turn found in helical
hepta- and nonaurea oligomers,'> and which is reminiscent of the
14-helical structure of y*-peptides.?®

Experimental
General

Amino acid derivatives were purchased from NeoMPS or Nov-
abiochem. THF was freshly distilled from sodium/benzophenone
under Ar. Toluene was distilled from P,O; and stored over 4 A
molecular sieves. The reactions were carried out under an excess
pressure of Ar. HPLC analysis was performed on a Nucleosil Cig
column (5 uM, 3.9 mm x 150 mm by using a linear gradient of
A (0.1% TFA in H,0) and B (0.08% TFA in MeCN) at a flow
rate of 1.2 mL min~! with UV detection at 214 nm. '"H NMR and
BC NMR spectra were recorded using Bruker Avance Apparatus
DPX-300, ARX-300 and DRX-600. Chemical shifts (d) are given
in ppm, and J values are given in Hz. Optical rotations were
obtained using a Perkin—-Elmer polarimeter, with [a]p values being
given in 10" deg cm? g~'.
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IR spectra were obtained in the Fourier transform mode
on a Bruker IFS-25 apparatus. Matrix-assisted laser desorp-
tion ionization—time-of-flight (MALDI-TOF) mass analysis was
performed on a linear MALDI-TOF instrument (Flex Control
generated Xmass Data, 2000 Bruker Datoniks), using o-cyano-
4-hydroxycinnamic acid as the matrix. Mass analyses in ESI
(electrospray ionisation) mode were acquired on a LCQ Advantage
MA MSn LCMS instrument (ThermoFischer Scientific).

General procedure for the preparation of ureas

To a stirred solution of the amine (1.1 equiv.) in 10 mL of
MeCN or DMF were successively added succinimidyl carbamate
(usually ca. 1 mmol) and Hunig’s base (1.2 equiv.). After 10—
30 min, the mixture was diluted with saturated NaHCO; and
extracted with EtOAc. The organic layer was washed with 1 N
KHSO,, brine, saturated NaHCO; and brine, dried (Na,SO,),
and evaporated. Flash chromatography and/or recrystallization
afforded pure ureido peptidomimetics.

Analytical data for representative compounds I-VII

Boc-gLeu-CONHi/Pr (I.1b). Boc-gLeu-COOSu (1.716 g,
5.00 mmol) was reacted with isopropylamine (511 pL, 6.00 mmol)
according to the general procedure to yield I.1b (1.153 g, 80%):
white solid, mp 123 °C. [a]® —13.7 (¢ 1.0 in DMF); ,;(200 MHz,
DMSO-d;) 0.80 (6H, d, J 6.1, CH,CH(CH;),) 0.99 (6H, dd,
J 6.5, 3.3, NHCH(CH;),), 1.33-1.54 (10 H, m, C(CH;); +
CH,CH(CH,),),3.63 (1H,h,J 6.6, NHCH(CHs),), 4.84-5.09 (1H,
m, NHCHNH), 5.73-5.98 (2H, br m, NHCONHCH(CH,;),), 7.05
(1H, br d, J 6.9, NHCOC(CH,),); o (50 MHz, DMSO-d;) 22.2
(CH,;), 23.1 (CH,), 24.3 (CH), 25.1 (CH,), 28.1 (CH,), 40.7 (CH),
56.3(CH), 77.6 (C), 154.7(C), 156.1 (C); MALDI-TOF m/z 310.5
[M + NaJ*, 326.7 [M + K]J*.

Boc-gPhe-CONH/Pr (I.2b). Boc-gPhe-COOSu (100 mg,
0.26 mmol) was reacted with isopropylamine (68 pl, 0.79 mmol)
according to the general procedure to yield 1.2b (74 mg, 87%):
white solid, mp 156 °C. [a]Z —11.0 (¢ 1.1 in DMF); HPLC #; =
12.81 min (linear gradient, 0-100% B, 20 min); 64(200 MHz,
DMSO0-d;) 1.00 (3H, d, J 6.8, CH;), 1.03 (3H, d, J 6.7, CH,),
1.36 (9H, s, C(CH;),), 2.88 (2H, br d, J 6.8, CH,Ph), 3.65 (1H,
m, CH(CH,),), 5.14 (1IH, m, NHCHNH), 5.95 (1H, br d, J 7.3,
CONHCH), 6.09 (1H, brd, J 8.0, CONHCH), 7.16-7.32 (6H, m,
arom. H + NHCO,C(CH;);); 0c(50 Mhz, DMSO-d;) 23.1 (CH,),
28.1 (CH,), 40.7 (CH), 40.9 (CH,), 59.2 (CH), 77.7 (C), 126.0
(CH), 127.9 (CH), 129.1 (CH), 137.9 (C), 154.5 (C), 156.0 (C);
MALDI-TOF m/z 344.9 [M + Nal*, 360.6 [M + KJ*.

Boc-Pro-gLeu-CONHMe (IL1a). Boc-Pro-gLeu-COOSu
(500 mg, 1.135 mmol) was reacted with HCI-NHMe (92 mg,
1.362 mmol) and DIEA (395 pL, 2.27 mmol) according to the
general procedure to yield II.1a (320 mg, 79%): a white solid,
mp 184 °C. [a]? —26.8 (¢ 1.0 in DMF); HPLC #; = 5.93 min
(linear gradient, 30-100% B, 20 min); J;,(200 MHz, DMSO-d,,
signals of rotamers in italics) 0.83 (6H, d, J 5.8, CH(CH),),
1.30/1.37 (10H, s, C(CH;); + CH(CH;),), 1.40-1.58 (2H, m,
CH,CH(CH;),), 1.64-1.85 (4H, m, CH,CH,CH,CH), 2.50 (3H,
d,J 4.6, NHCH;), 3.16-3.43 (2H, m, NCH,CH,), 3.88-4.06 (1H,
m, NCHCO), 5.19 (1H, br. t, J 7.9, NHCHNH), 5.97 (1H, br.
d, J 44, NHCONHCH,), 6.15 (1H, d, J 8.7, NHCONHCH,),

7.99 (1H, d, J 7.5, NHCOCH); 0(50 MHz, DMSO-d,) 22.2
(CH,) 22.3 (CH,), 23.0 (CH,), 24.2 (CH), 26.0 (CH,), 27.8 (CH.),
30.9 (CH,), 43.7 (CH,), 46.4 (CH.), 55.3 (CH), 59.5 (CH), 78.3
(C), 153.4 (C), 157.3 (C), 171.7 (C); HRMS (ESI) m/ caled for
CHN,O, [M + HJ* : 357.2496, found 357.2467.

Boc-Pro-gLeu-CO-Phe-OMe (I1.2). Boc-Pro-gLeu-COOSu
(500 mg, 1.135 mmol) was reacted with HCI-H-Phe-OMe (269 mg,
1.248 mmol) and DIEA (395 uL, 2.27 mmol) according to the
general procedure to yield IL.2 (530 mg, 92%): a white solid,
mp 168 °C. [a]¥ —17.7 (¢ 1.1 in DMF); HPLC tz = 10.46 min
(linear gradient, 30-100% B, 20 min); J4(200 MHz, DMSO-
ds) 0.69-0.88 (6H, m, CH,), 1.21-1.54 (12H, s, C(CH;); +
CH,CH(CH,),), 1.58-1.81 (3H, m, CH,CH,CH,CH), 1.85-2.08
(3H, m, CH,CH,CH,CH), 2.75-2.97 (2H, m, CH,Ph), 3.15-3.41
(2H, m, NCH,CH,), 3.53 (3H, s, OCH;), 3.85-4.01 (1H, m,
NHCHCO), 4.25-4.44 (1H, m, NHCHCO), 5.02-5.24 (1H, m,
NHCHNH), 6.36 (1H, br d, J 8.5, NHCONH), 6.45 (1H, brd, J
8.5, NHCONH), 8.97 (1H, br d, J 7.7, NHCOCH); (50 MHz,
DMSO0-dy) 22.3 (CH;) 22.9 (CH,), 27.9 (CHs;), 30.9 (CH,), 37.8
(CH,), 43.7 (CH,), 46.4 (CH,), 51.5 (CH), 51.5 (CH,), 53.7 (CH),
55.2 (CH), 78.3 (C), 126.4 (CH), 128.1 (CH), 129.0 (CH), 136.9
(C), 153.3 (C), 155.9 (C), 171.6 (C), 172.6 (C); HRMS m/z calcd
for C,sH, N,O4 [M + HJ* : 505.3021, found 505.2730.

Cbz-Ala-gLeu-CONHiPr (IL.3). Cbz-Ala-gLeu-COOSu
(2.65 g, 5.91 mmol) was reacted with isopropylamine (1.51 mL,
17.7 mmol) according to the general procedure to yield I1.3(2.10 g,
91%): white solid, mp 170 °C. [¢]¥ +1.5 (¢ 0.5 in DMF); HPLC
tg = 8.20 min (linear gradient, 30-100% B, 20 min); 6,;(300 MHz,
DMSO0-d;) 0.84 (6H, d, J 5.9, CH,CH(CH),) 0.98-1.02 (6H, m,
NHCH(CH;),), 1.17 (3H, d, J 7.1, CbzZNHCHCH;), 1.37-1.59
(3H, m, CH,CH), 3.58-3.69 (1H, m, NHCH(CH;),), 3.97 (1H,
p,J 7.1, NHCHCO), 5.01 (1H, d, J 2.4, CH,Ph), 5.14-5.24 (1H,
m, NHCHNH), 5.94 (1H, d, J 7.5, NHiPr), 6.07 (1H, d, J 8.5,
NHCHNHCONH), 7.29-7.36 (5H, m, arom. H), 7.39 (1H, d,
J 7.8, CbzNH), 8.10 (1H, d, J 7.8, CHCONH); (75 MHz,
DMSO-dy) 23.4 (CH) 27.4 (CHs;), 27.6 (CH;), 28.3 (CH,), 28.4
(CHj;), 29.4 (CH), 46.0 (CH), 48.9 (CH,), 55.2 (CH), 60.4 (CH),
70.5 (CH,), 132.8 (CH), 132.9 (CH), 133.0 (CH), 133.5 (CH),
142.2 (C), 160.8 (C), 161.4 (C), 177.2 (C); HRMS (ESI) m/z caled
for C,oH3, LiN,O, [M + Li]*: 399.2579, found 399.2572.

Cbz-D-Ala-gLeu-CONHiPr (I1.4). Cbz-Ala-D-gLeu-COOSu
(2.00 g, 4.46 mmol) was reacted with isopropylamine (1.14 mL,
13.38 mmol) according to the general procedure to yield I1.4
(1.32 g, 77%): white solid, mp 105 °C. [a]}y —4.4 (c 0.5 in DMSO);
HPLC #; = 8.22 min (linear gradient, 30-100% B, 20 min);
ou(300 MHz, DMSO-d,) 0.84 (6H, d, J 3.3, CH,CH(CH;),) 0.98-
1.02 (6H, m, NHCH(CH;),), 1.17 (3H, d, J 7.1, CbzNHCHCH),
1.36-1.57 (3H, m, CH,CH), 3.58-3.69 (1H, m, NHCH(CHj;),),
3.99(1H, q,J 7.0, NHCHCO), 5.01 (1H, d, J 2.4, CH,Ph), 5.15~
5.24 (1H, m, NHCHNH), 5.99 (1H, d, J 6.8, NHiPr), 6.06 (1H, d,
J 8.2, NHCHNHCONH), 7.28-7.37 (5H, m, arom. H), 7.35 (1H,
d, J 7.4, CbzNH), 8.13 (1H, d, J 7.5, CHCONH); 5-(75 MHz,
DMSO0-d¢) 18.8 (CH) 22.5 (CH,), 22.9 (CH,), 23.5 (CHs;), 23.7
(CH,), 24.7 (CH), 41.3 (CH), 44.2 (CH,), 50.5 (CH), 55.6 (CH),
65.8 (CH,), 128.2 (CH), 128.8 (CH), 137.5 (C), 156.0 (C), 156.6
(©), 172.6 (C); HRMS (ESI) m/z caled for C,oH;,N,NaO, [M +
Na]*: 415.2316, found 415.2377.
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Boc-gSer(Bn)-CO-Leu-NHMe (III.1). White solid, mp
186 °C. HPLC #; = 8.95 min (linear gradient, 30-100% B,
20 min); 64(300 MHz, DMSO-d;) 0.83 (6H, d, J 6.5, CH(CH),)
0.85 (6H, d, J 6.5, CH(CH,),), 1.37 (9H, s, tBuOCO), 1.41-1.23
(2H, m, CH,CH(CH5;),), 1.58-1.45 (1H, m, CH,CH(CH,),), 2.56
(3H, d, J 4.4, NHCH;), 3.43-3.40 (2H, m, CH,0Bn), 4.14-4.06
(1H, m, NCHCO), 4.48 (2H, s, OCH,Ph), 5.28-5.18 (1H, m,
NHCHNH), 6.25 (1H, d, J 8.6, NH), 6.37 (1H, d, J 8.6, NH),
7.17 (1H, d, J 7.8, tBuOCONH), 7.33-7.24 (SH, m, Ph), 7.90
(1H, q, J 4.8, NHCH,); (75 MHz, DMSO-d;), 22.4 (CH) 23.4
(CH,), 24.7 (CH5;), 25.9 (CH,), 28.6 (CH), 42.8 (CH,), 51.8 (CH),
57.4 (CH), 71.4 (CH,), 72.3 (CH,), 78.4 (C), 127.8 (CH), 127.9
(CH), 128.6 (CH), 138.8 (C), 155.1 (C), 156.7 (C), 173.7 (C);
HRMS (ESI) m/z caled for C,H;LiN,Os [M + Li]*: 443.2841,
found 443.2824.

Boc-gSer(Bn)-CO-p-Leu-NHMe (I11.2). Boc-gSer(Bn)-COO-
Su (1.15 g, 2.82 mmol) was reacted with CF;COOH-H-D-Leu-
NHMe (802 mg, 3.10 mmol) and DIEA (725 pL, 4.23 mmol) ac-
cording to the general procedure to yield II1.2 (900 mg, 73%): white
solid, mp 169 °C. [a]¥ —6.5 (¢ 1.0 in DMF); HPLC #; = 8.90 min
(linear gradient, 30-100% B, 20 min); 64(300 MHz, DMSO-d;)
0.85 (6H, d, J 6.5, CH(CH;),) 0.87 (6H, d, J 6.5, CH(CH;),),
1.37 (9H, s, rBuOCO), 1.41-1.24 (2H, m, CH,CH(CH;),), 1.61-
1.48 (1H, m, CH,CH(CH,;),), 2.55 (3H, d, J 4.6, NHCH,), 3.46—
3.36 2H, m, CH,0OBn), 4.12-4.04 (1H, m, NCHCO), 4.48 (2H, s,
OCH,Ph),5.26-5.16 (1H,m, NHCHNH), 6.23 (1H, d, J 7.8, NH),
6.34(1H,d, J 8.6, NH), 7.13 (1H, br, /BuOCONH), 7.36-7.24 (SH,
m, Ph), 7.86 (1H, q, J 4.6, NHCH,); 6.(75 MHz, DMSO-d,) 22.5
(CH) 23.4 (CH,), 24.6 (CH,), 25.9 (CH,), 28.6 (CH), 42.8 (CH,),
51.8 (CH), 57.5 (CH), 71.4 (CH,), 72.3 (CH,), 78.4 (C), 127.8
(CH), 127.9 (CH), 128.6 (CH), 138.7 (C), 155.0 (C), 156.7 (C),
173.7 (C); HRMS (ESI) m/z calcd for C,,H;LiN,Os [M + Li]*:
443.2841, found 443.2830.

[[1-Benzyloxymethyl-2-(3-methylureido)ethyljcarbamic acid zerz-
butyl ester (V.2a). (S)-Succinimidyl-[(1-benzyloxymethyl-
2-(tert-butoxycarbonylamino)ethyljcarbamate' (400 mg,
0.92 mmol) was reacted with methylamine hydrochloride
(155 mg, 2.30 mmol) and DIEA (552 pL, 3.22 mmol) according
to the general procedure to yield V.2a (340 mg, 98%): colourless
oil. [a]? +3.9 (¢ 1.0, DMF); HPLC #; = 8.58 min (linear gradient,
30-100% B, 20 min); Jy(400 MHz, DMSO-d,) 1.07 (3H, d,
J 6.0, CHCH;), 1.38 (9H, s, C(CH);), 2.53 (3H, d, J 4.5,
NHCH,), 2.96-2.03 (1H, m, NHCHCH,), 3.19-3.26 (1H, m,
NHCHCH,), 3.52-3.59 2H, m, NHCHCHOBn), 4.45 (1H, d, J
11.8, OCH,Ph), 4.53 (1H, d, J 11.8, OCH,Ph), 5.76 (1H, t, J 5.8,
NH), 5.82-5.84 (1H, m, NH), 6.37 (1H, d, J 8.8, NH), 7.25-7.35
(5H, m Ph); (100 MHz, DMSO-d;) 15.9 (CH;) 26.7 (CH,), 28.6
(3 CH;), 40.7 (CH,), 54.8 (CH), 70.3 (CH,), 74.8 (CH), 78.0 (C),
127.6 (C), 127.8 (C), 128.5 (C), 139.3 (C), 156.0 (C), 159.1 (C);
HRMS (ESI) m/z caled for C3H,LiN;O, [M + Li]*: 358.2313,
found 358.2303.

1{3-Benzyloxy-2-(3-tert-butylureido)butyl]-3-methylurea (VI.1).
Compound V.2a (240 mg, 0.69 mmol) was treated with TFA
(2 mL) at 0 °C for 30 minutes. Concentration under reduced
pressure and co-evaporation with cyclohexane left a residue
which was dried under high vacuum. The resulting TFA salt
was treated with zert-butyl isocyanate (91 pL, 0.87 mmol) and

DIEA (160 pL, 0.91 mmol) according to the general procedure
to yield VI.1 (220 mg, 92%): white solid, mp 156 °C. [a]2 +3.4 (c
1.0 in DMF); HPLC f#; = 7.43 min (linear gradient, 30-100% B,
20 min); 04(400 MHz, DMSO-d,) 1.07 (3H, d, J 6.2, CHCH,),
1.20 (9H, s, C(CH.);), 2.53 (3H, d, J 4.7, NHCH,), 2.92-2.97
(1H, m, NHCH,), 3.14-3.20 (1H, m, NHCH,), 3.53-3.61 (1H,
m, NHCH), 3.58-3.67 (1H, m, CHOBn), 4.41 (1H, d, J 11.5,
OCH,Ph), 4.55 (1H, d, J 11.6, OCH,Ph), 5.50 (1H, d, J 9.1,
NHCH),5.81(2H,t,J 5.3, NHCONHCH,),5.93(1H, s, tBuNH),
7.26-7.38 (5H, m, Ph); 6.(100 MHz, DMSO-d,), 16.0 (CH;) 26.4
(CHj;), 29.3 (3 CH,), 41.5 (CH,), 49.0 (C), 53.1 (CH), 70.2 (CH,),
74.1 (CH), 127.3 (CH), 127.6 (CH), 128.1 (CH), 138.9 (C), 157.7
(C), 158.7 (C); HRMS (ESI) m/z calcd for C,sH3LiN,O; [M +
Li]*: 357.2473, found 357.2431.

1-[2-(3-Benzylureido)-3-phenylpropyl]-3-methylurea (VL.2).
Compound V.la (66 mg, 0.32 mmol) was treated with TFA
(2 mL) at 0 °C for 30 minutes. Concentration under reduced
pressure and co-evaporation with cyclohexane left a residue
which was dried under high vacuum. The resulting TFA salt was
treated with benzyl isocyanate (36 pL, 0.32 mmol) and DIEA
(64 pL, 0.58 mmol) according to the general procedure to yield
V1.2 (77 mg, quant.): white solid, mp 197 °C. [a]}) —0.140 (c 0.5
in CH,Cl,-MeOH 1 : 3); HPLC #; = 5.72 min (linear gradient,
30-100% B, 20 min); 'H NMR: See Tables S4-S67; (75 MHz,
DMSO-d¢) 31.6 (CH;) 43.7 (CH,), 48.0 (CH,), 48.6 (CH,), 56.8
(CH), 131.1 (CH), 131.7 (CH), 132.1 (CH), 133.3 (CH), 1334
(CH), 134.4 (CH), 144.1 (C), 146.1 (C), 163.0 (C), 164.1 (C);
HRMS (ESI) m/z caled for C,yH,,LiN,O, [M + Li]*: 347.2054,
found 347.2047.

Triurea VII. Compound V.1a (32 mg, 0.10 mmol) was treated
with TFA (2 mL) at 0 °C for 30 minutes. Concentration under
reduced pressure and co-evaporation with cyclohexane left a
residue which was dried under high vacuum. The resulting
TFA salt was treated with (S)-succinimidyl-[1-benzyl-2-(zert-
butoxycarbonylamino)ethyl]carbamate'” (30 mg, 0.10 mmol) and
NMM (34 uL, 0.31 mmol) according to the general procedure to
yield the corresponding diurea (40 mg, quant.). Treatment with
TFA (2 mL) at 0 °C for 30 minutes followed by concentration
under reduced pressure and co-evaporation with cyclohexane left
a residue which was dried under high vacuum. The resulting TFA
salt was treated with benzyl isocyanate (17 pL, 0.31 mmol) and
DIEA (36 pL, 0.20 mmol) according to the general procedure
to yield the triurea VII (40 mg, 97%): white solid, mp 195 °C.
[a]y +0.046 (c 0.5 in CH,CL,—-MeOH 1 : 3); HPLC tz = 8.72 min
(linear gradient, 30-100% B, 20 min); '"H NMR: See Tables S7—
S9t; (75 MHz, DMSO-d;) 31.6 (CH,), 43.6 (CH,), 43.7 (CH,),
48.0 (CH,), 48.5 (CH,), 48.6 (CH,), 56.5 (CH), 56.6 (CH), 131.1
(CH), 131.7 (CH), 132.0 (CH), 133.3 (CH), 134.4 (CH), 144.1
(2C), 146.0 (C), 163.1 (C), 163.2 (C), 164.1 (C); HRMS (ESI) m/z
caled for C,H3LiNgO; [M + Li]*: 523.3004, found 523.2969.

Tetraurea VIII. Compound V.la (37 mg, 0.18 mmol) was
treated with TFA (2 mL) at 0 °C for 30 minutes. Concentration
under reduced pressure, co-evaporation with cyclohexane left
a residue which was dried under high vacuum. The resulting
TFA salt was treated with (S)-succinimidyl-[1-benzyl-2-(tert-
butoxycarbonylamino)ethyljcarbamate'” (52 mg, 0.18 mmol) and
NMM (59 uL, 0.54 mmol) according to the general procedure to
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yield the corresponding diurea (70 mg, quant.). Deprotection and
coupling steps were repeated to yield the corresponding triurea
(97 mg, 80%). This triurea (40 mg, 0.06 mmol) was treated with
TFA (2 mL) for 30 minutes then concentrated under reduced
pressure. Co-evaporation with cyclohexane left a residue which
was dried under high vacuum. The resulting TFA salt was treated
with benzyl isocyanate (8 pL, 0.06 mmol) and DIEA (21 pL,
0.12 mmol) according to the general procedure to yield the
tetraurea VIII (37 mg, 88%). HPLC f; = 10.66 min (linear
gradient, 30-100% B, 20 min); '"H NMR: See Tables S10-S127;
d0c(125 MHz, DMSO-d;) 28.6 (CH;), 40.6 (CH,), 40.7 (CH,),
40.9 (CH,), 45.0 (CH,), 45.2 (CH,), 45.3 (CH,), 46.0 (CH,), 53.0
(CH), 53.4 (CH), 128.0 (CH), 128.1 (CH), 128.6 (CH), 128.8
(CH), 128.9 (CH), 129.2 (CH), 130.2 (CH), 130.3 (CH), 130.4
(CH), 131.3 (CH), 141.0 (C), 141.1 (C), 142.9 (C), 143.1 (C), 160.3
(C), 160.5 (C), 160.6 (C), 161.1 (C); HRMS (ESI) m/z caled for
C3HiNgNaO, [M + Nal*: 715.3691, found 715.3650.

Structural analyses in solution

'H-NMR spectra were obtained with TMS as the internal
reference. Concentrations used were 5 mM in CDCl; and DMSO-
ds. Proton resonances were assigned by COSY and NOESY exper-
iments. The solvent sensitivity of the urea and amide NH protons,
which is related to their free or hydrogen-bonded character, was
investigated by considering the influence of DMSO-d, content in
CDCl1;-DMSO-d; mixtures. The resonance of a solvent-exposed
(free) proton is rapidly shifted to low fields whereas that of a hy-
drogen bonded (solvent-protected) proton is only weakly affected
by DMSO-d, NH-solvation."*»*3° IR spectra were obtained in
the Fourier transform mode in order to investigate the NH (3200
3500 cm™") and CO (1580-1720 cm™") stretching frequencies in
CCl;, CH,Cl, and DMSO. The concentration used depended
both on the solvent and the nature of the compound. The IR
spectra of compounds I-III with one 1,1-diaminoalkyl residue
remained unchanged in DMSO whatever the concentration, but
the concentration must be below 10 mM in CH,Cl,, and even
2 mM for compounds I in CCl,, to exclude molecular aggregation.
The same holds true for compounds V with one 1,2-diaminoalkyl
residue in CH,Cl,, but the concentration must be reduced below
0.2 mM in CCl,. In CH,Cl, and CCl,, a free secondary amide
or urea group exhibits an NH absorption at 3400-3450 cm™' and
a CO absorption at 1650-1700 cm™'. The above frequencies are
reduced by 50-200 cm™! and 10-20 cm™!, respectively, when the
NH and CO groups are hydrogen-bonded.*>** The contributions
of the residual water in the solvent, if any, were eliminated by
correction in the 3500-3600 cm™' region, where the peptide does
not absorb.

General procedure for X-ray structure determination of com-
pounds L.1b, I.3c, 1.4b, IL.1'a, 11.2, V.1a, V.1c and VI.2. X-ray
diffraction experiments for I.1b, V.1¢ and V1.2 were carried out
on a Nonius Mach3 four-circle diffractometer equipped with
a graphite monochromator and a Cu rotating anode (Nonius
FR591); for 1.3¢c, 1.4b, I1.1'a, I1.2 and V.1a on a Bruker AXS
Kappa CCD four-circle diffractometer equipped with a graphite
monochromator and Mo sealed tube (Nonius FR590). The
intensity data were corrected for Lp effects and no absorption
correction was applied. The structures were solved by direct
methods using the program SIR92.3! Least-squares refinement

against F? was carried out on all non-hydrogen atoms using
SHELXL97.%> Hydrogen atoms were included by using a riding
model (SHELXL97). The crystallographic data and the figures
were prepared using WinGX?* and Pymol,* respectively.

Pertinent crystallographic data are listed in Table S3. Crystallo-
graphic data can be found in the ESI.§

Theoretical calculations

All density functional theory (DFT) calculations were performed
with the Gaussian03 suite of programs,®® with the hybrid func-
tional B3LYP. Although DFT approaches cannot be used to
study systems whose intermolecular interactions are dominated
by dispersion,* this method is reliable enough for the study of
hydrogen bonds of the type N-H - - - O. Geometry optimisations
were achieved in the gas phase without symmetry constraints by
using the 6-31G(d,p) basis set. We have checked in some cases that
this basis set yields results in close agreement with larger basis sets.
For example, C6A-I.M lies 3.1 kcal mol~' above C8-1.M in the 6-
31G(d,p) basis set and is barely lowered in the 6-311++G(d,p) basis
set, since it is found at A,G = 2.9 kcal mol™'. Moreover, geometry
parameters, and among them the hydrogen bond feature, are not
significantly modified. Several structural hypothesis were used as
starting points. In addition, relaxed potential energy surface scans
have been performed in order to probe the existence of alternative
minima by varying y, ¢ or v. Calculation of vibrational frequencies
was systematically done in order to characterize the nature of
stationary points. Paths were traced from transition states to the
corresponding minima using the Intrinsic Reaction Coordinate
method.*” Gibbs free energies G° were calculated by means of the
harmonic frequencies, i.e. by a straightforward application of the
statistical thermodynamic equations.*®
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Hitherto, the decay mechanisms of nitrosated dithiols as well as formation of related products have not
been conclusively elucidated. In this paper, we demonstrate that nitrosated DL-dithiothreitol (DTT)
decays via two independent pathways, that is, one producing exclusively nitric oxide and one producing
(initially) nitroxyl (HNO/*NO~). The importance of the two decomposition pathways depends on the
degree of nitrosation of DTT. Dinitroso-dithiothreitol (NODTTNO) generates quantitatively nitric
oxide, whereas mononitroso-dithiothreitol (NODTT) yields initially nitroxyl. Since NODTT and DTT
are both targets for nitroxyl, their availability governs the HNO-derived formation of nitric oxide (with
NODTT as reactant) or hydroxyl amine and ammonium ion (with DTT as reactant). The formation of
NH,* from the HNO-DTT reaction probably proceeds by a stepwise, NH,OH-independent
mechanism, because DTT-derived sulfinamide was identified by N-15 NMR spectrometry as an
intermediate. Our data are in line with the assumption that triplet nitroxyl (NO~) is formed by a
unimolecular decay of the deprotonated (thiolate) form of NODTT, because CBS-QB3 calculations
predict the existence of a low-lying triplet state of the latter species. The identified pathways are

proposed to be of general importance for physiological systems because control experiments showed

that the physiological dithiol thioredoxin reacts in a similar manner.

Introduction

Nitric oxide (‘NO), which is an important mediator in
vasodilatation,! neurotransmission,?> and immune reactions, is a
short-lived intermediate in blood because it is rapidly trapped by
the heme iron of hemoglobin. Therefore, it has been suggested
that in vivo nitric oxide uses so-called “transporters” in order to
prolong its life-time.® Thiols have been suggested to be involved in
*NO transport, and protein-bound cysteine residues may regulate
activities of a variety of enzymes after S-nitrosation in a fashion
that parallels protein phosphorylation and dephosphorylation.**
For instance, experimental evidence has been found that both ex-
ogenously and endogenously produced *NO impedes apoptosis via
S-nitrosation of caspases.® One characteristic chemical feature of
S-nitrosothiols is the transfer of the nitroso-function to another
thiol (“transnitrosation”), reaction (1).

R'SNO + R’SH < R'SH + R’SNO 1)

By this reaction, low-molecular weight S-nitrosothiols can
nitrosate cysteine residues in proteins. For instance, S-
nitrosocysteine inhibits responses mediated by the N-methyl-D-
aspartate subtype of the glutamate receptor of rat cortical neurons,
presumably via trans-S-nitrosation of the channel.” Further, low-
molecular weight RSNOs trans-S-nitrosate vital thiols in both

“Institut fiir Physiologische Chemie, Universitdtsklinikum Essen, Hufeland-
strasse 55, 45122, Essen, Germany. E-mail: michael kirsch@uni-duisburg-
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skeletal and cardiac isoforms of the ryanodine receptor, which
suggests that "NO modulates muscle activity.'®"

The trans-nitrosation reaction competes with the thiol-mediated
reduction of the nitroso-function to NH; at excess thiol
concentrations,' reaction (2).

2RSNO + 8§ RSH —-—— 5RSSR + 2 H,O + 2 NH; 2)

In addition, Wong et al.’® reported that the reaction between
thiols and S-nitrosothiols may yield nitroxyl (HNO), reaction (3),

R'SNO + R*SH — R'SSR?* + HNO 3)

which further produces *NO by reaction with a second molecule
of S-nitrosothiol, reaction (4).

RSNO + HNO — RSH + 2°NO 4

However, the situation is less clear when the nitroso function
is transferred to a dithiol in which the two thiol groups can
interact with each other. The S-nitrosoglutathione (GSNO)-
dependent nitrosation of the physiological dithiols dihydrolipoic
acid (DHLA) and thioredoxin (Trxn) has been studied by several
research groups, as overviewed by Stoyanovski er al.** However,
conflicting reaction mechanisms have been proposed for this
reaction (Scheme 1).

Arnelle and Stamler® reported that DHLA and the frequently
used dithiol dithiothreitol (DTT) reduce GSNO to glutathione
(GSH) and nitroxyl (HNO) via the intermediate formation of
mononitroso-dihydrolipoic acid (1 — 2 — 3). This view was
supported by data of Stoyanovsky et al'* On the contrary,
Petit et al'® suggested that 2 decomposes to ‘NO and the
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Scheme 1 Decomposition of mononitroso-dihydrolipoic acid according
to Stoyanovski ef al.**

S-centered radical 4. The latter thiyl radical has been shown to
undergo a rapid intramolecular ring closure to the radical anion
5. Such radicals are known to react with oxygen at the diffusion-
controlled limit to yield the superoxide radical anion (O,"~)."""*
Similar to the conversion 2 — 4, Niktovic and Holmgren®
reported that the key physiological dithiol thioredoxin (Trxn)
catalyzes the denitrosation of GSNO with release of *NO via the
intermediate formation of mononitroso-thioredoxin (HS-Trxn-
SNO). However, the occurence of reaction 2 — 4 is in question
as S-nitrosothiols such as GSNO do not spontanousely homolyze
in the absence of any Cu**/Cu*-ions.***' Somewhat surprisingly,
the suggestion of Wong er al.®® that HNO releases "NO from S-
nitrosothiols via reaction (4) has not been taken into account
for mononitrosated dithiols, although this reaction apparently
explains the occurrence of both HNO and *NO.

In contrast to all the foregoing conclusions, Brock er al*
reported that S,S'-dinitrosated dithiols, but not mononitrosated
ones, exhibited pharmacological effects typical for nitric oxide.

In physiological systems, clean mono- or dinitrosation of the
available dithiols cannot be expected. From the above, it is obvious
that the way in which the degree of nitrosation of the dithiols
correlates with their chemical activity was unresolved so far.
Therefore, we elucidated the chemical pathways of decomposi-
tion of nitrosated dithiols (see Scheme 2), using primarily DL-
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SH S SNO
HO HO HO

DTT DTTox NODTTNO
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nitroso-DTT

mixture of DL-dithiothreitol, S-nitroso-DL-dithio-
threitol and S,S’-dinitroso-DL-dithiothreitol

Scheme 2

dithiothreitol as a model, in the absence and presence of certain
targets, as a degree of nitrosation. These results are presented here.
In contrast to all previous studies we clearly identify a HNO-
dependent and a HNO-independent reaction channel of ‘NO
production. The HNO-independent pathway decisively involves
the intermediacy of dinitroso-dithiols. The thermochemistry of all
reactions is computationally established at the CBS-QB3 level of
theory.

Results

Mono- and dinitroso-DTT show very similar electronic ab-
sorptions at A,, = 332 and 336 nm, respectively, with molar
absorbtivities (NODTTNO: &3, = 1685 M ~! cm™', NODTT: &35, =
825 M ! em™!) differing by about a factor of two.?® The current
literature does not give a conclusive answer to the question whether
NODTTNO is only generated after complete mono-nitrosation of
DTT because the nitrosation of the two thiol functions appears
to proceed with the same rate constant.?® Since quantum chemical
calculations performed at the CBS-QB3 level of theory predicted
both that the nitrosation of the second thiol group is a little
more exergonic than the nitrosation of the first one and that
the trans-nitrosation reaction between two NODTT molecules is
additionally an exergonic reaction (reaction (5), Table 4, entry 5),

HO HO HO
SH SH SNO
2x S +
SNO SH SNO
HO HO HO
(5)

NODTTNO is expected to be present even in such nitroso-DTT
solutions which were generated at a [NO,]/[DTT] ratio lower
than 2.

Nitrosation was performed by reacting constant concentrations
of DTT (60 puM) with varying amounts of sodium nitrite at
pH 2 and rapidly adjusting the pH to 7.4 in order to slow
down the spontaneous decomposition of nitrosated DTT. Since
the decomposition at pH 7.4 is still relatively fast (see below),
quantification of the yields of nitrosated species was not attempted,
and the degree of nitrosation was expressed as the [NO,~]/[DTT]
ratio, assuming almost quantitative conversion of the minor
reactant at all [NO,~]/[DTT] ratios.

The validity of this assumption is demonstrated by Fig. 1A,
showing an excellent linear dependence of the optical density at
336 nm on the [NO,]/[DTT] ratio, with a slope of 0.487 for
[NO,"]/[DTT] values < 2. This would correspond to a nitrosation
yield of 97.5 £ 1%. At [NO, ]/[DTT] values > 2, the optical
density remained constant, clearly demonstrating that both thiol
functions were essentially quantitatively nitrosated under the
applied experimental conditions. The latter finding is in line with
data of Brock et al** Therefore, such solutions were generally
applied for all further experiments.

The oxidation of dihydrorhodamine-123 (DHR-123) is, in the
absence of catalytically active transition metals, a known test for
the intermediacy of oxidizing nitrogen-oxide species.*** From
Fig. 1B it is understood that with increasing [NO, ]/[DTT]
ratio the oxidation of DHR-123 increased as well, until at
[NO, J/[DTT] = 2 a constant yield of rhodamine-123 is reached,
i.e., the same dependence as has been observed for the optical
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Fig. 1 Degree of DTT nitrosation. A: Dependence of the optical density
at Ap, = 336 nm on the degree of DTT nitrosation expressed as
[NO,7)/[DTT] ratio. The absorbance was measured immediately after
mixing the reactants ([DTT] = 60 pM) and adjusting the pH to 7.4 (T =
25 °C). B: Oxidation of dihydrorhodamine-123 as a function of DTT
nitrosation expressed as [NO, ]/[DTT] ratio. Mixtures of solutions of
preformed nitroso-DTT (25 um) and DHR-12 (50 um) were allowed to
react for 180 min at 37 °C.

density (Fig. 1A) is followed. This observation was somewhat
unexpected, because hitherto it was generally believed that the
reactive species responsible for oxidation of DHR-123 were
exclusively released from NODTT. '+ 612

In order to verify a similar chemical activity of in situ nitrosated
dithiols, the GSNO-mediated nitrosation of the primary aromatic
diamine 4,5-diaminofluorescein (DAF-2) in the presence of DTT
was studied (Fig. 2). Formation of the corresponding fluorescent
triazole product DAF-2T indicates the intermediacy of ‘NO
whose autoxidation in the presence of air produces the nitrosating
species "NO,/N,O;.

Table 1 Nitrosation/oxidation by dinitroso-dithiothreitol

e O N
o v o o o
1 I L L |

[DAF-2T] / M

o
3]
I

o
o

T T T 1
0 1 2 3 4 5
[GSNO] / [DTT]

Fig. 2 Nitrosation of DAF-2 by in situ generated S-nitroso DTT. Mix-
tures of 60 uM GSNO and the corresponding concentration of DTT were
allowed to react with 10 um DAF-2 for 180 min at 37 °C in the dark.

In the absence of dithiol, GSNO is rather inefficient in convert-
ing DAF-2 to DAF-2T because only 0.14 + 0.03 um DAF-2T was
detected. Since the nitric oxide-releasing decomposition of GSNO
requires catalysis by transition metal ions (preferably copper and
iron),? this low yield can be attributed to efficient complexation
of traces of such metal ions by the added EDTA. Nitrosation of
DAF-2 increased with increasing dithiol concentration, until a
[GSNO]/[DTT] ratio of 2 is reached, that is, at the same ratio as
was found from preformed nitroso-DTT (see Fig. 1). At higher
[GSNO]/[DTT] ratios the fluorescence of DAF-2T decreased
slightly, the reason for which was not further explored.

The foregoing observations strongly suggested that NODTTNO
acts as a general nitrosating agent in the presence of oxygen.
For further corroboration, the nitrosation of N-acetyltryptophan
(NAT) by dinitroso-DTT was studied by H-1 NMR (Fig. 3).

Decomposition of NODTTNO was complete after a reaction
period of 90 min (vide infra). The H-1 NMR spectrum then showed
only the presence of N-nitroso-N-acetyltryptophan (NANT)
and some residual NAT, thus clearly proving the capability of
NODTTNO to nitrosate NAT.

In order to find evidence for the kind of the reactive intermedi-
ates which are responsible for the nitrosating/ oxidizing capabilities
of NODTTNO, the yields of products from reaction with NAT,
melatonin, DAF-2, DHR-123, aminophenyl fluorescein (APF),
and hydroxyphenyl fluorescein (HPF), respectively, were quanti-
fied (Table 1). Possible reactive intermediates for conversion of
these targets as discussed in the literature are also listed.

Nitrosation of NAT, melatonin, and DAF-2 by NODTTNO
proceeded uniformly with a yield of about 22%. It should be noted
that all experiments were performed in phosphate buffer which is
known to catalyse the hydrolysis of N,0;,% and this fact might

Target Substrate nitrosation/oxidation (%) Possible intermediates References
NAT 23.7+7.5 N,0;, HNO 24,27
Melatonin 21.6 £ 1.5 N,O;, HNO 24,27
DAF-2 22.5+0.6 N,O;, HNO 24,27
DHR-123 6.0+0.3 ‘NO,, HNO, ONOOH 25,28
APF 1.6 +0.1 HOCI, ONOOH 29

HPF 0.0£0.0 HO, CO;~ 29
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Fig.3 H-1NMR analysis. H-1 NMR (500-MHz) detection of nitrosation of N-acetyltryptophan (NAT) by NODTTNO (bottom). The spectrum (region
of aromatic resonances) was recorded immediately after mixing of preformed NODTTNO (10 mM) and NAT (10 mM). Spectra of preformed NODTTNO
(10 mMm), N-nitroso-N-acetyltryptophan (NANT) (5 mm) and NAT (10 mm), respectively, are shown for comparison.

have limited the yields of the nitrosation products. Oxidation of
DHR-123 and APF was significantly lower, and no oxidation was
observed for HPF. APF and HPF are only converted to fluorescein
by strongly oxidizing species like peroxynitrite and the hydroxyl
radical. Since hydroxyl radicals can be generated from HNO,* the
failure of NODTTNO to oxidize HPF disfavours the intermediacy
of nitroxyl. Thus, the product yields of Table 1 strongly suggest
the intermediacy of N,Os.

In order to discriminate whether NODTTNO nitrosates its
targets via a reactive intermediate (N,O;) or directly by a
bimolecular frans-nitrosation process, the influence of NAT on the
decay of NODTTNO was monitored. The decay of NODTTNO
was followed by reading its optical density photometrically at A =
545 nm in order to avoid interference with the formation of NANT
(Amax = 335 nm).

Inspection of Fig. 4 reveals that the decay of NODTTNO,
with a half-life of about 2.4 min, is only slightly affected by the

[NODTTNQ]/ [NODTTNO],
IN([NODTTNO],/[NODTTNO])

0 200 400 600 800 1000

Fig. 4 Kinetics of NODTTNO decay. Decay of NODTTNO (2 mMm)
in the absence (closed circles) and in the presence (open circles) of
N-acetyltryptophan (5 mm) at pH 7.4 (T = 25 °C). The optical density
of NODTTNO was read at 545 nm. The solid lines through the left-hand
data points are least-squares fits to a first-order rate law (open circles) and
a linear combination of a first- and second-order rate law (closed circles).

presence of NAT, even though NANT is produced (monitored
photometrically at 4,,,, = 335 nm; data not shown). However, in
the absence of NAT, the decay of NODTTNO does not follow a
clean first-order rate law as evident from the logarithmic plot of
the decay data. At longer reaction times, the decay of NODTTNO
appears to be somewhat retarded, probably due to a second-order
component. In fact, the best fit of the data points was obtained
by assuming a superposition of a first-order and a second-order
decay process. Noteworthy, in the presence of NAT, the decay
of NODTTNO excellently followed a single first-order rate law
with a rate constant of k; = (4.91 + 0.07) x 10~* s7' (298 K),
corresponding to a half-life of 2.3 + 0.1 min. The fact that in
the presence of NAT, NODTTNO decays by a first-order process
clearly indicates that the NODTTNO-mediated nitrosation of
NAT proceeds via a reactive intermediate (vide infra), most
reasonably N,O;. The intermediacy of N,O; also would explain
the retarded decay in the absence of NAT (Fig. 4) as N,O;
is known to catalyze the decay of mono-S-nitrosothiols.?> The
catalysis of decomposition of only one S-nitrosothiol group then
inhibited the alternative (faster) decay, i.e., the simultaneous bond
breaking of the two RS-NO bonds in NODTTNO (see Discus-
sion).

Since NANT is highly effective in nitrosating thiols,*® the decay
of NODTT (INO,"]/[DTT] = 1) was only measured in the absence
of NAT. The decay of NODTT has been previously analyzed by
Arnelle and Stamler® who reported a half-life of ca. 9 min at
pH 7.4 and room temperature. We observed a moderately faster
decay with a half-life of about 7 min at pH 7.4 and 25 °C (Fig. 5A).
However, as evident from the regression line, the decay of NODTT
is not of pure first-order. The decay was also dependent on the pH
value, showing a maximum around pH 9 (Fig. 5B). This finding
indicated that the decomposition of NODTT depended on the
availability of the deprotonated thiol (thiolate) form. The increase
of the half-life time at higher pH values is discussed below on the
basis of a quantum-chemically supported mechanism.

In order to confirm the proposed release of HNO as the reac-
tive intermediate from NODTT,® we applied a Mn"—porphyrin
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Fig.5 Kinetics of NODTT decay. Decay of NODTT (2 mM, plus 100 um
EDTA) at 25 °C. A: Decay trace at pH 7.4. The optical density was
monitored at 4,,, = 336 nm. Solid line: least-squares fit to a first-order
rate law. B: pH dependence of the half-life of NODTT (2 mm). The half-life
values were estimated from simple first-order fits.

complex (manganese(1)-tetrakis(1-methyl-4-pyridyl)porphyrin
pentachloride = Mn"TMPyp) as a scavenger for nitroxyl as
proposed by Marti et al.,** who used a related Mn"—porphyrin
derivative, manganese(11)meso-tetrakis-(N-ethylpyridinum-2-yl)-
porphyrin, for the detection of nitroxyl. The HNO-trapping capa-
bility of Mn""TMPyp was tested with the HNO donor Angeli’s salt
(AS). On addition of AS, the Soret band of Mn""TMPyp (&4; =
9.2 x 10* M~' cm™" *) decreased instantaneously with concomitant
build-up of the absorption of the nitroso complex Mn"TMPyp-
NO at A = 435 nm (g5 = 1.1 x 10° M~' cm™'3¢) (Fig. 6A).
Nitroso-DTT preparations at various [NO, ]/[DTT] ratios were
analyzed.

In fact, an identical shift of the Soret band was observed in the
presence of preformed nitroso-DTT synthesized at [NO,~]/[DTT]
ratios of 0.25, 0.5, and 1 (Fig. 6B-D), which indicated the release
of HNO during the decay of nitroso-DTT. Most remarkably,
preformed NODTTNO did not cause any change of the 463-nm
absorption (Fig. 6E). The production of HNO as a function of
nitrosation of DTT (400 uM) was analyzed in more detail after a
reaction period of 300 s (Fig. 6F). A constant amount of about
3.9 uM nitroxyl was trapped from [NO, ]/[DTT] ratios 0.75-1.25.
The amount of trapped nitroxyl decreased to about 50% at a
[NO,"]/[DTT] ratio of 1.5, and the Mn"'TMPyp assay failed to
detect any nitroxyl at [NO,"]/[DTT] ratios > 1.75. These data
clearly demonstrate that the type of intermediate released from
nitroso-DTT crucially depends on the level of nitrosation of DTT.

Although NODTTNO does not release any HNO during
decomposition (Fig. 6E and F) but is nevertheless more reactive
than NODTT (compare, e.g., Fig. 1B), an intermediate other than
nitroxyl has to be released. Petit ez al.® claimed *NO to be the main
intermediate from decomposition of NODTT. Therefore, "NO was
measured polarographically from preformed and in situ generated
nitroso-DTT, prepared at [NO,~]/[DTT] or [GSNO]/[DTT] ratios
0f 0.25-2. As the enzyme superoxide dismutase (SOD) is supposed
to increase the yield of *NO in the presence of HNO¥ as
well as from *NO/O, ~-releasing systems,*® these experiments
were performed in the absence and in the presence of SOD
(100 units m1™"). (Note that the foregoing experiments were carried
out in an open experimental setup, thus only the equilibrium
concentration of "NO with respect to diffusion into the gas phase
and autoxidation could be determined.)

As shown in Fig. 7, a maximum equilibrium concentration
of "NO of 12.4 uM was released from preformed nitroso-DTT
synthesized at a [NO,"]/[DTT] ratio = 2. The *“NO equilibrium
concentration decreased with decreasing [NO,"]/[DTT] ratio to
about 50% at a ratio of 0.25. Noteworthy, at this ratio the presence
of SOD increased the "NO equilibrium concentration from 6.2 uM
to 8.3 um, thus indicating the intermediacy of either HNO or
O,°~. In order to discriminate between these two intermediates,
the H,O, concentration was measured in the absence and in the
presence of SOD, because only a SOD-catalyzed dismutation of
O,"~ would lead to an increased level of H,O,. However, the H,O,
concentration in the presence of SOD (100 units ml™") (15.4 +
1.6 um) was within the error margins the same as in the absence
of SOD (17.4 & 0.7 um). Thus, the SOD-mediated increase in the
*NO equilibrium concentration most likely derived from reaction
with nitroxyl. The influence of SOD on the equilibrium ‘NO
concentration was even more pronounced when nitroso-DTT was
in situ generated from the GSNO-DTT reaction, despite the fact
that in this case the equilibrium concentration of nitric oxide was
generally lower than from preformed nitroso-DTT (Fig. 7). These
results further confirmed that both “NO and HNO are released
when DTT is only partially S-nitrosated.

To clarify whether a physiological dithiol can act in a sim-
ilar manner, a few experiments were performed with nitroso-
thioredoxin (nitroso-Trxn) (56.7 uM). Since preformed nitroso-
Trxn cannot be synthesized at pH values lower than 4, it was
synthesized at pH 5.4 by using an excess amount of NO,~
(133.4 mM). Release of *NO was initiated by adjusting the solution
to pH 7.4. From such a solution, an equilibrium nitric oxide
concentration of 2.9 & 1.5 uM was determined, which corresponds
to about 27% of the level that was achieved from DTT under
the same conditions ("NO production could not be detected in
the absence of dithiol, thus ruling out inadvertent "“NO formation
from nitrite via the HNO,/N,O; pathway). A similar relationship
was found when the related nitroso-dithiols were generated
in situ at pH 7.4 from the reaction of GSNO (250 um) with Trxn
or DTT (55.6 um each). Here, the Trxn-dependent nitric oxide
equilibrium concentration (1.21 £+ 0.1 pm) amounted to 20% of
that produced by DTT. Due to the presence of EDTA (100 um), a
GSNO-dependent "NO release was not detected in the absence of
dithiols. Thus, dinitroso-Trxn also releases nitric oxide at pH 7.4,
although the yields and kinetics differ from that of DTT.

With respect to the suggested mechanism of HNO formation
from mononitroso-dithiols (Scheme 1, reaction (2) — (3)), one
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Fig. 6 Determination of HNO release from Angeli’s salt and nitroso-DTT. A: Addition of AS (400 um). B, C, D, E: Addition of preformed nitroso-DTT
(500 um) from various [NO,"]/[DTT] ratios (at a fixed NO,-concentration). F: Amount of trapped nitroxyl after a reaction period of 90 s from preformed
nitroso-DTT (500 uM) that were generated from various [NO,~]/[DTT] ratios (at a fixed NO,~ concentration).

would expect that per mole released HNO one mole of thiol

16
1 function is consumed. In order to check on this point, the
concentration of the thiol functions of preformed nitroso-DTT
12 4 prepared from various [NO, ]/[DTT] ratios (at a fixed amount of
s 10 NO,” DTT) was quantified (Fig. 8).
=9
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Fig. 7 Release of "NO. Equilibrium *“NO production from preformed : o
and in situ generated nitroso-DTT in the absence (closed symbols) and 0.00 0.25 0.50 0.75 1.00
presence (open symbols) of SOD. Circles: Preformed ([NO,~]/[DTT]) INO,/ [DTT]

nitroso-DTT (at a constant concentration of 250 um SH groups). Squares:
In situ generated nitroso-DTT from reaction of 250 um GSNO with varying Fig. 8 Yields of thiol oxidation. Consumption of thiol functions of
concentrations of DTT. nitroso-DTT depending on the [NO, ]/[DTT] ratio.
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In the absence of NO,™, 980 £+ 20 um thiol groups were
found from 500 uMm DTT 30 min after dissolution of DTT. This
observation clearly demonstrates that DTT is not artificially
consumed under our reaction conditions. In line with experiments
described below and from literature data, all thiol functions were
oxidized after complete decay of preformed nitroso-DTT prepared
at [NO,"]/[DTT] ratios > 1. Surprisingly, however, about 98%
of the thiol groups were already oxidized after decomposition
of nitroso-DTT prepared at a [NO, ]/[DTT] ratio of 0.5, ie.,
986 + 4 um thiol were consumed by 250 uM NO,~, whereas a
thiol depletion of only 500 uM had to be expected in the case
of an exclusive HNO-producing pathway. A similar situation
was observed for a [NO, ]/[DTT] ratio of 0.25, because now
125 uMm nitrite mediated the oxidation of 368 + 11 um thiol,
instead of 250 pum theoretically. These observations made clear
that the reaction mechanism is more complicated than hitherto
assumed.*'*!® This further suggests that the enhanced oxidation
of thiols may be accompanied by the release of a nitrogen species
other than "NO and HNO, respectively.

In order to identify the nitrogen products from preformed
nitroso-DTT, N-15-enriched nitrite was applied at [NO,~]/[DTT]
ratios of 2, 1, 0.5, and 0.25, and the reaction mixtures were ana-
lyzed by N-15 NMR spectrometry after complete decomposition
of nitroso-DTT (Fig. 9A-D).

From fully nitrosated DTT (NODTTNO; [[N-15]NO, ]/
[DTT] = 2) only [N-15]nitrite (6 = 229 ppm) and [N-15]nitrate
(0 = —4.2 ppm) were detected after decomposition at pH 7.4
(Fig. 9A). At[[N-15]NO, [/[DTT] =1, viz. NODTT, a prominent
peak of [N-15]NH,* (0 = —359.3 ppm) was recorded in addition

A NO,~ NO_ /DTT-ratio = 2

NO,~

B NO, /DTT-ratio = 1 NH,

to [N-15]NO,~ and [N-15]NO;~. Neither typical HNO-derived de-
composition products (N,O, N,) nor NH,OH, a product expected
from reduction of HNO by DTT,* could be detected (Fig. 9B). So
far, NH,* has not been reported as a product from decomposition
of nitroso-dithiols, but it has been reported from reaction of
GSNO with GSH.”? At [NO, ]/[DTT] = 0.5, [N-15]NH,* was the
major product. Here, the yields of [N-15]NO,~ and [N-15]NO;~
were strongly diminished, but new signals of [N-15]NH,OH (6 =
—277 ppm) and a second, unknown product with 6 = —300.8 ppm
were detected (Fig. 9C). Sulfinamides are characterized by N-15
NMR resonances around 300 ppm,* therefore, it was assumed
that this resonance is due to the monosulfinamide of DTT
(DTTSONH,). In order to support this assumption, the N-15
NMR chemical shifts of [N-15]DTTSONH, and of the other
products were quantum-chemically computed with the individual
gauges for atoms in molecules (IGAIM) protocol at the B97-
2/aug-cc-pVDZ level of theory. Since the reliability of the applied
model to predict N-15 NMR resonances is not well reported in
the literature, a small set of N-15 NMR resonances was selected
as benchmark for comparing the IGAIM-B97-2/aug-cc-pVDZ
method (Table 2).

The applied model predicted N-15 NMR resonances with a
mean absolute deviation of 8.3 ppm and the N-15 chemical shift
of [N-15]DTTSONH, is calculated to be 295.8 ppm, i.e., 5 ppm
lower than the N-15 NMR resonance of the unkonwn compound
(Table 2). Thus, the calculations were not in conflict with the
assignment of the resonance at —300.8 ppm to [N-15]DTTSONH,.
At a 4-fold excess of DTT, ie at [[N-15]NO, ]/[DTT] = 0.25
(Fig. 9D), only [N-15]NH,OH and [N-15]NH,* were found as

NO,~
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Cc NO, IDTT-ratio=0,5 |NH," D NO, /DTT-ratio=0,25  |NH,"
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Fig. 9 N-15 NMR spectrometric product analysis of decomposed nitroso-DTT solutions. Preformed nitroso-DTT at various [[N-15]NO, ]/[DTT]
ratios (100 mMm [N-15]nitrite, 100 um EDTA, final pH = 7.4) were allowed to decompose for 6 h at room temperature. Chemical shifts (d) are given in
parts per million (ppm) relative to nitromethane (6 = 0) as an external standard.
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Table 2 Quantum-chemically calculated isotropic absolute shielding constants and N-15 chemical shifts (J, in ppm)

Isotropic shielding constant®

Isotropic chemical shift

Compound B97-2 B97-2 Exp.* Deviation
[N-15] CH;NO, —125.8 0.0 0.0

[N-15]NO,~ —356.1 230.3 228.9 +1.4
[N-15]CH;ONO —334.4 208.6 184.0 +24.6
[N-15](CHj;),NNO —280.5 154.7 155.2 -0.5
[N-15]NO;~ -120.9 —-4.9 -3.5 —-1.4
[N-15]N, —55.3 -70.5 —69.6 -0.9
[N-lS]CN’ 1.0 —126.8 —-102.5 —24.3
[N-15][ N=N*=N"] 2.7 —128.5 —131.5 +3.0
[N-15]CH;CN 22.4 —148.2 —135.8 —124
[N-15]NNO 20.2 —1459 —147.3 +1.3
[N-15](CH;),NNO 11.4 —137.2 —148.7 +11.5
[N-15]SCN- 63.5 —189.3 —174.1 —15.2
[N-15]NNO 108.8 —234.6 —235.5 +0.9
[N-15]NH,OH 150.1 -275.9 —278.1 +2.2
[N-15]["N=N*=N"] 168.4 —294.2 —280.6 —13.6
[N-15]CH;NCS 168.1 —293.9 —290.9 -3.0
[N-15]0CN- 194.5 -320.3 -302.9 —-17.4
[N-15]NH,* 241.5 —-367.3 —359.6 =1.7
mean deviation -3.0
mean abs. deviation 8.3
unknown —300.8

[N-15]DTTSONH, 170.0 —295.8

“ Isotropic absolute shielding constants were calculated using the IGAIM protocol at the B97-2/aug-cc-pVDZ//B97-2/aug-cc-pVDZ level of theory.
Solvation corrections (nitromethane for nitromethane, acetonitrile for acetonitrile and CH;ONO, acetone for (CH;),NNO and CH;NCS, none for NNO,
H,O for all others) with the CPCM solvation model were performed at the same level of theory.

products. In conclusion, the N-15 NMR spectra confirmed that
the products from nitrosated DTT strongly depend on the degree
of nitrosation of DTT, or, vice versa, the availability of free SH
goups.

Since product yields are difficult to be quantified by N-15
NMR spectrometry, the foregoing experiments were repeated at
much lower concentrations and three of the four products, namely
NO,~, NO;~, and NH,*, were independently quantified (Fig. 10).
Percentage yields are given relative to the concentration of the
thiol groups.

300
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yield / uM

100 4

50

0.5 1.0 1.5 2.0
[NO, 1/[DTT]

Fig. 10 Quantification of nitrite, nitrate, and ammonium from de-
composed nitroso-DTT solutions. Nitroso-DTT prepared from various
NO, /DTT ratios (250 um SNO function) was allowed to react for 3 h at
25 °C. Closed circles: NO, ™, open circles: NH,*, closed diamonds: NO;~.

From NODTTNO ([NO, ]/[DTT] = 2) almost quantitative
amounts of nitrite (248 £ 13 um) were produced. With decreasing
[NO, ]/[DTT] ratio, the yield of nitrite decreased continuously

to about 2.1% at a [NO, ]/[DTT] ratio of 0.25. The yield of
NH,* changed inversely to the nitrite yield. About equimolar
amounts (96 + 12 uMm) of nitrite and ammonium were produced
at [NO,7]/[DTT] = 0.5, until the yield of NH,* approached a
limiting value of about 43% (107 um) at [NO,"]/[DTT] ratios <
0.25. Production of NO;~ did not exceed 2% at any [NO, ]/[DTT]
ratios. The observed changes of product yields paralleled those
observed in the N-15 NMR experiments. According to the N-15
NMR spectra, the missing nitrogen content is due to formation
of NH,OH and DTTSONH, (see Fig. 9A-D,) which were not
independently quantified. As NH,* is formed from nitroso-DTT as
long as unnitrosated DTT is available, the question arose whether
NH,* is formed from reaction of nitroso-DTT with DTT or from
reduction of NH,OH by DTT. In fact, in text books of inorganic
chemistry it is mentioned that NH,OH can be reduced to NH,*.

NH,0H +2e¢ +3H* - NH,* + H,O (6)

As DTT is well known for its reducing capabilities, the yields of
NH,* from the NH,OH-DTT reaction were determined by N-15
NMR spectrometry. Experiments were performed with solutions
of [N-15]NH,OH (200 mm) in the absence and in the presence
of DTT (400 mMm). In both cases, however, only the resonance of
[N-15]NH,OH was detected after a reaction period of 6 h, proving
that the yield of [N-15]NH,* must be lower than 3% with respect
to the applied [N-15]NH,OH concentration (spectra not shown).
Another possibility of NH,* formation would be the reduction
of HNO by DTT. We therefore quantified the NH,* production
from the NH,OH-DTT reaction as well as from the HNO-DTT
reaction by means of the glutamate dehydrogenase assay (Table 3).
Angeli’s salt (250 uM) was employed as HNO source.
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Table 3 Yield of ammonium ion from DTT reactions®

NH,OH + DTT* AS + DTT®
[NH,OH]/[DTT], [AS]/[DTT] Yield/um Yield (%) Yield/um Yield (%)
0.25 22.7+8.0 0.9 78+ 1.0 3.1
0.5 19.0 £ 3.8 0.8 92421 3.7
1.0 402 +6.5 1.6 29+18 1.2
2.0 39.4 4 6.1 1.6 13+18 0.5
No DTT 143+£22 0.6 1.0£1.2 0.4

“ Concentrations of NH,* were quantified after a reaction period of 3 h (100 um EDTA, T = 37 °C, pH 7.4). ® 2.5 mm NH,OH. ¢ 250 um AS.

In agreement with the above data, the production of NH,*
from the NH,OH-DTT reaction did not exceed 2% with respect
to the applied amount of NH,OH. A slightly higher yield of
approximately 3.5% was observed from the HNO-DTT reaction.
Control experiments demonstrated that neither NH,OH nor
the decomposition products of Angeli’s salt inhibited glutamate
dehydrogenase at the applied concentrations (data not shown).
Thus, neither the NH,OH-DTT reaction nor the HNO-DTT one
can explain the 43% yield of NH,* from decomposition of nitroso-
DTT in the presence of excess DTT, i.e. at [NO,"]/[DTT] = 0.25
(Fig. 9 and 10). Therefore, it must be concluded that NH," is
formed via a pathway independent of the presence of HNO and
NH,OH, respectively.

In order to demonstrate that NH,* may also be formed
from an in situ generated nitroso-dithiol, additional experiments
were performed with GSNO in the presence of Trxn and DTT,
respectively. Under roughly physiological conditions (100 pm
EDTA, pH 7.4, T = 37 °C), Trxn (170.8 um) reacted with GSNO
(341.6 um) to give 20.7 + 0.2 um NH,*, about 20% of the amount
that could be generated from DTT under the same conditions.
Thus, NH,* production cannot be ignored on decomposition of
physiological nitroso-dithiols.

Discussion

In the present paper we proved for the first time that nitroso-
dithiols decay through various independent pathways, the relative
importance of which depends crucially on the degree of nitro-
sation. A fully dinitrosated dithiol yields solely nitric oxide as

volatile product. Consequently, nitrite, formed via autoxidation of
*“NO*# and subsequent hydrolysis of N,O;,* is essentially the only
stable product (yield > 98%) in the presence of oxygen (Fig. 9).
Although DTTox is the only detectable other product, it is not
clear whether formation of *“NO from NODTTNO proceeds by
simultaneous bond-breaking of the two RS-NO bonds in the
dinitroso-dithiothreitol molecule (reaction (7)) or via a stepwise
process (reaction (8)).

HO HO

+2°NO

HO HO 7
NODTTNO — NODTT" + *"NO — DTT + 2 'NO ®)

Quantum-chemical calculations performed at the CBS-QB3
level of theory predicted that reaction (7) is exergonic by
—20.9 kcal mol™' (Table 4, entry 1). The stepwise mechanism
(reaction (8)) is predicted to proceed via a moderately endergonic
reaction (21.8 kcal mol™!, Table 4, entry 2) followed by a strongly
exergonic one (—42.8 kcal mol~!, Table 4, entry 3). The Gibbs free
energy for homolytic bond dissociation of the S-NO function in
NODTTNO is predicted to be 31 kcal mol~'. This value is very
similar to data experimentally observed for many simple mono-S-
nitrosothiols.** Since the CBS-QB3 methodology is very reliable
in predicting S-NO dissociation energies of S-nitrosothiols** and
because such S-nitrosothiols do not spontaneously dissociate,*
we doubt that the decomposition of NODTTNO proceeds via
a stepwise homolytic dissociation mechanism. Nevertheless, a
homolytic route cannot be ruled out with certainty.

Table 4 Quantum-chemically calculated Gibbs energies and aqueous solvation energies

Entry Reaction® A, G, /kcal mol™ A, Gy ¢ /kcal mol™! A,G,*/kcal mol™!
1 NODTTNO — DTTox + 2°NO —-21.5 0.6 —-20.9
2 NODTTNO — NODTT-S' + *"NO 21.5 0.4 21.8
3 NODTT-S* — DTTox + *"NO —43.0 0.2 —42.8
4 NODTT + HNO — DTT + 2°NO —17.6 6.8 —10.7
5 2NODTT — DTT + NODTTNO —0.6 —-2.8 -33
6 NODTT — DTTox + HNO —-9.0 -9.0 —18.0
7 NODTT-S~ — SNODTT-S- 6.0 7.1 13.1
8 NODTT — *NODTT 29.4 2.5 26.9
9 SNODTT-S- — DTTox + *NO~ 15.4 —37.8 —22.4

10 DTT + HNO — DTTox + NH,OH —-249 -9.4 —34.2

11 NODTT + DTT — DTT-SONH, + DTTox —50.1 —50.3 —100.4

12 DTTSONH, + DTT — 2 DTTox + NH; —44.5 30.7 —13.7

“ Thermodynamic properties were calculated using the complete basis set (CBS-QB3) methodology. * Gas phase data. ¢ Solvation corrections from
UHF/6-31+G(d)//CBS-QB3 single point calculations with the CPCM-UAHF solvation model for water.* ¢ A,G,, = A, G, + A, G-
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In conclusion, the spontaneous release of nitric oxide from
NODTTNO (and most likely of other dinitroso-dithiols) is a
highly efficient, thermodynamically feasible process because the
driving force of the reaction depends on a ring closure of a cyclic
disulfide.

Now, the question arose why “NO release is still fairly good
from nitroso-DTT solutions generated at [NO,"]/[DTT] ratios <
1, i.e. where mainly NODTT is formed and thus the release of
HNO has to be expected (Fig. 6B-D). In this case, two processes
for “NO production can be imagined: First, reaction of HNO
with the parent S-nitrosothiol (reaction (4)) as proposed by Wong
et al.®® must be taken into account. In fact, the reaction of HNO
with NODTT is predicted to be exergonic by 10.7 kcal mol™
(Table 4, entry 4). Second, since trans-nitrosation between thiols
and nitrosothiols is a well-known process,”” NODTT might be in
equilibrium with NODTTNO (reaction (5)), from which *NO is
then released according to reaction (7) (Table 4, entry 1).

The fact that NODTT ([NO,"]/[DTT] = 1) did not decay by
a clean first-order process (Fig. 5) would be in correspondence
with reaction (5) because CBS-QB3 calculations predict that this
reaction is slightly exergonic by 3.3 kcal mol™! (Table 4, entry 5).
However, in case of the physiological dithiol-thioredoxin, trans-
nitrosation of its S-mononitrosated form (NOTrxn) analogous to
reaction (5) appears unlikely due to high steric hindrance by the
protein which would hamper exchange of the nitroso function
to give S-dinitroso-Trxn. Since, however, ample *"NO production
from NOTrxn has been found, we conclude that *“NO is primarily
liberated from S-mononitrosothiols (in the absence of copper ions)
via the HNO pathway (reaction (4)). Nevertheless, for sterically
unhindered dithiols like DTT a contribution by reaction (5) cannot
be ruled out.

Since reaction of HNO with the parent S-nitrosothiol is
obviously the dominating pathway of "NO generation from
mononitroso-dithiols, the question remained how HNO is released
from NODTT. Although any details about the mechanism are
missing in the literature, the reaction schemes given in those
publications'* suggest that generation of HNO from NODTT
proceeds by direct, concerted elimination (reaction (9)).

HO HO
s
— | +HNO ©)
SNO S
HO HO

‘We were unable to locate a transition structure for reaction (9), so
that the barrier height of the suggested elimination could not be
calculated. The CBS-QB3 calculations predicted that the NODTT-
dependent formation of HNO (reaction (10)) may be a proton-
catalyzed process:

HO . HO H,0 HO
SH H3o: H,0 SH A S
sNo —F o~ ® &ﬁ L+HNO
s H3O
HO H0" H0 o ~7° ' ho
|
H

ARGaq = +8.6 keal mol! ARGaq = -22.6 keal mol!

(10)

However neither direct elimination of HNO from the ni-
trosodithiol (reaction (9)) nor a proton-catalyzed process (reaction
(10)) would explain the observed pH dependence of the decay
rate of NODTT with a maximum (lowest half-life) at pH 9-

10 (Fig. 5B). The pH dependence of Fig. 5B rather points to
the deprotonated, thiolate form of NODTT (NODTT-S") as the
reacting species. This would be in agreement with typical acidity
constants of aliphatic thiols (compare, e.g mercaptoethanol,
pK,=9.5). Interestingly, our CBS-QB3 calculations predicted that
only the thiolate anion of NODTT has a rather low-lying triplet
state, about 13.1 kcal mol~" above the singlet ground state (Table 4,
entry 7). It is therefore proposed that the reaction may take place
via a thermally accessible triplet state (reaction (11)), for which
CBS-QB3 calculation predicts a driving force of —9.3 kcal mol™!
in aqueous solution (Table 4, entries 7 and 9).

HO 8 HO _ HO s
== D
SNO S
SNO HO HO
€3]

The possibility that NODTT-S™ released alternatively 'NO~
is unlikely because the experimentally determined singlet—triplet
energy gap of the nitroxyl anion is —16.1 kcal mol™',* so that
reaction (11) would lose its negative driving force. The *NO~
anion comprises a unique conjugate acid—base couple (reaction
(12)) with different ground-state multiplicities, preferring HNO
formation at pH values lower than 11.4, the pK, value of HNO.*

'NO~ + H,0* = HNO + H,0 (12)

The fact that the half-life of NODTT again increased at pH > 10
(Fig. 5B) thus can be explained by the pK, value of HNO and the
reversibility of reaction (11). Since the spin inversion of NODTT-
S- (reaction (11)) possesses a sizeable barrier of ca. 13 kcal mol™!,
one had to expect that bimolecular reactions (reactions (4) and (5))
could compete with reaction (11). The concentration of NODTT
is governed by its self-reaction (reaction (5)) as well as by the
HNO-mediated release of “NO (reaction (4)). At excess dithiol
concentration, HNO is trapped by DTT and this reaction—as
first discussed by Wong et al."® for the GSNO/GSH system—is
the source of the observed products hydroxyl amine, sulfinamide,
and ammonium ion. The formation of these compounds via the
Wong et al. mechanism is also strongly supported by our CBS-QB3
calculations (Table 4, entries 10-12).

According to Singh et al.'?, the HNO-independent formation
of NH,* from GSNO via a stepwise mechanism with GSNH, as
intermediate requires four equivalents of GSH. Such a mechanism
cannot be ruled out with certainty. Nevertheless, the intermediacy
of both HNO and the DTT-derived sulfinamide strongly sup-
ported the view that formation of NH,* from decay of NODTT
should primarily follow the Wong et al. mechanism. In conclusion,
formation of all observed products is proposed to occur via the
reactions summarized in Scheme 3.

Since the chemical properties of nitroso-DTT and nitroso-
dihydrolipoic acid® on the one hand and of nitroso-DHLA and
nitroso-Trxn*® on the other hand are similar, we believe that the
reactions outlined in Scheme 3 are quite general ones for the
decay of nitroso-dithiols at physiological pH values. It has been
suggested that Trxn reacts in the cytosol to yield either “NOY
or NH,OH.® In this work, experimental evidence is presented
that the formation of the products depends on the degree of
nitrosation of the dithiol. A low level of nitrosation means
that the concentration of dinitroso-dithiol is negligibly low since
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HO
SNO
— DTTox + 2°NO
SNO
HO

+0,
-DTT||+DTT
x2
/ 2NO,
HO
p @
HO SNO -2*NO|[+ 2*NO
[ e
HHT(-H 2N,05
HO
s +2H,0
SNO
HO
4H" +4NOy
-DTTox
3NO"

+H*, pKy = 11.4

Ho HNO
SNO.
HO

HO]CSH DTTox + NH,0H HO o
HO SN\TOH Ijs__o
NO HO \NH2
-oTT 2 DTTox [+DTT
2°NO Hy0 + NH;
Scheme 3

reaction (5) is shifted to the left side. In intracellular milieu,
the concentrations of RSNOs have been determined to be in
the submicromolar range,* whereas that of Trxn and GSH are
in the range of 5-50 um*® and 3-5 mMm,* respectively. Under
such conditions, the formation of the nitric oxide-yielding entity
dinitroso-Trxn would be extremely low and only NH,OH and
NH,* would be formed. The generation of NH,* is favourable
for biological systems as ammonium can be rapidly detoxified by
many cell types via the urea cycle.”® Thus, Trxn is expected to
additionally act in vivo as a GSNO reductase but not as a GSNO-
dependent nitric oxide synthase.

Experimental
Chemicals

Thioredoxin (Escherichia coli, purity > 90%), N-acetyltryptophan
(NAT), dithiothreitol (DTT), glutathione (GSH), Chelex 100,
5,5-dithio-bis(2-nitrobenzoic acid) (DTNB) and L-glutamic de-
hydrogenase (GIDH) from bovine liver were obtained from
Sigma (Hamburg, Germany). Na[N-15]NO, and [N-15]NH,OH
labled with 99.3% N-15 were purchased from Aldrich/Isotech
Inc (Hamburg, Germany). NaNO, and (NH,),SO, were pro-
duced by Merck (Darmstadt, Germany). 4,5-Diaminofluorescein
(DAF-2), diaminofluorescein-2T (DAF-2T), hydroxyphenyl flu-
orescein (HPF) and aminophenyl fluorescein (APF) were from
Alexis (Griinberg, Germany). Angeli’s salt (AS; purity > 99%)
and Mn(1m)-tetrakis(1-methyl-4-pyridyl)porphyrin  pentachlo-
ride (Mn(i))TMPyp) were obtained from Cayman Chemical

(Michigan, US). All other chemicals were of the highest purity
commercially available.

Experimental conditions

All experiments were carried out at 25 °C in 50 mM phosphate
buffer (PB) if not described otherwise. Because nitrosation reac-
tions are sensitive to the presence of metal ions,* solutions were
treated with the chelating resin Chelex 100 prior to use as described
previously,* and further supplemented with 100 um EDTA.

Synthesis of nitrosated dithiothreitol

As previously described for other thiols,® 154.25 mg DTT were
diluted in 50 mm PB containing 100 um EDTA, and 69.0 mg
NaNO, or 70.0 mg Na[N-15]NO, were diluted in doubly distilled
water. Both solutions were mixed at the required ratio, and the
synthesis was started by adding 1 M hydrochloric acid until a pH
of 2 was attained. The reddish solutions were diluted immediately
with 50 mM PB and 100 um EDTA to give a 10-fold stock solution.
The concentration was photometrically controlled (see Fig. 1).
Samples were prepared as fast as possible because of the low half-
life of nitroso-DTT" (see Results), and the pH was immediately
adjusted to 7.4 with 1 M NaOH.

Synthesis of S-nitroso-glutathione

As described previously,® 3.07 g GSH and 0.69 mg NaNO, were
allowed to react in a mixture of 20 ml purified water and 10 ml 1 m
HCI for 40 min at 4 °C. Then, 20 ml acetone were added and the
solution was stirred for another 10 min. The formed precipitate
was filtered off, washed with 10 ml water, 3 times with 20 ml
diethyl ether, dried in a desiccator and stored at —20 °C. The
concentration of the prepared GSNO was quantified by reading
the optical density at 4., = 545 nm (g5s =20 M ~' cm™").%*

Synthesis of 1-nitroso-melatonin

1-Nitroso-melatonin (NOMela) was prepared as described by
Kirsch and de Groot.® In brief, melatonin (232 mg) was dissolved
in 4 ml acetone,10 ml water was added and the mixture stirred for
several minutes. Afterwards 207 mg NaNO, and another 2 ml of
water were added. 1.5 ml of 1 M HCI were added to the yellow
liquid, shaken well and cooled to 1 °C. The mixture was extracted
with 20 ml cold (1 °C) dichloromethane, and the separated organic
phase dried with 750 mg Na,SO,. The solvent was evaporated
at —20 °C, and the yellow solid was stored at —20 °C. The
purity was determined photometrically at 345 nm (&35 = 7070 M~
cm™").** To a 100-fold stock solution used for the experiments
20 vol% DMSO were added to prepare an aqueous solution of the
lipophilic substance.

Synthesis of N-nitroso-/N-acetyltryptophan (NANT)

The preparation of NANT as described by Bonnett and
Holleyhead* was improved by Sonnenschein et al.3 In brief,
526 mg NAT and 162 mg NaNO, were stirred in 20 ml purified
water for 2 h at room temperature in the dark. The yellow mixture
was cooled to 1 °C, and 10 ml of cold (1 °C) 1 m HCI were
added. The yellow precipitate was immediately extracted with
60 ml ethyl acetate (1 °C). The organic layer was separated, and the
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solvent evaporated at room temperature under reduced pressure
(18 Torr) to yield 500 mg of NANT. The concentration of NANT
was photometrically controlled with a SPECTROCORD S 100
spetrometer from Analytic Jena (&3, = 6100 M ~' cm™).5

H-1 NMR spectrometric measurements

Solutions of 10 mM NODTTNO plus 10 mM NAT, 10 mm
NODTTNO, 10 mMm NAT, and 5 mMm NANT, respectively, were
prepared in 50 mMm PB with 10% D,O and 100 pm EDTA at
pH 7.4. Spectra were recorded by 500 MHz H-1 NMR on a Bruker
AVANCE DRX 500 instrument 90 min after sample preparation.
Chemical shifts (J) are given in parts per million (ppm) relative to
tetramethyl silane (0 = 0) as an external standard.

N-15 NMR identification of adducts

After incubation for 6 h at room temperature, sample aliquots
were supplemented with 10% D,O and analyzed by N-15 NMR
spectrometry. The products were identified by 50.67 MHz N-15
NMR on a Bruker AVANCE DRX 500 instrument. Chemical
shifts (J) are given in parts per million (ppm) relative to neat
nitromethane (6 = 0) as an external standard.

Quantification of ‘NO

Release of nitric oxide was detected polarographically with a
graphite nitric oxide-sensing electrode (World Precision Instru-
ments, Berlin, Germany) immediately after sample preparation.

Quantification of dithiothreitol

The concentration of thiol functions of DTT was quantified as
described by Ellmann and improved by us.** DTNB (39.6 mg) was
dissolved in 50 mM PB (10 ml, pH = 7.0). The samples were diluted
10-fold with 100 mm PB (pH = 7.0) and to 1 ml of the diluted
sample 6.67 ul stock solution of DTNB were added. The optical
density of the formed p-nitrothiophenol anion (g,, = 13600 M™!
cm")* was read photometrically after incubation for 20 min at
room temperature. The test was calibrated with a solution of neat
DTT.

Quantification of nitrite

Nitrite was quantified by using the Griess-reagent (0.1%
naphthylethylendiamine-dichloride [Sigma] + 1% sulfanil-amide
[Sigma] in 5% H;PO,).%® At the given time of reaction, the samples
were diluted 30-fold with 50 mm PB (pH = 7.5), afterwards
a 2.5-fold volume of Griess-reagent was added. After 10 min
of incubation at room temperature, the optical density was
photometrically read at 542 nm. Calibration was carried out
with a photometrically controlled solution of neat NaNO, (&35, =
229M'em™).%®

Quantification of nitrate

The concentration of nitrate was determined by a commercially
available Nitrate-Test-Kit (Boeringer Mannheim/R-Biopharm,
Germany) improved by us. In brief, nitrate is reduced by

nicotinamide-adenine dinucleotide phosphate (NADPH) to nitrite
in the presence of the enzyme nitrate reductase. To the samples,
which were incubated for 20 min at room temperature, pyruvate
and LDH were added, and the samples were incubated for another
20 min at room temperature. The total nitrite-concentration was
determined by using the Griess-reagent as described above. The
base level of nitrite was directly quantified from a similarly treated
sample in the absence of nitrite reductase. The test was calibrated
with a solution of neat NaNO;, whose purity was controlled
photometrically (g5, = 10 M ! cm™").%®

Quantification of dihydroperoxide

Hydrogen peroxide was determined by the horseradish peroxidase-
catalysed reaction of H,0, with 4-amino-antipyrine and 3,5-
dichloro-2-hydroxyl-benzenesulfonic acid. The pink-coloured
product was measured photometrically at 513 nm.* Samples of
nitroso-DTT having reacted 10 min in the absence and presence
of SOD (100 units/ml) were measured after another 10 min of
incubation at room temperature. Standard buffer solutuons of
H,O, were used for calibration.

Quantification of ammonium

The concentration of NH,* was determined as described by
Bergmeyer et al.*® Samples were incubated at room temperature for
3 h, then, aliquots were diluted 2.48-fold with 1 M triethanolamine
buffer (TEA, pH = 8.0). To this mixture were added 2.8 mm
a-ketoglutarate, 177 um NADH, and 0.8% glycerine. After incu-
bation for 20 min at room temperature, optical density of the
samples was read photometrically at 340 nm. Then, 7.2 units ml™*
L-glutamic dehydrogenase (GIDH) were added and the samples
were incubated for another 20 min at room temperature. Finally,
the optical density at 340 nm was read to calculate the decay of
NADH (&34 = 6200 M~' cm™),%® which is directly proportional to
the concentration of NH,*. The test was calibrated with a solution
of neat (NH,),SO,.

Qualitative detection of nitroxyl

HNO was determined as described by Marti et al.** for a related
Mn(111)-porphyrin complex. To the prepared samples were added
10 uMm of Mn(u)TMPyp. Aliquots were immediately photo-
metrically measured by a SPECTROCORD S 100 spetrometer
from Analytic Jena. On reaction with HNO, the Soret-band of
Mn(11) TMPyp at 463 nm (g4; = 9.2 x 10* M~' cm™';*) decreased
and that of Mn(1)TMPyp-NO at 435 nm (g5 = 1.1 x 10° M™!
cm~';%) increased.

Determination of reactive intermediates from NODTTNO

NAT or melatonin (10 mM each, 50 mm PB, 100 um EDTA, 20%
DMSO, pH = 7.4, room temperature) were allowed to react with
preformed NODTTNO (10 mMm) for 90 min and the concentration
of either NANT (335 = 6100 M~' cm™") or nitroso-melatonin (&35 =
7070 Mm~' cm™!) was calculated.

DHR-123. NODTTNO (50 um) was allowed to react with
DHR-123 (50 um) for 180 min at 37 °C, the concentration of
rhodamine-123 was quantified photometrically at 4,,,, = 500 nm
(es00 = 78000 M~ cm™).
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DAF-2, APF, HPF. 15 um NODTTNO were mixed immedi-
ately with DAF-2, APF or HPF (10 uM each), and the samples were
incubated for 180 min at 37 °C in the dark room. Afterwards, the
concentration of DAF-2T or fluorescein was read fluorometrically.
The APF- and HPF-derived formation of fluorescein or the DAF-
2-mediated formation of DAF-2T were quantified by reading
their fluorescence with excitation at 495 nm and emission at
515 nm, respectively. Standard calibration curves were prepared
from known amounts of fluorescein and DAF-2T.

Quantum chemical calculations

Complete basis set (CBS-QB3) computations were carried out with
the Gaussian 03 (Revision A.11.3) suite of programs.®® Aqueous
solvation free energies were evaluated on the optimized gas-phase
geometries with the CPCM® procedure incorporated in Gaussian
03. Both the CPCM/UHF/6-31+G(d) and the CBS-QB3 method-
ology are known to provide estimates within “chemical accuracy”
(£ 2-3 kcal mol™"). Isotropic absolute shielding constants of
the nitrogen nucleus were calculated with the individual gauges
for atoms in molecules (IGAIM) protocol® at the B97-2/aug-
cc-pVDZ level of theory. The optimization of the structure and
molecular interactions with the solvent were followed at the same
level of theory as described above.

Statistics

All experiments were carried out independently at least three times
on different days. The results are expressed as means + S.D.
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Various conflicting data on the rearrangement and absolute stereochemistry of
hydroxylignano-9,7'-lactones are resolved using 'O labeled compounds, also confirmed by an X-ray
analysis of a pure lignano-9,7'-lactone enantiomer, obtained for the first time. Under NaH/DMF
rearrangement conditions a silyl protected hydroxylignano-9,9'-lactone underwent an unexpected silyl

migration.

Introduction

Lignans, as natural products widely distributed in the plant
kingdom, are the topic of many investigations due to their
numerous interesting biological properties, such as anticancer
and immunosuppressive activity.! Besides clinical studies, much
effort has been invested into finding strategies for the synthesis
of the various subclasses.> We have recently reported the stere-
oselective synthesis of several (7'S,8R.8 R)-7'-hydroxylignano-
9,9-lactones (7-HLLs 1a,b.d,e, Fig. 1), among which the plant
lignan (—)-parabenzlactone (1a) and the mammalian lignan 7'S-
hydroxyenterolactone (1d) were obtained as enantiopure products
for the first time.?

o/ OTBDMS
Ard= Ar4= @
OMe OH
OMe
a Ar=Ar=Ar'
5 b Ar=Ar'=Ar?
Ar= Al Au_ A3
OMe CAr=Ar’, Ar=Ar
OH d Ar=Ar'=Ar*
e Ar=Ar=Ar®
Fig. 1 7'S-Hydroxylignano-9,9'-lactones and their aromatic substitution
pattern.

The total synthesis of 7-HLLs allowed us to correct the
stereochemistry of 1a, and of its naturally occurring derivative
acetylparabenzlactone (2a, Scheme 1) as 7'S,* as opposed to the
previously reported* configuration. This adjustment also involved
a re-examination of the lignano-9,7’-lactone obtained by Nishibe
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Scheme 1 Proposed mechanism of formation of the rearranged lactone
3a (route B).? For Ar' see Fig 1.

et al.* by basic hydrolysis (2% KOH-MeOH) of 2a and originally
described with a 7'/8-cis-8/8-cis configuration (3a). In fact,
according to the corrected stereochemistry of the starting material
2a, the rearranged product obtained by a simple translactonization
should be the 7'/8'-trans-8/8'-cis isomer 4a (Scheme 1, route A).
However the reported NMR data (in particular the 7-H signal,
doublet at d 5.13 ppm, Jy.7,u.y = 8 Hz) are not well-matched with
such configuration which, as observed by Eklund et al.® and by us,?
should have the 7' proton as a doublet at ¢ 5.45 ppm, Jy.7/ny =
2.6 Hz. On the other hand, since the NMR data were anyway
consistent with a 7'/8'-cis-8/8'-cis configuration (7'-H doublet at
0 5.12 ppm, Jy7my = 9.3 Hz),® we suggested an Sy2 mechanism
for the formation of the rearranged lactone 3a, where, with OAc
as the leaving group, an inversion of the configuration at 7' has
taken place during the relactonization (Scheme 1, route B).?

In continuation of our previous work we now present the results
of mechanistic studies we undertook in order to clarify these ques-
tions. The studies were accomplished using '*O labeled compounds
and monitoring the results by mass spectroscopy (MS). A variety
of rearrangement conditions were investigated using different
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unlabeled substrates, such as 8-methylparabenzlactone, a lignan
derivative lacking a carbonyl protons, and diversely aromatic-
substituted lignanolactones.

Results and discussion
Translactonization of '*O labeled substrates

To distinguish between the translactonization and the Sy2 rear-
rangement mechanism, we prepared (Scheme 2) the labeled silyl
protected 7'S-hydroxymatairesinol *O-1b and the parabenzlac-
tone derivative '*O-2a, and looked by MS for the conservation
vs. loss of the label under the translactonization (L-Selectride®)
or the Sy2 rearrangement (KOH-MeOH) conditions. In the
translactonization route, the '*O should be retained in the product,
but should be missing in the rearranged lactone derived by the Sy2
mechanism.

H o
180-6a,b R'="80
6c R'=0

Ar- Ar:
H o H o
. —"80-1a,bR?%="80H  180.4ab X="80
"1 1¢R2=0OH 4c X=0

(1a)
180-2a R2="80Ac

Scheme 2 Reagents and conditions: (i) (CF;CO,),IPh, CH;CN-"*OH,

(for 5a,b) or CH;CN-H,O (for 5¢), rt; (ii) L-Selectride®, THF, —78 °C;

(iii) Ac,O-Py, rt. For Ar and Ar’ see Fig. 1.

The O label was introduced during the deprotection of the
dithiane moiety of 5 using '"*OH, as the co-solvent. Since no
rearranged product had been previously observed in the treatment
of oxoparabenzlactone 6a with L-Selectride®,® we decided to
perform the reduction also on "0-6b to follow the destiny of
the label in a simple translactonization. The treatment of *O-
6a or '*O-6b with L-Selectride® (Scheme 2, step ii) furnished,
as expected, the 7’S-HLL alcohols *O-1a or '*O-1b, along with
the rearranged 9,7'-lactones *O-4a or *O-4b, in a ca. 85 : 15
ratio according to NMR and MS.§ In particular the mass spectra
showed that for a simple translactonization the O label is totally
conserved. The acetylated derivative '®O-2a was submitted to
hydrolytic conditions* (Scheme 3) to reinstate '*O-1a and the
presumed rearranged lactone in a 2 : 1 ratio, as indicated by
Nishibe.* However the MS analysis of the latter showed that the
molecule still contained the 'O label. This result was in conflict
with a possible Sy2 mechanism, which therefore was ruled out. On
the other hand a simple translactonization would have furnished
the product "®O-4a, easily distinguished from the hydrolysis

§ The minor product 4a was not observed in our previous experiment. The
studies about the L-Selectride® side reaction will be the subject of another
paper of the series where full characterization of 4a will be reported.

Scheme 3 Reagents and conditions: (1) 2% KOH-MeOH, rt; (2) 2 N
HCI. For Ar' see Fig 1.

product '®O-1a. Since spectroscopic analyses showed the presence
of a trisubstituted butyrolactone ring, two piperonyl groups and
a primary alcohol, it was evident that the lignan skeleton was
conserved and the new compound must be a stereoisomer of 3a and
4a. A NOESY experiment of the product showed no correlation
between the protons 7 and 8 (good evidence for a 7'/8-trans
configuration), nor between H-8 and H-8'. Instead, a NOESY
correlation was detected between H-7'/8, 7/9, 8/9 and 7/8'.
On the basis of these results it was deduced that this compound
is the previously reported (in unlabeled form)*¢ 7'/8'-trans-8/8'-
trans (7'S,85,8 R) isomer '*O-7a (Scheme 3), which arises from a
translactonization accompanied by an a-epimerization.

Translactonization studies with NaH-DMF or 2% KOH-MeOH

The present findings also clarify the discrepancy between our
previous results® and those of Iwasaki’ and Eklund.® Iwasaki
had reported the concomitant translactonization/a-epimerization
whilst treating (4)-1c¢ (Fig. 1) with NaH-DMF to obtain the all-
trans (£)-Tc (confirmed by X-ray analysis). In our earlier paper we
assumed, supported by Eklund’s results,’ that the 7-H doublet at &
5.1 ppm was sign of a cis 7' /8 configuration, and could not explain
how the all-trans 7c could give such a similar signal (doublet at
0 5.16 ppm, Jyrmy = 9.2 Hz).? Tt is now understandable that,
although a different mechanism of formation is involved, the same
configuration 7'/8'-trans-8/8 -trans is obtained with both NaH—
DMF and KOH-MeOH, as the similarity between the NMR of
7c and 7a clearly shows. Also it is evident that the coincidental
NMR resemblance between the all-cis and the all-zrans lactones is
misleading and leads to proposal of the wrong mechanism (Sy2).

To compare directly the two reactions (Table 1), 1a® was sub-
mitted to both Nishibe’s (2% KOH-MeOH)* and Iwasaki’s (NaH-
DMF)’ rearrangement conditions. In our hands the reaction with
NaH-DMF furnished a mixture of the starting material 1a and

Table 1
Ar
HO Ao
Ar. q O
H o
7a,c
1:7 ratio” Yield (%)?
la:7a Ic:7c la Ta 1c Tc
(1) 2% KOH-MeOH 64 :36 57:43 61 31 58 31
(i)) NaH-DMF 40 : 60 36:64 23 33 26 38¢

“From the "H NMR of the crude material. * Yields after flash chromatog-
raphy. © Reported yield of (£)-7¢ was 75%.”
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the rearranged lactone 7a in a 40 : 60 ratio, with a 33% yield
of the latter, very different from Iwasaki’s results” (75% yield
with no recovery nor detection of starting material reported).
To exclude any effects due to the unlike aromatic substituents,
Nishibe’s and Iwasaki’s rearrangement conditions were repeated
on the enantiopure compound® 1¢ (Scheme 2). With NaH-DMF
1c gave results (1 : 7 ratio and yields) comparable to those obtained
for 1a (Table 1). Thus the nature of phenolic protection does not
play a role in these reactions. With KOH-MeOH 1a or 1c each
furnished a mixture of starting material and rearranged lactone in
a ca. 60 : 40 ratio, in agreement with the results of the hydrolysis
of *O-2a (Scheme 3) and also as previously achieved by Nishibe*
with 2a as the substrate.

The difference in the 1 : 7 ratios under conditions (i) and (ii)
(Table 1), and a change of the predominant product in these
reactions, may be explained by the reactions mechanisms. When
NaH-DMF isemployed the lactone moiety of 1 undergoes a nucle-
ophilic attack by the formed alkoxide ion and the a-epimerization
occurs more or less simultaneously to give the thermodynamically
more stable product 7. In the case of KOH-MeOH (Scheme 4) the
lactone moiety of 1 undergoes transesterification by the action of
MeO~ present in the reaction medium, forming the methyl ester
diol intermediate, which can be deprotonated at the a position.
After acidification, relactonization can occur with either hydroxy
group present in the intermediate, but the preference is determined
by the selectivity of a-proton reinsertion into the molecule, prior
to relactonization. A reprotonation from the less hindered upper
face leads back to the starting material 1, whereas protonation
from the lower face will lead to the rearranged 7. From the 1 : 7
ratio values it is clear that the structure 1 is preferred. Evidence
for this equilibrium was obtained by treating 7a with 2% KOH-
MeOH. Translactonization/o-epimerization is observed and the
ratio 1a : 7a = 66 : 34 was obtained after 48 h (compared to the
1.5 hrequired when 1a was the starting material). Probably the 9,7'-
lactone 7a is more hindered then 1a, making transesterification
less favorable. Furthermore, when 1a and 7a were treated with 2%
KOH-#-BuOH no rearrangement was observed.

R

He |} 2% KoH 2% KOH
" MeOH MeOH HCI
HO
A7
Ar' 0
H O
1a

Scheme 4 Mechanism of translactonization/a-epimerization in 2%
KOH-MeOH. For Ar' see Fig. 1.

The absolute configuration of 7a was confirmed by X-ray
analysis of the 3,5-dinitrobenzoate derivative 8a (Fig. 2).

Fig. 2 Crystal structure of 8a (50% probability ellipsoids).

Translactonization studies with aq. NaOH-EtOH

Yamauchi and Kinoshita® exploited the translactonization re-
action for the synthesis of the unnatural (7 R/8S/8 R)-8/8'-cis-
parabenzlactone 9a. In this case the starting material was the 7'/8'-
cis-8/8 -trans pivaloyl protected lignano-9,7'-lactone 10a, which
was treated with 1M aq NaOH-EtOH (50 : 50) to give a mixture
of deprotected 7-HLL 9a and the lignano-9,7-lactone 11a in a
1 : 2 ratio (Scheme 5). This mixture is also obtained using the
alcohol 11a directly as starting material. Working in an aqueous
medium, the a-epimerization cannot take place on the carboxylate
intermediate. For this reason the sterically more favored 8/8'-
trans-7-HLL was not formed.

o,

Ar1 7 &

9a

Scheme 5 Translactonization reaction for the synthesis of
8/8'-cis-parabenzlactone 9a.* Reagents and conditions: (1) 1M aq
NaOH, EtOH, rt; (2) 6M HCI. For Ar' see Fig. 1.

In trying to obtain 12a, the 7 epimer of 9a, the above
conditions were tested on 7a (Scheme 6), but surprisingly no
translactonization was observed and only 7a was recovered. Since
the only difference in the starting materials 11a and 7a is the
stereochemistry at the 7' site, this must play a crucial role in
the formation of an 8/8'-cis-7-HLL under these conditions. To
confirm that steric hindrance is the key feature in this type
of reactions, 1a was also treated with 1M aq NaOH-EtOH
(Scheme 6). As expected this reagent did not furnish the rearranged
lactone 4a, owing to the unfavourable 8/8-cis configuration,
which was nevertheless obtained under different conditions (L-
Selectride®, Scheme 2). Thus it is evident that a-epimerization
is necessary in the translactonization of 1 and 7, due to their
configuration. In support of these considerations, 1a and 7a when
treated with 2% aq KOH-MeOH (50:50) only gave the starting
materials in both cases.

This journal is © The Royal Society of Chemistry 2008
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Scheme 6 Reagents and conditions: (1) IM aq NaOH, EtOH, rt; (2) 2N
HCI. For Ar' see Fig. 1.

Translactonization studies of (£)-8-methylparabenzlactone 13a

Because of the importance of o-epimerization under ba-
sic conditions, these reactions were further tested on (%)-8-
methylparabenzlactone 13a, a compound where no o protons
are available. Compound 13a was synthesized as shown in
Scheme 7. A Michael addition® between the dithiane 14a° and
the methylbutenolide 15 gave a mixture of the o/-trans and
o/B-cis isomers 16a in a 2 : 1 ratio. The diastereoselective
alkylation® with piperonyl bromide 17a' afforded only the o/f
(8/8)-trans compound 18a, due to the bulky substituent present
at the chiral B carbon (1,2 asymmetric induction).! The relative
configuration was confirmed by the lack of correlation between
the methyl and the H-8 in a NOESY experiment. Ketone 19a,
obtained after removal of the dithiane functionality, was reduced
diastereoselectively (de 99%) with L-Selectride®, furnishing (+)-
8-methylparabenzlactone 13a and the translactonized product
20a (ratio 84 : 16). Lactone 13a was subjected to the various
conditions discussed above (2% KOH-MeOH, NaH-DMF and
IM aq. NaOH-EtOH), furnishing in all cases the rearranged
product 20a and the starting material 13a in a ca. 35 : 65 ratio.
Thus the presence of the methyl group at C-8 clearly affects the
behaviour of the rearrangement reaction. In the case of 1M aq.

M >
i 1
S s /@O AL A o + Ar'CH,Br
\|/ + Me 17a
Me
o
16a r

Ar' o
14a 15
H Ar'! OH X y
HO NUEY VAT N
J Ar -
o] -—
AI’1 + AI’1 O Ar1 O
Me o) Me 0 Me Y
20a 13a . 18a, X=S(CH,)3S
iii _
v or vi or viil 19a, X=0

13a + 20a

Scheme 7 Reagents and conditions: (i) »n-BuLi, THF, DMPU,
—78 °C—rt; (i) LHMDS, THF, DMI, —78 °C—>rt; (iii) (CF;COQO),IPh,
CH;CN-H,0, rt; (iv) L-Selectride®, THF, -78 °C; (v) 1) 2%
KOH-MeOH, rt; 2) 2 M HCI; (vi) (1) NaH-DMF, 0°C; (2) 2 N HCI,
(vii) (1) IM aq. NaOH, EtOH, rt; (2) 2 M HCI. For Ar' see Fig. 1.

NaOH-EtOH, the presence of the water in the reaction medium
does not prevent (as seen for 1a) the reaction from occurring,
providing the same results as with 2% KOH-MeOH, which is
in turn comparable with those obtained for 1a and 1c¢ (Table 1).
On the other hand NaH-DMF furnished less rearranged lactone
20a when compared with the results obtained with 1a and 1c¢
(Table 1), likely due to steric hindrance exerted by the 8-methyl in
the nucleophilic attack.

Translactonization studies of Ar-O-silylated
7' S-hydroxymatairesinol 1b

In connection with another study, we have observed that phenolic
silyl ethers can be cleaved selectively in the presence of aliphatic
silyl ethers by means of NaH in DMFE.”? Thus the aryl-O-silyl
protected 7'S-hydroxymatairesinol 1b* was subjected to the NaH—
DMF translactonization conditions (Scheme 8). As anticipated
the reaction proved to be a powerful desilylating tool, and some of
the rearranged/a-epimerized product 7e with free phenolic groups
was obtained. However the major product of this reaction was
the unexpected TBDMS-derivative 21e, formed by a migration
of the silyl group to the aliphatic hydroxyl. Traces of totally and
partially silyl protected 1b were also detected by NMR, but were
not isolated. In this case the combined amount of rearranged
lactones 7e and 21e (81%) is higher than under the same reaction
conditions with 1a and 1c as starting materials. We believe that
this is due to the formation of the silyl derivative 21e, whose
aliphatic protection group is not cleaved by NaH-DMF, making
the retro-translactonization impossible. Detailed studies about the
capability of NaH to cleave silyl protecting groups will be reported
in due course.

OTBDMS
1b

21e 7e

Scheme 8 Reagents and conditions: (1) NaH-DMEF, 0 °C; (2) 2 M HCL.

The "H NMR spectrum of 21e shows signals very similar to
those of the unprotected 7e, which in turn resembles the spectra
of 7a—d, particularly regarding the diagnostic peak of H-7' (d at
0 5.1 ppm, Jy7muy = 9 Hz). Thus the aromatic variation and
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Table 2

Starting material Reagents Product(s) Outcome

1a (or 2a) 2% KOH-MeOH la+7a Translactonization and a-epimerization

la NaH-DMF la+7a Translactonization and a-epimerization

la IM aq NaOH-EtOH la No reaction

la 2% KOH-#+-BuOH la No reaction

1a 2% aq KOH-MeOH 1a No reaction

1b NaH-DMF 2le +7e Translactonization, a-epimerization, silyl
cleavage and silyl migration

1c 2% KOH-MeOH 1c +7c Translactonization and a-epimerization

1c NaH-DMF lc+7c Translactonization and a-epimerization

Ta 2% KOH-MeOH la+7a Translactonization and a-epimerization

Ta IM aq NaOH-EtOH Ta No reaction

Ta 2% KOH-#-BuOH 7a No reaction

Ta 2% aq KOH-MeOH Ta No reaction

13a 2% KOH-MeOH 13a + 20a Translactonization

13a NaH-DMF 13a + 20a Translactonization

13a IM aq NaOH-EtOH 13a + 20a Translactonization

derivatizations of the aliphatic hydroxy group of 7 (TBDMS,
benzoate, MOM?”) do not produce significant changes in the NMR
chemical shift of the characteristic H-7 signal. Similarities in the
"H NMR spectra can also be observed for 4a—e. This can be useful
in determining the stereochemistry of the trisubstituted lignano-
9,7-lactones, as previously applied to the 7-HLLs.>"* However,
this may not be valid for the all-cis stereoisomers. In fact the
only two reported all-cis-lignano-9,7-lactones 3¢’ and (+)-22a°
(Fig. 3) present a remarkable difference for the H-7 signals in both
chemical shifts and coupling constants (6 5.12 ppm, Jy /ey =
9.3 Hz for 3e® vs. 6 5.43 ppm, J1.7/ny = 5.4 Hz for ()-22a°). The
sizeable variation of these values could be caused by the bulky
TBDMS group, which may significantly affect the conformation
of 22a and consequently modify the NMR signals, in contrast to
those previously observed for 21e and 7e.

Fig. 3 Reported 7'/8'-cis-8/8'-cis-lignano-9,7'-lactones.>

As for the compounds possessing an 8-methyl 13a and 20a,
while the H-7 signal of 13a is similar to that in the 7.S-HLL series
(1a—e), the chemical shift of the H-7' signal of 20a (6 4.8 ppm) is
significantly different both from the 7a—d,21e series (0 5.1 ppm)
and from the 4a—e series (0 5.4 ppm). Thus the methyl crucially
affects both the reactivity (in 13a) and the NMR signals (in 20a).

Conclusion

In this study the rearrangement reactions of various
hydroxylignano-9,9'- and -9,7’-lactones have been investigated and

resolved as summarized in Table 2. The reaction mechanisms
were studied using 'O labeled substrates and the absolute
stereochemistry of the rearranged lactone obtained by Nishibe*
was determined as 7a, thanks also to the X-ray analysis of its
dinitrobenzoate derivative 8a, obtained for the first time for this
type of lignans. Compound 7a derives from a translactonization
accompanied by an o-epimerization and not, as we earlier
proposed,® by an Sy2 mechanism. Different basic conditions
were evaluated showing that the stereochemistry of the lactone
determines whether a rearrangement or a-epimerization is ob-
served or not. Rearrangement studies were also performed on
the unnatural 8-methyl substituted lignanolactone 13a. In this
case the stereochemistry did not play a particular role in the
formation of the rearranged lactone, which was obtained under
all conditions. Finally the aromatic silyl protected lignan 1b was
treated with NaH-DMF causing rearrangement, a-epimerization
and deprotection of the aryl silyl ethers, together with an
unexpected migration of the silyl to the aliphatic hydroxy group.
The resemblance observed in the '"H NMR for this class of
compounds can be a useful expedient for the assignment of the
stereochemistries.

Experimental

Experiments were monitored by TLC using aluminium based,
precoated silica gel sheets (Merck 60 F254, layer thickness
0.2 mm) and visualized under UV light and further with a
mixture of vanillin and sulfuric acid in EtOH. Compounds were
homogeneous on TLC. Silica gel 60 (230-400 mesh, Merck) was
used for flash column chromatography. Optical rotation values
were measured with a JASCO DIP-1000 digital polarimeter at
rt. NMR spectra were recorded on a 500 MHz Varian Inova
spectrometer or on a 300 MHz Varian Mercury. Chemical shifts
are given in d in ppm and J values in Hz, using TMS as an internal
standard. Mass spectra were obtained using a JEOL JMS-SX102
mass spectrometer operating at 70 eV and for the "*O compounds
were measured with Bruker MicroTof, . (ESI) using Agilent ESI
Tunemix as a calibration solution. Melting points were determined
in open capillary tubes with a Blichi B-545 melting point apparatus
and are uncorrected. IR spectra were recorded on a Perkin-Elmer
Spectrum One FTIR instrument equipped with ATR reflection
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top plate. THF, CH;CN and Py were dried by distillation from
Na, P,O; and CaH, respectively. Compounds 1a, 1b, Sa—c,* 14a°
and 17a' were prepared according to reported procedures. Other
commercially available chemicals were used as supplied by the
manufacturers. The absolute configuration of 8a was determined
using Cu-K, radiation, (4 = 1.5418 A), on an Oxford Diffraction
Gemini-S-Ultra diffractometer. 17995 reflections were measured
at 150 K, and merged to give 3252 unique reflections, Ryep =
0.0431, in space group P2,. The structure was refined to an R-
factor of 0.0299 (for all data) and Flack parameter of —0.19(14).}

(8R,8 R)-[7'-*O]-4,4 -Bis(tert-butyldimethylsilyloxy)-3,3'-
dimethoxy-7'-oxolignano-9,9 -lactone (**O-6b)

(CF;COOQ),IPh (100 mg, 0.23 mmol) was added to a solution of
5b® (55 mg, 0.08 mmol) in 10 : 1 CH;CN-"*OH, (1.1 ml) at rt. The
mixture was stirred for 30 min and then quenched with saturated
NaHCO; (10 ml) and extracted with Et,O (3 x 10 ml). The organic
phase was dried over anhydrous Na,SO,, filtered, evaporated and
the crude compound was purified by flash chromatography (eluent
CH,Cl,) to obtain "*O-6b (20 mg, 41%) as a viscous oil. IR and
NMR were in agreement with data reported for the unlabeled
6b.> HRMS (ESI-TOF) m/z calcd for C;,H,O4'0OSi, [M + H]*
603.3059, found 603.3054.

(8R,8 R)-[7'-'¥0]-3,3',4,4 -Bis(methylenedioxy)-7'-oxolignano-9,9 -
lactone (*0-6a)

Following the same procedure as for *O-6b, compound *O-6a
was prepared from 5a’ in 86% yield after flash chromatography
(eluent CH,Cl,-Et,0 20:1). IR and NMR were in agreement with
data reported for the unlabeled 6a.> HRMS (ESI-TOF) m/z calcd
for C,H;sNaO¢"*O [M + Na]* 393.0831, found 393.0836.

(7'S,8R,8 R)-[7'-'¥O]-4,4 -Bis(tert-butyldimethylsilyloxy)-7'-
hydroxy-3,3'-dimethoxylignano-9,9 -lactone (**O-1b) and

(7'S,8R,8 R)-[7-*O]-4,4'-bis(tert-butyldimethylsilyloxy)-8'-
hydroxymethyl-3,3'-dimethoxylignano-9,7 -lactone ('*O-4b)

L-Selectride® (IM in THF, 0.026 ml, 0.026 mmol) was added
dropwise to a solution of *O-6b (12 mg, 0.020 mmol) in dry THF
(1 ml) under Ar at —78°C and the mixture was stirred at the same
temperature for 2 h. The reaction was then stopped with saturated
NH,CI (10 ml) and extracted with EtOAc (3 x 10 ml). The organic
phase was dried over anhydrous Na,SO,, filtered, evaporated and
the crude product was purified by flash chromatography (eluent
CH,Cl,-Et,0 20:1) to yield 8.5 mg (70%) of "*O-1b and 2 mg (16%)
of *O-4b. IR and NMR were in agreement with data reported for
the unlabeled 1b and 4b.* For '*O-1b: HRMS (ESI-TOF) m/z
caled for C5,H5NaOg"*OSi, [M + Na]* 627.3035, found 627.3030.
For *O-4b: HRMS (ESI-TOF) m/z caled for C;,H5,NaO;'*OSi,
[M + NaJ* 627.3035, found 627.3030.

(7'S,8R,8 R)-[7-*O]-7'-Hydroxy-3,3' ,4,4 -bis(methylenedioxy)-
lignano-9,9'-lactone (**0O-1a) and (7'S,8R,8 R)-[7-*O]-8 -
hydroxymethyl-3,3',4,4'-bis(methylenedioxy)lignano-9,7'-
lactone (*0-4a)§

Following the same procedure as for *O-1b and '*O-4b, com-
pounds "*O-1a and '®*O-4a§ were prepared from "*O-6a in 72% and

15% yield respectively after flash chromatography (eluent CH,Cl,—
Et,0 8 : 1). IR and NMR of "*O-1a were in agreement with data
reported for the unlabeled 1a.? For '*O-1a: HRMS (ESI-TOF) m/z
caled for C,0H ;s NaO4"*O [M + Na]* 395.0992, found 395.0998. For
80-4a: HRMS (ESI-TOF) m/z calcd for C,yH;sNaO4"*O [M +
Na]* 395.0992, found 395.0996.

(7'S,8R,8 R)-[7-¥O]-7'-Acetoxy-3,3 ,4,4'-
bis(methylenedioxy)lignano-9,9 -lactone (**O-2a)

A solution of *O-1a (88 mg, 0.15 mmol) in 5 ml of Ac,O-Py (4: 1)
was stirred overnight at rt. The residue was extracted with CHCl,
(10 ml), washed with water (3 x 10 ml). The organic phase was
dried over anhydrous Na,SO,, filtered, evaporated and the crude
product was purified by flash chromatography (eluent CH,Cl,—
Et,O 20 : 1) to yield 85 mg (86%) of '*O-2a: [a]p* —26.9° (¢ 0.3,
dioxane), (for 2a lit.* —19.6°, ¢ 0.82, dioxane); IR (thin film) v,
1769, 1743, 1227, 1034 cm™';'H NMR (300 MHz, CDCl;) é(ppm)
6.74-6.69 (m, 2H), 6.64-6.55 (m, 4H), 597 (part A of an AB
system, J = 1.5 Hz, 1H), 5.95 (part B of an AB system, J =
1.5 Hz, 1H), 5.94 (part A of an AB system, J = 1.5 Hz, 1H), 5.93
(part B of an AB system, J = 1.5 Hz, 1H), 5.71 (d, J = 6.9 Hz,
1H), 3.99 (dd, J = 8.1, 9.6 Hz, 1H), 3.92 (dd, J = 6.0, 9.6 Hz,
1H), 2.96 (dd, J = 6.9, 13.8 Hz, 1H), 2.87 (dd, J = 4.8, 13.8 Hz,
1H), 2.83-2.68 (m, 2H), 2.11 (s, 3H); *C NMR (75 MHz, CDCl,)
Jo(ppm) 178.0, 169.8, 148.1, 147.8 (2x), 146.5, 131.0, 130.7, 122.6,
120.1, 109.7, 108.3, 108.2, 106.5, 101.4, 101.0, 76.3, 68.0, 43.9,
43.4,35.1,21.0; HRMS (ESI-TOF) m/z calcd for C,,H,NaO;"*O
[M + Na]* 437.1098, found 437.1093.

General procedure with 2% KOH-MeOH* (procedure A):
(7'S,8S,8 R)-[7-*O]-3,3' ,4,4' -bis(methylenedioxy)-8'-
hydroxymethyl-3,3'-dimethoxylignano-9,7 -lactone (**O-7a)

A solution of *O-2a (78 mg, 0.19 mmol) in 2% KOH-MeOH
(5 ml) was stirred for 2 h at rt. The solution was acidified (pH 3)
with 2 N HCl and extracted with CH,Cl, (3 x 20 ml). The organic
phase was dried over anhydrous Na,SO,, filtered, evaporated and
the crude product was purified by flash chromatography (eluent
CH,C1,-Et,0 3: 1) to yield 33 mg (47%) of *O-1a and 20 mg (29%)
of 80-7a. For *O-7a: [0],* + 66.97 (¢ 0.37, THF); IR (thin film)
Vaax 3339, 1765, 1249, 1035 cm™'; "H NMR (500 MHz, CDCl;)
d(ppm) 6.75 (d, J = 8.0 Hz, 1H), 6.73 (d, J = 7.5 Hz, 1H), 6.72 (d,
J =1.5Hz, 1H), 6.69 (dd, J = 1.5, 7.5 Hz, 1H), 6.66 (dd, J = 1.5,
8.0Hz, 1H), 6.60(d,J =1.5Hz, 1H), 5.96 (s, 2H), 5.94 (s, 2H), 5.13
(d, J =8.5Hz, 1H), 3.55(dd, J = 3.5, 11.0 Hz, 1H), 3.48 (dd, J =
4.0, 11.0 Hz, 1H), 3.15 (dd, J = 5.0, 14.0 Hz, 1H), 3.06 (ddd, J =
5.0, 7.0, 12.0 Hz, 1H), 2.95 (dd, J = 7.0, 14.0 Hz, 1H), 2.28-2.22
(m, 1H); *C NMR (75 MHz, CDCIl;) d(ppm) 177.5, 148.3, 148.2,
148.1, 146.8, 132.4, 131.7, 122.5, 120.5, 109.8, 108.7, 108.4, 106.7,
101.5, 101.3, 81.2, 59.8, 50.9, 43.8, 35.1; HRMS (ESI-TOF) m/z
calcd for C,yH;sNaO4'"*O [M + Na]* 395.0992, found 395.0998.

(7'S,8S,8 R)-3,3 ,4,4 -Bis(methylenedioxy)-8 -hydroxymethyl-3,3'-
dimethoxylignano-9,7-lactone (7a)

Compound 1a* was treated as described in the procedure A to
obtain after flash chromatography (eluent CH,Cl,-Et,0 3 : 1) a
mixture of starting material 1a (61%) and rearranged lactone 7a
(31%). For 7a: [0]p* + 90.14° (¢ 0.4, CHCI;); IR and NMR were in
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agreement with the data of '*O-7a; HRMS (ESI-TOF) m/z calcd
for C, H;sNaO, [M + Na]* 393.0950, found 393.0956.

General procedure with NaH-DMF’ (procedure B)

A solution of 1a® (50 mg, 0.13 mmol) in DMF (2 ml) was added to
a mixture of NaH (8 mg, 55-65% oil dispersion, previously rinsed
with n-hexane) in DMF (2 ml) at 0°C under Ar. The reaction
mixture was stirred at the same temperature for 1.5 h and then
acidified (pH 3-4) with 2 N HCI. The mixture was extracted with
EtOAc (3 x 10 ml) and the organic phase was washed with water
(2 x 10 ml), dried over anhydrous Na,SO,, filtered, evaporated and
the crude product was purified by flash chromatography (eluent
CH,Cl,-Et,0 3 : 1) to yield 11.5 mg (23%) of compound 1a and
16.5 mg (33%) of compound 7a.

General procedure with 1IM aq NaOH-EtOH? (procedure C)

A solution of 7a (50 mg, 0.13 mmol) in IM aq NaOH (1 ml) and
EtOH (1 ml) was stirred overnight at rt and then acidified (pH 3-4)
with 2 N HCI. The mixture was extracted with EtOAc (3 x 10 ml).
The organic phase was washed with water (2 x 10 ml), dried over
anhydrous Na,SO,, filtered, evaporated and the crude product was
purified by flash chromatography (eluent CH,Cl,—Et,O 3 : 1) to
yield only the starting material 7a (80%).

(8R,8 R)-3' ,4'-Dimethoxy-3,4-methylenedioxy-7'-(propane-1,3-
diyldithio)-lignano-9,9'-lactone (5c)

LHMDS (1.6M in THF, 0.58 ml, 0.92 mmol) was added
dropwise to a solution of (3R)-[(propane-1,3-diyldithio)-(3,4-
dimethoxyphenyl)methyl]butano-4-lactone® (286 mg, 0.84 mmol)
in THF (3 ml) at —78 °C under Ar. The reaction mixture was
stirred for 2 h, then DMI (0.10 ml, 0.92 mmol) was added dropwise
followed, after 30 min, by a solution of piperonyl bromide 17a'
(200 mg, 0.93 mmol) in THF (1 ml). The mixture was stirred at
the same temperature for 1 h and then allowed to reach rt in 2 h,
then quenched with saturated NH,Cl (10 ml) and extracted with
Et,0 (3 x 15 ml). The organic phase was dried over anhydrous
Na,SO,, filtered, evaporated and the crude compound was purified
by flash chromatography (eluent CH,CL,—Et,O 10 : 1) to obtain
5c as a white solid (310 mg, 78%): mp 89-91°C (Et,O-n-hexane);
[a]p® + 72.17 ° (¢ 1.0, CHCI,); IR (thin film) v, 1766 cm™'; 'H
NMR (500 MHz, CDCl;) 6(ppm) 7.48 (dd, J = 2.0, 8.0 Hz, 1H),
7.33(d, J = 2.0 Hz, 1H), 6.86 (d, J = 8.0 Hz, 1H), 6.63 (d, J =
8.0 Hz, 1H), 6.41 (dd, J = 2.0, 8.0 Hz, 1H), 6.36 (d, J = 2.0 Hz,
1H), 5.95 (part A of an AB system, J = 1.5 Hz, 1H), 5.91 (part
B of an AB system, J = 1.5 Hz, 1H), 4.68 (dd, J = 5.0, 10.0 Hz,
1H), 3.99 (dd, J = 9.0, 10.0 Hz, 1H), 3.94 (s, 3H), 3.83 (s, 3H),
3.09-3.05 (m, 1H), 2.82 (dd, J = 7.0, 14.0 Hz, 1H), 2.77-2.57 (m,
5H), 2.49 (dd, J = 5.0, 14.0 Hz, 1H), 1.96-1.82 (m, 2H); "C NMR
(125 MHz, CDCl;)d(ppm) 178.3, 149.3, 148.5, 147.7, 146.5, 131 .4,
130.4, 122.6, 122.3, 112.0, 110.7, 109.5, 107.9, 101.0, 67.8, 62.5,
55.8 (2x), 50.3, 42.8, 36.1, 27.2, 27.0, 24.7;, EIMS m/z (relative
intensity): 474 (M*, 80%), 399 (50), 368 (49), 255 (100), 175 (80),
135 (90); HRMS (EI) m/z calcd for C,,H,0O4S, (M*), 474.1171;
found, 474.1177.

(8R,8 R)-3' ,4-Dimethoxy-3,4-methylenedioxy-7'-oxolignano-9,9'-
lactone (6¢)

Following the same procedure as for '*O-6b, using H,O instead
of ®OH,, compound 6¢ was prepared in 65% yield as a white
solid after flash chromatography (eluent CH,Cl,~Et,O 20 : 1):
mp 153-154°C (CHClL;-Et,0) (lit.” 140-141°C (AcOEt-acetone));
[a]p> + 41.08 ° (¢ 0.1, CHCL;); *C NMR (125 MHz, CDCl,)
d(ppm) 195.0,177.0, 154.2, 149.4, 147.8, 146.5, 130.7, 128.9, 122.9,
122.5,110.3,110.0, 109.8, 108.3, 101.0, 68.3, 56.2, 56.0, 46.5, 44.8,
34.5; IR, MS and 'H NMR were in agreement with reported
data;” HRMS (EI) m/z calcd for C,;H,,0; (M), 384.1209; found,
384.1204.

(7'S,8R,8 R)-7'-Hydroxy-3' ,4'-dimethoxy-3,4-
methylenedioxylignano-9,9 -lactone (1c) and
(7'S,8R,8 R)-8'-hydroxymethyl-3',4'-dimethoxy-3,4-
methylenedioxylignano-9,7 -lactone (4c)

Following the same procedure as for '"*O-1b and '*O-4b, com-
pounds 1c (de 97%) and 4¢ were prepared in 61% and 7% yield,
respectively, after flash chromatography (eluent CH,CL,—Et,0 10 :
1). For 1¢ mp 122-124°C (Et,0); [a]p —20.09° (c 0.34, CHCL,);
BC NMR (125 MHz, CDCl;) é(ppm) 178.8, 149.3, 149.1, 147.7,
146.4,133.9, 131.3, 122.7,118.1, 111.1, 109.9, 108.8, 108.0, 101.0,
75.4, 68.4, 55.9, 55.8, 45.2, 43.6, 35.2; IR, MS and 'H NMR
were in agreement with reported data;” HRMS (EI) m/z caled for
C, H», 0, (M*), 386.1365; found, 386.1362. For 4c: [o]p™ + 44.47 °
(¢ 0.54, THF); IR (thin film) v,,, 3517, 1769 cm™'; '"H NMR
(500 MHz, CDCl;) d(ppm) 6.85 (d, J = 8.0 Hz, 1H), 6.82 (dd, J =
2.0, 8.0 Hz, 1H), 6.78 (d, J = 2.0 Hz, 1H), 6.71 (d, J = 8.0 Hz,
1H), 6.69 (d, J = 1.5 Hz, 1H), 6.65 (dd, J = 1.5, 8.0 Hz, 1H), 5.91
(s, 2H), 5.53 (d, J = 2.0 Hz, 1H), 3.96 (dd, J = 4.5, 11.0 Hz, 1H),
3.87 (s, 3H), 3.86 (s, 3H), 3.78 (dd, J = 7.5, 11.0 Hz, 1H), 3.20
(dd, J = 5.0, 15.0 Hz, 1H), 3.04 (ddd, J = 5.0, 8.5, 11.0 Hz, 1H),
2.74 (dd, J = 11.0, 15.0 Hz, 1H), 2.62-2.58 (m, 1H); *C NMR
(125 MHz, CDCL) 6(ppm) 177.8, 149.3, 148.9, 147.9, 146.3, 132.3,
131.5, 121.2, 116.9, 111.3, 108.6, 108.4, 108.2, 101.0, 80.9, 60.8,
56.0,55.9,47.4,41.1,30.7; EIMS m/z (relative intensity): 386 (M,
50%), 368 (40), 194 (20), 167 (100), 135 (70); HRMS (EI) m/z calcd
for C, H,,0; (M*), 386.1365; found, 386.1378.

(7'S,85,8 R)-8 -Hydroxymethyl-3' ,4'-dimethoxy-3,4-
methylenedioxylignano-9,7 -lactone (7¢)

Compound 1¢ was treated according to the general procedures A
and B and a mixture of 1¢ and 7¢ was obtained (for ratios and
yields see Table 1). For 7¢: [a]p? + 47.45 (¢ 1.08, THF); *C NMR
(125 MHz, CDCl;) é(ppm) 177.5, 149.5, 149.4, 147.9, 146.4, 131.5,
130.7, 122.4, 119.2, 110.9, 109.7, 108.9, 108.4, 101.0, 81.0, 59.6,
55.9,55.8,50.3,43.6,34.6; IR, MS and 'H NMR were in agreement
with reported data;” HRMS (EI) m/z calcd for C, H,,0, (M"),
386.1365; found, 386.1362.

(7'S,8S,8 R)-3,3' ,4,4' -Bis(methylenedioxy)-3,3'-dimethoxy-8'-(3,5-
dinitrobenzoyloxy)methyllignano-9,7 -lactone (8a)

3,5-Dinitrobenzoyl chloride (100 mg, 0,46 mmol) was added to a
solution of 7a (40 mg, 0.11 mmol) in Py (4 ml) and the mixture
was stirred overnight at rt. The reaction was stopped with water
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(10 ml) and extracted with CH,Cl, (3 x 20 ml). The organic phase
was washed with water (2 x 10 ml), dried over anhydrous Na,SO,,
filtered, evaporated and the crude compound was purified by flash
chromatography (eluent CH,Cl,—Et,O 4 : 1) to obtain 8a as a
yellow solid (40 mg, 65%): mp 182-183°C (CH,Cl,); [a]p* + 66.81°
(¢ 0.31, THF); IR (thin film) v, 1771, 1733 cm™'; 'H NMR
(500 MHz, CDCl,) d(ppm) 9.20 (app. t, J = 2.0 Hz, 1H), 8.80 (d,
J=2.0Hz,2H),6.75(d,J =7.5Hz, 1H), 6.74 (d, J = 1.5 Hz, 1H),
6.71 (dd, J =1.5,7.5Hz, 1H), 6.68 (dd, J = 1.5, 7.5 Hz, 1H), 6.63
(d, J = 7.5 Hz, 1H), 6.59 (d, J = 1.5 Hz, 1H), 5.93 (s, 2H), 5.92
(m, 2H), 5.04 (d, J = 9.0 Hz, 1H), 4.23 (d, J = 6.0 Hz, 2H), 3.22
(dd, J = 4.0, 14.0 Hz, 1H), 3.00 (dd, J = 7.5, 14.0 Hz, 1H), 2.91-
2.87 (m, 1H), 2.82-2.76 (m, 1H); *C NMR (125 MHz, CDCl;)
Jo(ppm) 175.8, 162.2, 148.8 (2x), 148.7, 148.5, 148.4, 147.1, 132.9,
131.2, 130.9, 129.4 (2x), 122.8, 122.5, 121.1, 109.6, 108.9, 108.4,
106.9,101.8,101.4,82.9, 65.6,47.7,45.4, 35.3; EIMS m/z (relative
intensity): 564 (M*, 40%), 534 (20), 372 (100), 342 (40), 192 (70),
135 (90); HRMS (EI) m/z calcd for C,;H,0;,N, (M*), 564.1016;
found, 564.1011.

(2R *,3R *)-2-Methyl-3-|(propane-1,3-diyldithio)-(3,4-
methylendioxyphenyl)methyl]-butano-4-lactone (trans-16a) and
(28*,3R *)-2-methyl-3-|(propane-1,3-diyldithio)-(3,4-
methylendioxyphenyl)methyl]-butano-4-lactone (cis-16a)

n-BuLi (1.3M in n-hexane, 1.80 ml, 2.29 mmol) was added
dropwise to a solution of thioacetal 14a° (500 mg, 2.08 mmol)
in THF (10 ml) at —78 °C under Ar. The mixture was stirred
for 1 h, then DMPU (0.28 ml, 2.29 mmol) was added dropwise
followed, after 30 min, by slow addition of 15 (225 mg, 2.29 mmol)
in THF (2 ml). The reaction mixture was stirred for 2 h at the same
temperature, then quenched with saturated NH,Cl and extracted
with Et,0. The organic phase was dried over anhydrous Na,SO,,
filtered, evaporated and the crude compound was purified by flash
chromatography (eluent CH,CL,—Et,O 20 : 1) to obtain 547 mg
(78%) of a2 : 1 mixture of trans-16a and cis-16a (not separated): mp
88-90°C (Et,0); IR (thin film) v,,, 1766 cm™'; EIMS m/z (relative
intensity): 338 (M*, 60%), 239 (100), 165 (100); HRMS (EI) m/z
calcd for C¢H50,S, (M*), 338.0646; found, 338.0653. For trans-
16a (major product): '"H NMR (500 MHz, CDCl;) d(ppm) 7.49—
7.45 (m, 2H), 6.83 (d, J/ = 8.5 Hz, 1H), 6.01 (s, 2H), 4.42 (dd, J =
8.5,9.5Hz, 1H),4.23(dd, J =9.0,9.5 Hz, 1H), 2.84-2.57 (m, 6H),
1.99-1.84 (m, 2H), 1.42 (d, J/ = 7.5 Hz, 3H); "C NMR (125 MHz,
CDCl;) d(ppm) 179.0, 148.6, 147.2, 133.1, 123.3, 109.5, 108.2,
101.5, 67.0, 61.1, 55.4, 35.9, 27.2, 27.1, 24.7, 17.0. For cis-16a
(minor product): '"H NMR (500 MHz, CDCl;) 6(ppm) 7.49-7.46
(m, 2H), 6.81 (d, J = 8.5 Hz, 1H), 6.00 (s, 2H), 4.54 (app. t, J =
9.5 Hz, 1H), 4.20 (dd, J = 7.0, 9.5 Hz, 1H), 2.95 (app. q J =
8 Hz, 1H), 2.84-2.57 (m, SH), 1.99-1.84 (m, 2H), 142 (d, J =
8.0 Hz, 3H); "C NMR (125 MHz, CDCl;) d(ppm) 178.8, 148.4
146.9, 134.4,123.2,109.4, 107.9, 101.5, 67.5, 59.2, 52.6, 38.4, 27.6,
27.5,24.6,13.1.

(8R *,8' R *)-8-Methyl-3,3',4,4'-bis(methylenedioxy)-7'-(propane-
1,3-diyldithio)-lignano-9,9'-lactone (18a)

Following the same procedure as for 5¢, compound 18a was
prepared from 16a (cis and trans) and piperonyl bromide 17a' in
66% yield after flash chromatography (eluent CH,Cl,): mp 118-

120°C (Et,O-n-hexane), IR (thin film) v,,, 1766 cm™'; '"H NMR
(500 MHz, CDCl;) d(ppm) 7.42 (dd, J = 1.5, 8.0 Hz, 1H), 7.37 (d,
J =1.5Hz, 1H), 6.80 (d, J = 8.0 Hz, 1H), 6.79 (d, J = 1.5 Hz,
1H), 6.76 (dd, J = 1.5, 8.0 Hz, 1H), 6.71 (d, J = 8.0 Hz, 1H), 6.00
(s, 2H), 5.92 (s, 2H), 4.48 (app t, / = 9.5 Hz, 1H), 3.81 (app t, J =
9.0 Hz, 1H), 3.07 (d, J = 13.5 Hz, 1H), 2.86-2.61 (m, 6H), 1.96—
1.89 (m, 2H), 1.60 (s, 3H); *C NMR (125 MHz, CDCI;) 6(ppm)
181.0, 148.4, 147.6, 146.9, 146.5, 134.8, 130.4, 124.2, 123.4, 111.2,
109.7, 108.0, 107.9, 101.5, 100.9, 65.9, 61.0, 51.2, 49.3, 44.1, 28.1,
27.6, 24.8, 21.9; EIMS m/z (relative intensity): 472 (M*, 30%),
239 (80), 206 (50), 165 (20), 135 (100); HRMS (EI) m/z calcd for
C,,H,,04S, (M*), 472.1014; found, 472.1013.

(8R*,8 R*)-8-Methyl-3,3',4,4'-bis(methylenedioxy)-7"-oxolignano-
9,9'-lactone (19a)

Following the procedure as for "0-6a, using H,O instead of
80OH,, compound 19a was prepared from 18a in 60% yield after
flash chromatography (eluent CH,Cl,); mp 113-114 °C (Et,O-n-
hexane); IR (thin film) v,,,, 1763, 1668 cm~'; "H NMR (500 MHz,
CDCl;) d(ppm) 7.26 (dd, J = 1.5, 8.0 Hz, 1H), 7.20 (d, / = 1.5 Hz,
1H), 6.81 (d and d overlapping, J = 8.0 Hz, 2H), 6.74 (d, J =
8.0 Hz, 1H), 6.71 (dd, J = 1.5, 8.0 Hz, 1H), 6.07 (s, 2H), 5.99 (s,
2H), 4.58 (dd, J = 4.5, 9.0 Hz, 1H), 4.18 (dd, J = 4.5, 8.0 Hz,
1H), 3.93 (dd, J = 8.0, 9.0 Hz, 1H), 3.11 (d, J = 13.5 Hz, 1H),
2.72 (d, J = 13.5 Hz, 1H), 1.13 (s, 3H); “C NMR (125 MHz,
CDCl,) d(ppm) 196.3, 179.9, 152.5, 148.6, 148.1, 147.2, 131.9,
129.6, 124.7, 123.3, 110.3, 108.5, 108.0, 107.9, 102.1, 101.2, 66.7,
48.2,47.0,44.1, 20.7; EIMS m/ z (relative intensity): 380 (M*, 5%),
443 (100), 236 (80), 179 (90), 165 (50); HRMS (EI) m/z calcd for
C, H;;0; (M*), 382.1052; found, 382.1039.

(7S*8R*8 R*)-7-Hydroxy-8-methyl-3,3' ,4,4'-
bis(methylenedioxy)-lignano-9,9 -lactone
[(£)-8-methylparabenzlactone, 13a] and

(7'S*8R*8 R*)-8-hydroxymethyl-8-methyl-3,3' ,4,4'-
bis(methylenedioxy)-3,3' -dimethoxylignano-9,7 -lactone (20a)

Following the same procedure as for *O-1b and '*O-4b, com-
pounds 13a (de 99%) and compound 20a were obtained in 70%
and 9% respectively after flash chromatography (eluent CH,Cl,—
Et,0 20 : 1). For 13a: mp 159-160°C (Et,0); IR (thin film) v,,,,
3510, 1762 cm™'; "H NMR (500 MHz, CDCl;) d(ppm) 6.93 (d,
J = 1.5 Hz, 1H), 6.88 (dd, J = 1.5, 8.0 Hz, 1H), 6.79 (d, J =
1.5 Hz, 1H), 6.78 (d, J = 8.0 Hz, 1H), 6.75 (d, J = 8.0 Hz, 1H),
6.70 (dd, J = 1.5, 8.0 Hz, 1H), 5.97 (part A of an AB system, J =
1.5Hz, 1H), 5.96 (s, 2H), 5.94 (part B of an AB system, J = 1.5 Hz,
1H), 4.63 (dd, J = 2.0, 10.0 Hz, 1H), 3.55 (dd, J = 9.0, 11.0 Hz,
1H), 3.44 (app. t, J = 9.0 Hz, 1H), 3.23 (d, J = 13.5 Hz, 1H),
2.99 (d, J = 13.5 Hz, 1H), 2.74 (dt, J/ = 9.0, 11.0 Hz, 1H), 1.45
(s, 3H); "C NMR (125 MHz, CDCl;) d(ppm) 181.4, 148.3, 148.0,
147.5, 146.3,136.0, 131.2, 124.4,119.7, 111.6, 108.4, 108.0, 106.4,
101.3,100.8, 74.0, 66.3, 47.5, 45.2, 42.4, 18.9; EIMS m/ z (relative
intensity): 384(M*, 50%), 366 (20), 151 (40), 135 (100); HRMS
(EI) m/z caled for C,;H,,O; (M*), 384.1209; found, 384.1194. For
20a: viscous oil, IR (thin film) v, 3473, 1757 cm™'; '"H NMR
(500 MHz, CDCl;) 6(ppm) 6.81 (d, J = 1.5 Hz, 1H), 6.78 (d, J =
8.0 Hz, 1H), 6.75 (m, 2H), 6.71 (d, J = 1.5 Hz, 1H), 6.67 (dd,
J=1.5,8.0Hz, 1H), 5.97 (AB system, J = 2.0 Hz, 2H), 5.94 (AB
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system, J = 2.0 Hz, 2H), 4.84 (d, J = 10.5 Hz, 1H), 4.01 (dd, J =
8.0, 11.5 Hz, 1H), 3.84 (dd, J = 5.5, 11.5 Hz, 1H), 2.99 (d, J =
13.5 Hz, 1H), 2.85 (d, J/ = 13.5 Hz, 1H), 2.44 (ddd, J = 5.5, 8.0,
10.5 Hz, 1H), 1.37 (s, 3H); "C NMR (125 MHz, CDCI;) é(ppm)
179.1, 148.2, 148.1, 147.5, 146.7, 131.8, 129.5, 123.4, 120.3, 110.6,
108.3, 108.1, 106.6, 101.4, 101.0, 80.3, 58.9, 57.6, 48.0, 38.5, 23.7;
EIMS m/z (relative intensity): 384 (M*, 50%), 366 (20), 151 (40),
135 (100); HRMS (EI) m/z caled for C, HyO; (M*), 384.1209;
found, 384.1201.

Compound 19a was treated according to the general procedures
A, B, and C, obtaining in all cases a mixture of starting material
13a (19-28%) and rearranged lactone 20a (41-65%).

(7'S,8S,8' R)-8 -tert-Butyldimethylsilyloxymethyl-4,4'-dihydroxy-
3,3'-dimethoxylignano-9,7'-lactone (21e) and (7'S,8S,8 R)-
4,4'-dihydroxy-8-hydroxymethyl-3,3' -dimethoxylignano-9,7'-
lactone (7e)

Compound 1b* was treated according to the general procedure B,
to give after flash chromatography (eluent CH,Cl,-MeOH 97 : 3)
21e (55%) and 7e (26%). For 21e: [0]p? + 36.83 (¢ 0.57, THF); IR
(thin film) v,,, 1765 cm™'; '"H NMR (500 MHz, CDCl;) é(ppm)
6.84 (d, J = 8.0 Hz, 1H), 6.81 (d, J = 8.0 Hz, 1H), 6.79 (d,
J = 2.0 Hz, 1H), 6.67 (dd, J = 2.0, 8.0 Hz, 1H), 6.66 (dd, J =
2.0, 8.0 Hz, 1H), 6.46 (d, J = 2.0 Hz, 1H), 5.11 (d, J = 9.0 Hz,
1H), 3.86 (s, 3H), 3.77 (s, 3H), 3.49 (dd, J = 3.5, 10.5 Hz, 1H),
3.41 (dd, J = 3.5, 10.5 Hz, 1H), 3.15-3.10 (m, 1H), 3.05 (d, J =
5.5 Hz, 2H), 2.26-2.21 (m, 1H), 0.89 (s, 9H), 0.14 (s, 6H); *C
NMR (125 MHz, CDCI;) d(ppm) 178.1, 146.9, 146.6, 146.1, 144.5,
130.2, 129.8, 122.4, 120.1, 114.2, 114.0, 111.9, 108.2, 81.0, 59.0,
55.9, 55.8, 50.6, 43.3, 34.4, 25.8 (3x), 18.2, —5.6 (2x); EIMS m/z
(relative intensity): 488 (M*, 40%), 431 (30), 401 (20), 277 (80),
151 (30), 137 (100); HRMS (EI) m/z caled for C,H;,0,Si (M+)
488.2230, found 488.2236. For 7e: [a],” +52.68 (¢ 0.2, THF); IR
(thin film) v, 1748 cm™'; "H NMR (500 MHz, CDCl;) 6(ppm)
6.84 (d, J = 8.0 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 6.81 (d,

J =1.5Hz, 1H), 6.70 (dd, J = 2.0, 8.0 Hz, 1H), 6.69 (dd, J = 1.5,
8.0 Hz, 1H), 6.49 (d, J = 2.0 Hz, 1H), 5.11 (d, J = 9.5 Hz, 1H),
3.87 (s, 3H), 3.77 (s, 3H), 3.58 (dd, J = 3.5, 11.0 Hz, 1H), 3.50
(dd, J =4.0,11.0 Hz, 1H), 3.14-3.05 (m, 3H), 2.32-2.27 (m, 1H);
BC NMR (125 MHz, CDCI;) d(ppm) 177.7, 146.9, 146.7, 146.2,
144.5, 130.1, 129.7, 122.3, 120.1, 114.4, 114.1, 111.9, 108.2, 81.2,
59.0, 56.0, 55.9, 50.1, 43.8, 34.4; EIMS m/z (relative intensity):
374 (M*, 80%), 356 (20), 194 (20), 180 (90), 153 (30), 151 (30), 137
(100); HRMS (EI) m/z caled for C,0H,,0; (M+) 374.1365, found
374.1360.
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The Diels—Alder reaction between cyclopentadiene and three dienophiles (acrolein, methyl acrylate and
acrylonitrile) having different hydrogen bond acceptor abilities has been carried out in several ionic
liquids and molecular solvents in order to obtain information about the factors affecting reactivity and
selectivity. The solvent effects on these reactions are examined using multiparameter linear solvation
energy relationships. The collected data provide evidence that the solvent effects are a function of both
the solvent and the solute. For a solvent effect to be seen, the solute must have a complimentary
character; selectivities and rates are determined by the solvent hydrogen bond donation ability (@) in the

reactions of acrolein and methyl acrylate, but not of acrylonitrile.

Introduction

The Diels—-Alder reaction is one of the most important carbon—
carbon bond-forming reactions used to prepare cyclic structures.
This makes it a key step in the synthesis of many natural products
and pharmaceutical compounds. Consequently, it has been very
widely studied. One of the most interesting aspects of this reaction
is its pronounced solvent dependence, which has been the subject
of several studies in recent years, in order to enhance reactivity
and, therefore, reduce waste created by by-products.

The Diels—Alder reaction between methyl acrylate and cy-
clopentadiene is perhaps the most intensively studied and can
be considered as a model Diels—Alder reaction. It has been
investigated in organic solvents by means of the Linear Solvation
Energy Relationship (LSER), indicating that hydrogen bonding
and dipolarity are important parameters explaining selectivity.'

However, the remarkable increase in reactivity and selectivity
observed in aqueous solutions was discussed in the pioneering
work of Breslow et al*? in terms of hydrophobic effects.* This
property is governed by the limited ability of water to dissolve
non-polar molecules; as a consequence hydrophobic organic
molecules are forced together in water, which interact better with
themselves than with the solute, and therefore the reaction rate
increases. Studies by a large number of authors subsequently
demonstrated that the reactivity in water is primarily determined
by two solvent parameters: its hydrogen bond donating capacity
and solvophobicity, the latter being the main factor.® This
pattern strongly suggests that in water, a hydrogen bond donating
solvent par excellence, the Diels—Alder reaction benefits not only
from enforced hydrophobic interactions but also from hydrogen-
bonding interactions. The role of viscosity on the kinetics of the
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Via Bonanno Pisano 33, 56100, Pisa, Italy. E-mail: cinziac@farm.unipi.it
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Diels—Alder reaction has also been investigated and noted as a
solvent effect. However, the dependence of the rate on the solvent
viscosity is not clear and, therefore, has been both supported and
criticised.*

Ionic liquids with similar properties to water, such as being
highly ordered media and good hydrogen bond donors, have also
been shown to have the potential to influence the outcome of
Diels—Alder reactions. Therefore, ionic liquids have also been used
as solvents to investigate solvent effects in Diels—Alder reactions.
The first example of a Diels—Alder reaction involving an ionic
liquid, ethylammonium nitrate, was published by Jaeger and
Tucker in 1989.1° They investigated the reaction between cyclopen-
tadiene and methyl acrylate in [EtNH;][NOs] and, surprisingly, the
reaction gave a mixture of endo and exo products in a ratio of 6.7 :
1. Since then, a number of examples of Diels-Alder reactions in
ionic liquids have been reported. Chloroaluminate ionic liquids
were used for the first time as both solvents and catalysts for
the synthetically important Diels—Alder reaction.’ These studies
showed endo selectivity and rate enhancement comparable to those
with water for the reaction of cyclopentadiene with methyl acrylate
in acidic room-temperature chloroaluminate ionic liquids, effects
which were attributed to the Lewis acidity of the ionic liquid
anion. Not many studies have been carried out in this type of
ionic liquid, since they are extremely sensitive to water and are
corrosive to many materials due to the presence of aluminium
chloride.

Subsequently, Welton et al.'* have investigated the influence of
non-chloroaluminate ionic liquids on Diels—Alder reactions. In
these papers it was proposed that the observed enhancement of
selectivity and rate in the case of the reaction of cyclopentadiene
and methyl acrylate were controlled by the ability of the ionic
liquid to act as a hydrogen bond donor (cation effect), moderated
by its hydrogen bond acceptor ability (anion effect). Based
on these studies, they predicted that the highest selectivities
will be observed in ionic liquids with the strongest hydrogen
bond donor capacity, coupled with the weakest hydrogen bond
acceptor ability. According to this reasoning, it is not surprising
that good results have been reported for ionic liquids such as
[bmim][PF,], [bmim][BF,] and [bmim][OTf], which comprise a

2522 | Org. Biomol. Chem., 2008, 6, 2522-2529

This journal is © The Royal Society of Chemistry 2008





cation with an acidic proton, and non-polar and weakly basic
anion.’" Low yields have been reported for dialkylimidazolium
bromide and trifluoroacetate ionic liquids, probably because
of the Lewis basicity of the anions.”® More recently, Dyson
et al.* also investigated solvent effects in the Diels—Alder reaction
between cyclopentadiene and methyl acrylate in a range of room-
temperature ionic liquids. They concluded that properties of the
ionic liquid, such as hydrogen bond donor capacity, steric bulk
and overall polarity, are important in determining selectivity.

Finally, recent papers of Silvero et al.'” and Kumar et al.® have
investigated in detail the effect of metal triflates on exo/endo ratios
and reaction rates, in typical Diels—Alder reactions performed in
ionic liquids.

Although most of the factors affecting Diels—Alder reactions
have been identified, their relative contributions are often not
well known. Chemists have been trying to unravel the mystery
of the influence of solvents in organic reactions for many years.
As a consequence, much information has been collected in order
to try to explain what the effects on the Diels—Alder reaction
are. Notwithstanding the studies described above, an exhaustive
study of solvent effects in Diels—Alder reactions for a variety of
dienophiles in ionic liquids has not been reported, partly due to
the lack of known properties such as the Hildebrand solubility
parameter for these neoteric solvents.

It is the aim of this paper to investigate the use of ionic liquids as
solvents for Diels—Alder reactions and to consider their solvent—
solute interactions in order to obtain a better understanding of
their solvent effects. Therefore, kinetic and product distribution
studies using dienophiles with different hydrogen bond acceptor
abilities (Scheme 1) have been carried out in order to compare
reactivity and to obtain information about the hydrogen bond
donor ability of ionic liquids.

It is hoped that greater understanding of solvent effects in
ionic liquids will give us the information necessary to synthesise
new ionic liquids with precisely tailored properties for particular
chemical reactions.

endo

O, —dy A

R =CN, COOMe, CHO

R4

@,
N o f 5
Tonic Liquids [ Y X Tf),N®
q N)\R2 ,ﬁ\ (T2
CHa HyC™ CaHo

Ry = H; CaoHs; C4Hg; CgH17
R2 = H; CH3
X© = BF,©, PFe®, OTF, (TH,N®

Scheme 1
Results and discussion

The relationship between a solvent and solute is intimate and
dependent upon the properties of both. Consequently, solvent
effects on the selectivity of Diels—Alder reactions are dependent
upon the nature of the dienophile. For this reason, we chose to
study both carbonyl-containing and nitrile-containing dienophiles
in order to get a more general insight into solvent effects in Diels—
Alder reactions. The endo/exo selectivities of the cycloaddition
reactions between cyclopentadiene and acrolein, methyl acrylate
and acrylonitrile were measured in 9 ionic liquids and some
conventional organic solvents at 25 °C. The endo/exo selectivities
are reported in Table 1 and graphically represented in Fig. 1; some
relevant solvent parameters are reported in Table 2.

Itis clear from Fig. 1 that similar endo-selectivities are observed
for acrolein and methyl acrylate, which are carbonyl-containing
dienophiles, in contrast to acrylonitrile, which contains a nitrile
group.

The selectivity [log(endo/exo)] of the Diels—Alder reaction
between cyclopentadiene and methyl acrylate at 25 °C has long

Table 1 Endo/exo selectivities observed for the reaction between cyclopentadiene and three dienophiles at 25 °C

Acrolein Methyl acrylate Acrylonitrile

Solvent endo/exo log(endo/exo) endo/exo log(endo/exo) endo/exo log(endo/ exo)
[Hbim][N(Tf),] 4.8 0.681 6.1 0.785 1.2 0.079
[bmim][BF,] 4.2 0.623 4.6 0.663 1.9 0.279
[bmim][PF] 4.2 0.623 4.8 0.681 1.7 0.230
[emim][N(Tf),] 4.1 0.613 4.1 0.613 1.4 0.146
[bmim][OTf] 4.1 0.613 43 0.633 2.3 0.362
[bmim][N(Tf),] 3.9 0.591 43 0.633 1.3 0.114
[omim][N(Tf),] 3.8 0.580 4.1 0.613 1.3 0.114
[bmpy][N(Tf),] 3.7 0.568 4.2 0.623 1.6 0.204
[bm,im][N(Tf),] 3.6 0.556 4.1 0.613 1.2 0.079
Acetonitrile 3.6 0.556 4.1 0.613 1.9 0.279
Acetone 3.6 0.556 34 0.531 1.7 0.230
Propylene carbonate — — — 1.9 0.278
DMSO — 3.9 0.591 2.0 0.301
Dichloromethane 3.2 0.505 — — 1.4 0.146
Ethyl acetate 2.9 0.462 3.1 0.491 1.5 0.176
Toluene 2.4 0.380 2.7 0.431 1.1 0.041
1,4-Dioxane — — 3.2 0.505 — —
Diethyl ether — 2.8 0.447 — —
Hexane 2.8 0.447 2.5 0.398 1.0 0.000
Methanol — 5.5 0.740 — —
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Table 2 Solvent parameters

Reichardt Hydrogen bond Hydrogen bond Dipolarity/ Cohesive

electrophilicity ~ donor acidity acceptor basicity polarisability index ~ Molar volume Internal energy  pressure
Solvent EY?® a’ B praakd Vu/cm®mol™' ¢ AU/kJmol™'¢  §*/Jem™> ¢
[Hbim][N(T¥),] 0.840¢ 0.940¢ 0.230 1.090¢ 262 118 450
[bmim][BF,] 0.670 0.627 0.376 1.047 202 201« 929«
[bmim][PF] 0.669 0.634 0.207 1.032 206 189 718
[emim][N(T¥),] 0.658¢ 0.627¢ 0.225 0.998* 258 196 585
[bmim][OTf] 0.656 0.625 0.464 1.006 217 149¢ 645°
[bmim][N(Tf),] 0.645 0.617 0.243 0.984 292 191 554
[omim][N(Tf),] 0.630° 0.595¢ 0.291 0.961¢ 361 226 523
[bmpy][N(Tf),] 0.544 0.427 0.252 0.954 305 154 506
[bm,im][N(Tf),] 0.541 0.381 0.239 1.010 309 179 625
Propylene 0.511 0.309 0.394 0.930 85 63 740
carbonate
Dimethyl 0.471 0.160 0.725 1.027 71 43 600
sulfoxide
Acetonitrile 0.460 0.350 0.370 0.799 53 31 590
Acetone 0.350 0.202 0.539 0.704 74 27 398
Dichloromethane  0.309 0.042 —0.014 0.791 64 26 410
Ethyl acetate 0.228 0.040 0.482 0.559 99 29 347
Toluene 0.100 —0.213 0.077 0.532 107 30 337
Hexane 0.009 0.070 0.040 —0.120 132 26 225

“Solvent parameters determined in this work. ® Solvent parameters for ionic liquids from ref. 19. Solvent parameters for molecular solvents recalculated
from ref. 20. © Data for ionic liquids obtained from ref. 21. Data for molecular organic solvents obtained from ref. 22.
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Fig. 1 Comparison of the endo-selectivities of the Diels—Alder reaction
of cyclopentadiene with different dienophiles.

been used as a solvent polarity scale (€2, the Berson’s empirical
solvent parameter), reported in Table 1.%

log(endo/ exo)rs0c = a + bQ2,s0 (1)

The different sensitivity of acrylonitrile, methyl acrylate and
acrolein to solvent effects on the selectivity can be used to comment
on the generality of this scale. Plots of the correspondences to the
equation are given in Fig. 2 and 3 for the data of acrylonitrile and
acrolein respectively.

Whilst the linear relationship characterizing the data reported
in Fig. 3 (R*> = 0.942) confirms that the stereoselectivity of methyl
acrylate and acrolein is affected by the solvent in a similar way,
in contrast it can be understood from Fig. 2 (R?> = 0.332) that
the response of the stereoselectivity to a change of solvent for the
methyl acrylate and acrylonitrile system is different: no correlation
has been found between log(endo/exo) and Q,soc. It is clear that,
even when the reaction is similar to another Diels—Alder reaction,
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Fig. 2 The relationship between the log(endo/exo) of the reaction
between cyclopentadiene and acrylonitrile and Berson’s empirical solvent
parameter at 25 °C (2550¢). Applying eqn (1): a = —0.048; b = 0.367; R* =
0.332.

but with a non-carbonyl-containing dienophile, Q2,50 fails to offer
a prediction for the experimental outcome.

Since attempts to correlate the endo/exo selectivities to the
solvent properties using single parameters relationships gave
(with few exceptions) fairly poor correlations for all investigated
dienophiles (see ESI, Fig. 1S-3St), we have used multiparameter
relationships (LSER), in order to gain a better understanding
of the solvent effects on the selectivity of these reactions. As
introduced by Kamlet, Abboud and Taft* and subsequently
developed by Abraham ez al.,”® the LSER approach characterizes
solvation effects in terms of nonspecific and specific interactions.
Thus, a solvation property of interest (selectivity or reaction rate)
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Fig. 3 The relationship between the log(endo/exo) of the reaction
between cyclopentadiene and acrolein against Berson’s empirical solvent
parameter at 25 °C (Q,50¢). Applying eqn (1): @ = 0.183; b = 0.645; R* =
0.942.

is modelled by a linear free energy relationship of the form of
eqn (2) and eqn (3). In this case, the solvent-dependent property
is the natural logarithm of the endo/exo ratio at 25 °C, a is
a measure of the solvent hydrogen bond donor acidity, f is a
measure of the hydrogen bond acceptor basicity, 7* is an index of
solvent dipolarity/polarizability, AU is the internal energy of the
solvent, V' the molar volume and # viscosity. In eqn (3), EY is the
Reichardt electrophilicity, which can be written as linear function
of both a and 7*.%

Both eqn (2) and eqn (3) were applied to selectivity data from
reactions of each of the dienophiles in all the investigated ionic
and molecular solvents (Table 3).

In(endo/exo) = const + aa + bff + cn* + dAU + eVy +fi  (2)

In(endo/exo) = const + aEY + bf + dAU + eVy + fy 3)

It is clear from Table 3 that the most significant factor in
determining selectivity in the reaction of acrolein is the hydrogen
bond donor ability of the solvent, a. The good fit observed
considering only the a parameter further supports the strong
hydrogen bond dependence on the endo selectivity for this reaction.
This is consistent with the good hydrogen bond acceptor ability
of this dienophile (f ~ 0.8), characterized by the presence of
a carbonyl group. Moreover, the insignificant coefficients of 7*
and V) seem to indicate that these only have a slight effect on
influencing the selectivity of the reaction between acrolein and

cyclopentadiene. When the experimental selectivities were fitted
against the predicted selectivities using the equation in Table 3,
the correlation coefficient was 0.983 and the standard deviation
0.034 (N = 14) showing that predictions of selectivity for the
Diels—Alder reaction between cyclopentadiene and acrolein in any
conventional organic solvent or ionic liquid are possible with only
small errors (Fig. 4).

3 ®
’5‘31.3— @
8 e
S 124
g
£ 114 @ e

1,04 )

@
0,94 3

T T
08 09 1,0 11 1.2 13 14 1,5 16
In (endo/exo)
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Fig.4 Calculated versus observed selectivities of the Diels—Alder between
acrolein and cyclopentadiene for several solvents. 1: [bmim][N(Tf),]; 2:
[bm,im][N(Tf),]; 3: [emim][N(Tf),]; 4: [bmim][BF,]; 5: [bmim][PF]; 6:
[omim][N(Tf),]; 7: hexane; 8: acetone; 9: acetonitrile; 10: ethyl acetate;
13: [Hbim][N(Tf),]; 14: dichloromethane; 15: toluene; 16: [bmim][OTf];
17: [bmpy][N(T),].

The relatively high importance of the hydrogen bond donor and
dipolarity/polarizability properties of the solvent, in contrast to
the small contribution of the internal energy term, can also be
clearly seen in the case of methyl acrylate (Table 3, Fig. 4St). It is
noteworthy that the exclusion of the internal energy term results
in a decrease of R? only from 0.964 to 0.933, while the exclusion
of * gives an R* of 0.833 and more importantly, the exclusion of
a gives an R? of 0.614.

Finally, although only a very low endo-selectivity was observed
in the case of acrylonitrile, attempts to correlate the observed
values with solvent parameters have been performed. In this case,
polarity described by Reichardt’s dye, hydrogen bond basicity,
molar volume and solute internal energy are the most appropriate
solvent parameters to describe solvent effects on the selectivity of
the reaction between cyclopentadiene and this dienophile (ESI,
Fig. 5St). Nevertheless, it being known that EY is related to
the hydrogen bond donor and the dipolarity/polarizability, we
decided to also analyse our results using these parameters, so

Table 3 LSERs describing solvent effects on the selectivity of Diels—Alder reactions of cyclopentadiene

Dienophile In(endo/ exo) R’ F?
Acrolein 1.042 + 0.560a + 0.1167* — (3.929 x 1074V 0.960 105.4
Methyl acrylate 0.936 + 0.515a + 0.3757* — (7.421 x 1079)AU 0.964 150.95
Acrylonitrile* 0.335 + 0.328EY + 0.493f + (2.818 x 107)AU — (3.168 x 107%)Vy 0.949 66
0.318 + 0.112a + 0.486f + 0.157x* + (2.754 x 107*)AU — (3.100 x 1073)Vy 0.944 48.6

“The LSER expressed in terms of a and 7* gave a slightly poorer fit than that in which these two factors were combined into one, EY. However, this
LSER is given, so that comparison with those for acrolein and methyl acrylate can be more readily made. ® F is the Fisher’s test parameter for statistical

treatment; R}, is the correlation parameter for multiparameter fitting.
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Table 4 Kamlet-Taft descriptors that characterize the dienophiles stud-
ied in this work

Table 5 Second-order rate constants of the Diels—Alder reaction between
cyclopentadiene and three dienophiles at 25 °C

Acrylonitrile Acrolein Methyl acrylate
a 0.315 0.345 0.130
B 0.369 ~0.8¢ 0.452
* 0.824 0.873 0.642

“The UV cut-off of acrolein prevented the measurement of this value,
which was therefore approximated.

that a quantification of the hydrogen bond donor and dipolar-
ity/polarizability effect separately and a direct comparison with
the LSERs of acrylonitrile and methyl acrylate could be made.
The LSER expressed in terms of a and 7* gave, however, a
slightly poorer fit than that in which these two factors were
combined into one, EY. Furthermore, it is noteworthy that the
LSER for acrylonitrile involves more parameters than those of
the other dienophile. This suggests that the situation is more
complex. It can be seen that solvent effects on the selectivity in
the case of carbonyl-containing dienophiles depend mainly upon
the hydrogen bond donor ability of the solvent (a), while the
changes in selectivity for acrylonitrile are mainly regulated by
the hydrogen bond acceptor ability of the solvent () and other
factors. The different significance of the solvent parameters in
the suggested regression models can be explained by the different
solvent properties of the dienophiles (Table 4).

Firstly, it can be noticed that the significance of a (hydrogen
bond donor ability) in the LSER equations is consistent with
the nucleophilic nature of the dienophiles. Acrolein presents a
stronger hydrogen bond basicity, and it is therefore expected that
hydrogen bond interactions with the solvent will be a greater
factor in determining selectivity. The case of methyl acrylate,
which is a better hydrogen bond acceptor than a donor, is
similar. On the other hand, acrylonitrile is a poor hydrogen bond
acceptor, with similar hydrogen bond donor ability, and large
dipolarity/polarizability contributions. Thus, solvent effects on
the selectivity for this dienophile are controlled by many factors,
as seen in the LSER equation.

Solvent effect on rate

The second-order rate constants of the reaction between cyclopen-
tadiene and the three selected dienophiles were determined at 25 °C
in several organic solvents and ionic liquids (Table 5).

Generally, an enhancement of the second-order rate constant
is observed for the reaction between cyclopentadiene and acrolein
when performed in ionic liquids compared with traditional organic
solvents. In particular, the chemical rate constant increases by
more than 2 orders of magnitude when the solvent is changed
from non-polar (e.g. hexane) to polar (e.g. [Hbim][N(T¥),]).

Clear evidence of the hydrogen bond effect in ionic liquids
can be found in the results presented in Table 5. The rate of
reaction decreases to almost half on going from [bmim][N(Tf),] to
[bm,im][N(T¥),]. This decrease is a consequence of the replacement
of the slightly acidic hydrogen at position C-2 with a methyl group
in the imidazolium cation. As a result, [bm,im][N(Tf),] loses the
ability to hydrogen bond to the carbonyl of acrolein by this proton,
and even though hydrogen bonding can still occur from other
protons, its a value is the lowest of all of the ionic liquids used,

Acrolein Methyl acrylate  Acrylonitrile

Solvent ky x 104/ M~ 's! k, x 10°/M7's7! k, x 10°/M~! 7!
[Hbim][N(Tf),] 163+ 6 9.12+0.01 4.53 £0.21
[bmim][BF,] 1.76 £ 0.03 4.69 £+ 0.04 4.48 £0.32
[bmim][PF] 1.40 +0.03 4.31+£0.11 2.63+0.13
[emim][N(Tf),]  2.60 £ 0.05 419 £0.17 2.53+£0.84
[bmim][OTH] 2.16 £ 0.06 4.30 £ 0.07 1.06 £0.22
[bmim][N(Tf),]  2.30 &+ 0.06 3.23 +£0.01 3.64 £+ 0.40
[omim][N(Tf),]  1.46 £ 0.04 3.31 £0.08 6.85+0.93
[bmpy][N(Tf),]  1.93 £ 0.06 3.88 £0.03 5.04 +£0.77
[bm,im][N(Tf),] 1.40 £0.03 3.42+£0.20 4.00 £ 0.61
Acetonitrile 1.01 £0.02 2.21+£0.13 1.72 £0.27
Acetone 0.67 £ 0.01 1.124+0.03 1.35+0.25
Dichloromethane 1.50 & 0.02 — 2.81+£0.93
Ethyl acetate 0.10 £ 0.00 — 1.01 £0.17
Toluene 1.00 + 0.02 1.77 £ 0.18 —

Hexane 0.45 £ 0.01 1.23 £0.04 0.11 £0.05

and these are expected to be much weaker. Moreover, the very
large acceleration observed in [Hbim][N(Tf),] could be thought to
be due to a stronger hydrogen bond interaction occurring between
the highly polarised N-H bond of the cation of this ionic liquid
with the carbonyl of acrolein.

In contrast, in the case of methyl acrylate the small observed
decrease in acceleration when the reaction is performed in
[bm,im][N(T¥),], in comparison to its analogue [bmim][N(Tf),],
argues against the fact that hydrogen bonding is the main factor
in determining its reactivity.

Finally, the observed second-order rate constants, k,, of the
reaction between cyclopentadiene and acrylonitrile show that
changes in the reaction rate occur in a random way. For example,
it appears from the results that the polarity of the solvent is not
strongly related to the differences in the rate constants. So, ionic
liquids such as [bmim][PF,], [emim][N(Tf),] and [bmim][OTf],
which are highly polar solvents and have similar polarites to the
other ionic liquids, have rate constants with magnitudes similar to
those of relatively polar molecular solvents.

In addition, the changes in the reaction rates are not related to
the hydrogen bond donor ability of the solvent, which is largely
expected because of the poor hydrogen bond acceptor ability of
the acrylonitrile in comparison to acrolein and methyl acrylate.
Finally, a direct relationship with the solvophobicity of the solvent
is also not seen.

To obtain a reasonable correlation of the kinetic constants with
solvent parameters, the multiparameter correlations (eqn (2) and
eqn (3)) previously employed for the selectivity data were used to
fit the kinetic constants (single relationships of &, vs. some solvent
parameters are reported in Fig. 6S-8St).

The first point of note is that the R* values for these correlations
are much poorer than those found for the selectivities of the same
reactions. This suggests that the combination of factors leading to
the changes in the rates of the reactions are more complex than
those leading to changes in selectivity and are more sensitive to
effects not covered in the analysis, such as subtle fluctuations in
reaction conditions.

This partly arises from the selectivities being the result of the
ratio of the reaction rates for the endo and exo products whereas
the overall rate of the reaction is the sum of the rates for the two
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Table 6 Correlations describing solvent effects on the rates of Diels—
Alder reactions of cyclopentadiene

Ink, R? F
Acrolein —9.86 + 0.99a — 1.538 + 1.34n* — 0.002 0.852 14
—9.77 + 2.94E} — 1.53f — 0.002% 0.837 14
Methyl acrylate —11.36 + 1.81E} 0.691 17
—11.46 + 0.61a + 0.917* 0.684 17
Acrylonitrile —13.26 + 3.007* 0.790 15

products. The consequence of this is that some effects are cancelled
out in the selectivities of the reactions. For instance, the viscosity is
present in the correlation for Ink, for acrolein, whereas it is absent
in the explanation of its selectivities.

Analysis of the equations in Table 6 leads to the conclusion
that an increase in the second-order rate of the Diels—Alder
reaction between cyclopentadiene and acrolein is favoured by
good hydrogen bond donors and solvents interacting through
dipole/polarizability effects (positive coefficients for a and 7*)
while it decreases with viscosity and hydrogen bond acceptor
solvents (negative coefficients for f and #) (Fig. 9Sf). The
positive influence of the ability of the medium to interact
through dipoles/polarizability can be understood in terms of the
stabilization of the transition state relative to the reactants, due
to a more dipolar activated complex.”” The accelerating effect of
a is also quite understandable due to the presence of a carbonyl
group in acrolein that can be subjected to electrophilic solvation,
especially with good hydrogen bond donor solvents such as ionic
liquids. At the same time, it is understandable that hydrogen bond
acceptor solvents will not favour the reaction rate. Acrolein can
interact with hydrogen bond acceptor solvents directly through its
proton. As a consequence, a deactivation of acrolein will occur.
The minus sign corresponding to viscosity indicates that a highly
viscous environment can be considered to play an inhibitory role.

Both eqn (2) and eqn (3) can be considered good descriptors
of the solvent effects responsible for the changes in the rate of
the Diels—Alder reaction between cyclopentadiene and methyl
acrylate. However, according to the dual-parameter model, which
takes account of the importance of specific interactions such as
hydrogen bond donation (a) and dipolarity (z*) separately, both
a and #* are significant, but z* plays a more important role
in determining the reaction rates. Nevertheless, it is important
to notice that the weak correlation obtained in Table 6 may be
due to a lack of predictors in the equation or the inaccurate
estimation of the predictors of second-order rate constants. In the
first case, the predictors a and #* or EY are important factors in
the understanding of solvent effects of this reaction; however, they
are not enough on their own to fully understand solvent effects
in the rate of the Diels—Alder reaction between cyclopentadiene
and methyl acrylate. In the second case, an obvious scatter will
appear in the representation of the relationship. In fact, some
scatter appeared to be responsible for the weak correlation when
the experimental values of Ink, were plotted against its calculated
values from Table 6 for the 17 solvents in order to show the
efficiency of the suggested regression equations.

As can be seen in Fig. 5, the experimental and calculated
values of Ink, are in fair agreement (R = 0.843 and 0.850
respectively). This indicates that solvent effects on the rate of
the Diels—Alder reaction between cyclopentadiene and methyl
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Fig. 5 Plot of the calculated values versus the observed values of Ink,
of the Diels—Alder reaction of methyl acrylate and cyclopentadiene for
the 17 solvents. a) Model using EY. b) Model using a and z*. I:
[bmim][N(Tf),]; 2: [bm,im][N(T¥),]; 3: [emim][N(Tf),]; 4: [bmim][BF,]; 5:
[bmim][PF]; 6: [omim][N(T¥),]; 7: hexane; 8: acetone; 9: acetonitrile; 12:
dimethyl sulfoxide, 13: [Hbim][N(Tf),]; 15: toluene; 16: [bmim][OTf]; 17:
[bmpy][N(Tf),]; 18: ether; 19: 1,4-dioxane; 20: methanol.

acrylate can be mainly explained in terms of hydrogen bond
donor and dipolar/polarizability properties of the solvent, the
latter being more significant.

Finally, for acrylonitrile the experimental and calculated values
of Ink, from Table 6 are found to be in good agreement (R =
0.954), showing that dipolarity/polarizability is the main factor
responsible for the observed changes in the second-order rate
constants of this Diels—Alder reaction (Fig. 10St).

Conclusions

The response of Diels—Alder reactions to their solvent environ-
ment is complex, and different dependencies are found when
measuring selectivity or kinetics and when different dienophiles
are used. However, where studies of the same quantity for the
same, or similar, dienophiles to those studied here are available

This journal is © The Royal Society of Chemistry 2008
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in the literature, there is good agreement with our results, even
though different approaches have been taken to the analysis.**¢

In conclusion, we can state on the basis of this study that the
solvent effects that are seen in these Diels—Alder reactions are a
function of both the solvent and the solute. For a solvent effect
to be seen, the solute must have a complimentary character. For
instance, when investigating both the selectivities and rates of these
reactions, it was found that the solvent hydrogen bond donation
ability (a) was important in the reactions of acrolein and methyl
acrylate, but not of acrylonitrile.

Experimental

Dicyclopentadiene (90%), acrolein (90%), acrylonitrile (90%),
mesitylene (>99.8%) and bromobenzene (>99.5%) were pur-
chased from Fluka, methyl acrylate (99%) from Lancaster and
anhydrous methanol (99.8%) from Aldrich. Methanol, mesity-
lene, acrylonitrile and bromobenzene were used without further
purification; the ionic liquids were synthesized as reported in the
ESIt and dried by heating in vacuo to 65 °C for 3 hours prior
to use; the rest of solvents were dried by heating under reflux and
distilled following standard drying procedures. Dicyclopentadiene
was cracked before use; during the cracking process the collecting
flask was kept in liquid nitrogen to avoid dimerization. Methyl
acrylate was purified by several washings with an aqueous solution
containing 5% sodium hydroxide and 20% sodium chloride and
dried afterwards with anhydrous calcium chloride. The dried
solution was distilled and stored over calcium hydride in a
refrigerator. Before using, the monomer was distilled on a vacuum
line. Acrolein was distilled from CuSO, at low pressure, placing
the receiver flask in liquid nitrogen to avoid polymerization. All
liquids were manipulated under a nitrogen atmosphere and syringe
techniques were employed in their transfer.

GC measurements for the reaction of methyl acrylate and
acrolein with cyclopentadiene were performed using a RH-WAX
GCcolumn (30m x 0.25mm ID x 50 pum). The conditions used for
all runs were: injector temperature 250 °C; detector temperature
250 °C; oven temperature 120 °C and 100 °C respectively; total run
time 15 min. GC measurements for the reaction of acrylonitrile
were carried using a HP-Wax crosslinked polyethylene glycol
column (30 m x 0.25 mm ID x 0.25 um). The conditions used for
all runs were: injector temperature 250 °C; detector temperature
250 °C; oven 70 °C for 15 min, then 10 °C min™" up to 120 °C.

Equation coefficients and statistical parameters of LSER cor-
relations were obtained by multilinear correlation analysis using
Minitab 14 or SPSS statistical software.

Determination of the kinetic constants in ionic liquids and
molecular solvents

The Diels—Alder reactions between cyclopentadiene and methyl
acrylate or acrolein and were carried out under second-order
conditions using UV-vis or GC techniques. In contrast, the kinetics
of acrylonitrile were studied by UV under pseudo-first-order
conditions, using an excess of the dienophile (20-100-fold), and
by GC under second-order conditions with equal concentrations
of reagents. All reactions were contained within 1 or 0.1 cm
path length cuvettes, using a Perkin Elmer Lambda 2 or a Cary
2200 UV-vis spectrophotometer. Quartz cuvettes were sealed and

filled with nitrogen before adding the reactants. The second-order
kinetic constants are reported in Table 5.

Reaction of cyclopentadiene with methyl acrylate. In a typical
experiment, methyl acrylate (172 ul, 1.9 mmol) was added to 2.1 ml
ionic liquid in a capped vial under a nitrogen atmosphere and
the mixture was stirred for 15 min before adding a standard,
bromobenzene (0.1 ml, 9.4 mmol). Then, the reaction was initiated
by injection of freshly cracked cyclopentadiene (150 ul, 1.9 mmol).
The solution was magnetically stirred for 6 h 30 min under a
nitrogen atmosphere. Aliquots (50 pl) were removed from the
reaction mixture at various times, products and reagents were
extracted using diethyl ether or other solvents (0.5 ml), and the
extracts analyzed by GC. The kinetic constants were determined
following the disappearance of the dienophile over time.

Reaction of cyclopentadiene with acrolein. In a typical experi-
ment, the cell containing 2 ml of the solvent was thermostatted at
the appropriate temperature (£0.1 °C) for 10 min. Acrolein (20 ul,
299 umol) was then added, and the solution was mixed manually
until homogeneous. Then, cyclopentadiene (24.8 ul, 299 pumol)
was added. The second-order rate constants were determined by
monitoring the decrease of absorbance of acrolein at appropriate
wavelengths (normally 250-450 nm) in a 1 cm quartz UV cell. For
all the reactions, the cuvettes were sealed with a septum to prevent
evaporation of the reactants; evaporation of cyclopentadiene
or/and acrolein could seriously hamper the kinetic measurements
and lead to large errors in the determination of the rate constants.

Reaction of cyclopentadiene with acrylonitrile. The second-
order rate constants for the reaction of acrolein with cyclopentadi-
ene were determined by monitoring the decrease of absorbance of
acrylonitrile at 240 nm using a 0.1 cm quartz UV cell. Typically, the
initial concentration of cyclopentadiene was ~10~2 M and that of
acrylonitrile 20-100 times higher. In some cases the cut-off wave-
length of the solvent did not allow the monitoring of the reaction
by UV-vis spectroscopy, and therefore gas chromatography was
used. When gas chromatography was used, the kinetic experiments
were performed under second-order conditions (7.60 x 10! M),
following the disappearance of the dienophile, using mesitylene as
an internal standard.

Determination of the endo/ exo ratio in the reaction of
cyclopentadiene with methyl acrylate, acrolein and acrylonitrile in
ionic liquids and molecular solvents

In a typical procedure to measure the endo/exo ratio, the
dienophile (175 pl, 1.9 mmol) and freshly cracked cyclopentadiene
(150 pl, 1.9 mmol) were added to 2.1 ml ionic liquid or molecular
solvent in a sealed vial. The single solution was stirred at 25 °C for
24 h under nitrogen atmosphere. A sample of 50 ul was taken from
the reaction and the product mixture and reagents were extracted
from the ionic liquid, preferentially with diethyl ether (0.5 ml),
but sometimes another molecular solvent (0.5 ml). Extracts were
analyzed by GC to obtain the endo/exo ratios reported in Table 1.
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Using cartoons as an organizational aid, we illustrate how the ‘fluorophore—spacer—receptor’ format of
fluorescent PET (photoinduced electron transfer) sensors and switches can be logically extended in
many different directions. These include emissive sensors for various chemical species and properties,
and exploit various kinds of emission. Common sensing issues such as dynamic range, internal
referencing, selectivity, mapping and space resolution are addressed. The sensory output function is
also developed into more complex forms, molecular logic/computation being one such example.
Molecular logic leads to molecular arithmetic. Real-life applications to physiological monitoring,
medical diagnostics and molecular computational identification of small objects are included.

1. Introduction

We humans pride ourselves on being able to apply logic in our
dealings. Our economies would be far less sophisticated if numbers
did not underpin them. We (as well as other life-forms) depend
on several senses, such as vision, for our survival and success.
Most of us also like to be useful to the rest of society. Amazingly,
these valued features of sense, logic, numeracy and utility are also
displayed—at least at a rudimentary level—by molecules built
largely according to a single design. These molecules need to be
bright, not because they accomplish functions often ascribed to
some degree of intelligence, but because they need to emit light
signals in order to communicate with their human handlers—
us. These molecules can gather and process information from
humanly significant spaces so small that only they have access.
So their value to general society can be significant

In this perspective, we will outline the entry-level design and then
show how it can be taken logically in many different directions—

School of Chemistry and Chemical Engineering, Queen’s University, Belfast,
BT9 5AG, Northern Ireland

one of these directions even forming a new experimental field.
Fig. 1 illustrates how directly these various avenues arise. Once a
few conditions are met, each of these cartoons can generate many
different chemical structures aimed towards various chemical
situations. Examples will be chosen to set each of these cartoons
in context.

2. Cartoon 1: the basic sensor/switch system

One of the early examples of a ‘fluorophore-spacer—receptor’
system' is our 1.2 Here, we set out to demonstrate an ‘off-on’
fluorescent sensor for Na* with a quantitatively rational design
basis. The excited state energy of the cyanoanthracene fluorophore
is 3.0 eV3 Its reduction potential is —1.6 eV. The oxidation
potential of the n-system in the benzo-15-crown-5 ether receptor
is +1.4 eV. Thus the photoexcited state contains sufficient energy
to drive an electron from the receptor to the fluorophore.* So the
fluorescence capacity of 1 is ruined, even though the transferred
electron is returned after a few picoseconds. 1’s ‘off state’ is
caused by photoinduced electron transfer (PET).>7 1’s relative
photostability is ensured by thermal back electron transfer.

Glenn D. Wright, A. Prasanna de Silva, Thomas P. Vance and
Matthew E. S. West

Raised in places as diverse as Colombo, Bangor, Enniskillen and
Carrickfergus, the authors share the common factor of PhD study
in organic photochemistry at Queen’s University of Belfast, Northern
Ireland. Generalization of the fluorescent PET sensor principle and
the invention of molecular logic gates happened here. Rock-climbing,
water-skiing, percussion and following local football keep the authors
off the streets when out of the lab.
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Fig. 1 Cartoons illustrating the logical extensions of the ‘fluorophore—s-
pacer—receptor’ format of fluorescent PET (photoinduced electron trans-
fer) sensors and switches. Legend: F (in blue) = fluorophore, S (in green) =
spacer, R (in red) = receptor, D (in pale violet) = electron donor, Fic;
(in shaded blue) = fluorophore with an internal charge transfer (ICT)
excited state, L (in blue) = lumophore, TS (in white) = transparent
sheath, T (in orange) = targeting group, Cicr (in shaded pale blue) =
chromophore with an internal charge transfer (ICT) excited state, P (in
yellow) = polymer, - = solvent dipole. Regions of overlap between
fluorophores/chromophores and receptors are shown in violet.

How do we achieve 1’s ‘on’ state? The entry of Na* into
the suitably sized cavity of the benzo-15-crown-5 ether naturally
increases the oxidation potential of the latter. So the photoexcited
state is no longer able to drive the electron transfer to the
fluorophore from the receptor (now Na*-bound). From another
point of view, the electric field of Na* holds the electron back.
The eventual de-excitation of the photoexcited state (after a few
nanoseconds) gives observable fluorescence.

Though structurally uncomplicated, 1 has excellent selectivity
for signalling Na* in the presence of H* —which is exploited in
Section 13. Discrimination among alkali cations is not great, but
1’s progeny improves this aspect to the point of social impact and
commercial success (Section 9). A mutation of 1’s receptor module
into a calixarene crown produces 2,* which allows the selective
monitoring of Cs* in ‘hot’ nuclear waste, which is both acidic
and saline. Overall, hundreds of examples of ‘fluorophore-spacer—
receptor’ systems are now available.”® For instance, our 3"—
trademarked as lysosensor blue™—detects intracellular acidic

compartments by emitting blue fluorescence.!* It helps radiologists
to understand how y-rays cause cell damage during radiotherapy.'
The H*-driven switching efficiency of 3 in a chemical context is
clearly visible in Fig. 2.

Fig.2 Beakers containing a solution of 3 without (bottom) and with (top)
addition of H* as a target, while under ultraviolet (366 nm) irradiation.

3. Cartoon 2: sensor systems with wide dynamic
range

Cartoon 1 illustrated how covalent linking of a receptor (for
chemical transactions) via a spacer produced an autonomous
intelligence-gathering molecule. Such an autonomous system e.g.
3, can function without losing integrity in multicompartmental
biological environments.'* However, covalent linking can be given
up to gain other advantages, as done in the case of producing
sensing ensembles.'*'> We now wish to gain the advantage of a
very wide dynamic range of sensory action.'® Molecular sensors
only show a good response over a narrow range of analyte
concentrations, as illustrated by the famous 2 pH unit indicator
range.'” Eqn (1) describes this response function.'®

lOg[(IFmax - IP)/(II' - IFmin)] = _pH + pKa (1)

So we use a simple mixture of several ‘fluorophore-spacer—
receptor’ systems 3—6 where everything remains the same except
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for the various receptors, which are carefully chosen so that
their pK, values fit an arithmetic progression. This series can
be predicted by numerically maximizing the linearity of the
fluorescence intensity—pH response curve of the additive mixture
as a function of the pK, values. This means the sensing range of
each ‘fluorophore—spacer—receptor’ system meshes with the others
in the manner of an athletics relay team. When the action of one
finishes, another takes over, and so on as we traverse the pH range.

4. Cartoon 3: sensors for polarity

What if a “fluorophore—spacer—receptor’ system lost its chemical
reception ability? The conditions for PET can be maintained by
conserving the essential n-system. For instance, the crown ether
of 1 can be sawn off to produce 7. If the driving force for PET
is not too large, such cases can be manipulated in a useful way.
The redox potentials, which make up the PET driving force, are
usually measured in polar organic aprotic media.® Therefore if
we imagine PET in less polar media, the driving force becomes
endergonic because the radical ion pair state is less solvated.?
With PET thus weakened, fluorescence predominates as the de-
excitation channel. So we have fluorescence switching ‘on’ in 7
as the solvent polarity is reduced.’®**> Of course, this effect can
ambush experiments that are aiming to measure chemical species
in intracellular environments if we are not careful.

The H*-driven fluorescence switching ‘on” of 8% can be predicted
from older electrochemical data* and from previous closely-
related fluorescent PET sensors.® So it is not surprising that pro-
tonation of 8 enhances the fluorescence quantum yield by a factor
of 165 in aqueous methanol. However, attempting® to employ 8
as an intracellular pH probe is unsuccessful. Instead, 8 localizes
in intracellular membrane structures of low polarity, where it then
becomes strongly fluorescent in a pH-independent manner.

5. Cartoon 4: one-way PET

Cartoon 4 arises from cartoon 1 by a subtle mutation. The fluo-
rophore, being based on an internal charge transfer (ICT) excited
state,”??" presents a substantial electric field to its surroundings.
Many push—pull t-systems with graded electron density are of this
type.?® Such a field can repel or attract inbound electrons from a
receptor depending on its orientation. If the driving force for PET
is exergonic but not too large, such an electric repulsion can stop
the PET and fluorescence is switched ‘on’. This is the case for 9.
If the same fluorophore were attached to the ‘fluorophore-spacer—
receptor’ with the opposite orientation (10), the electric attraction
augments the driving force for PET and fluorescence is switched
‘oft’. Of course, the fluorescence of 10 can be switched ‘on’ by
protonation of the amine receptor (as normally seen under cartoon
1). On the other hand, H*-induced fluorescence switching of 9 is
poor, since it is already rather fluorescent in the absence of H*.*
The photogenerated electric field is only half the explanation for
the clearly different photophysics displayed by the regioisomers 9
and 10. Gao and Marcus’ theoretical study showed that the imide
nitrogen is a node in both frontier orbitals of both 9 and 10.%
Hence PET is more difficult across the imide nitrogen. The relative
importance of these two explanations can be tested by mutating
9 and 10 into 11 and 12 respectively so that the direction of PET
is reversed.® Pyridine receptors encourage PET towards them,

once protonated.’? The driving forces for PET for protonated 11
and 12 are close to zero, making them appropriate for the test.
H*-induced fluorescence switching is poor in both cases and most
importantly, no significant regiochemical differences are seen. So
both explanations turn out to be of equal importance.*

Qian et al. extend the structural landscape around these cases
in two educational ways. Though PET is suppressed in 9, there is
an intramolecular hydrogen bond, albeit weak, between the pro-
tonated aliphatic amine and a carbonyl oxygen which noticeably
reduces the fluorescence efficiency of protonated 9 by introducing a
vibrational energy loss mechanism.** Qian et al.’s 13* possesses an
iminothiazolidine unit instead of the aliphatic amine of 9. When
protonated, the latter reduces its fluorescence strongly because
the hydrogen bonding to the carbonyl oxygen is extensive. Their
14% is also a structural adjustment of 9, with the receptor a
tertiary aromatic amine, which is more oxidizable than an aliphatic
counterpart. This makes the driving force for PET from the
receptor to the fluorophore significantly more exergonic (than
that for 9)—so exergonic that the photogenerated electric field
and the node cannot stand in the way of the transferring electron.
Normal PET service in the manner of cartoon 1 is resumed
and 14 displays nice H*-induced fluorescence switching ‘on’.
This case is remarkable because the receptor is a proton sponge
(1,8-bis(dimethylamino)naphthalene) and therefore, is extremely
efficient. The experimentally found pK, value is 10.8. Although
the receptor is not physically separated from the fluorophore by
an alkyl spacer, electronic separation is the upshot.

6. Cartoon 5: phosphorescent sensors

The bulk of this perspective concerns emission from excited singlet
states. Can excited triplet states contribute to the cause? Indeed,
room temperature phosphorescence (RTP) is worth co-opting into
‘lumophore-spacer—receptor’ systems, because the millisecond
lifetime of triplet states gives them an advantage. Signal detection
becomes easier by time-gating out any background fluorescence
lasting just nanoseconds. However, the triplet excited states of
aromatic n-systems that gave rise to RTP are notorious in being
killed off by the merest whiff of dioxygen. A nice way of minimizing
this problem is to encase the triplet state in a transparent sheath®-’
so that only photons can get in and out. In our present case
however, we need to ensure that the ‘normal’ receptor R remains
accessible to the analyte. Luckily, such regioselective encapsulation
can be arranged by exploiting the hydrophobic forces between -
cyclodextrins and aromatic compounds in water. 15% was the first
case, while 16* and 17* are more recent incarnations. Obviously
the driving force for PET in these cases must be evaluated for the
triplet excited state.*!

7. Cartoon 6: membrane-targeted sensors

The value in accessing small spaces with molecular spies was
indicated in the introduction. We need to outfit the molecules
with suitable vehicles to take them there. Targeting modules of
controlled hydrophobicity, as measured by Hansch et al,** can
serve this purpose in simpler situations. These would target each
of the molecular spies to a location of matching hydrophobicity,
thereby allowing us to build up a picture of the distribution of
an analyte in a field. Cartoon 6 has a main targeting module T
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for gross positioning and another targeting module T’ for fine-
tuning of the receptor location to where the analyte information
is to be gathered. H*-sensing 18* is one of a family in which all
members localize in detergent micelles dispersed in water. Each
family member takes up residence at the nanoscopic position that
is suited to the hydrophobicity of its receptor module. Indeed,
the local effective H* density (as measured by the deviation of
the operational pK, value seen in water for suitable model com-
pounds) is found to be a smooth function of T’ hydrophobicity.
Such functions can shed light on the Gouy—Chapman region near
the micelle surface. After all, H* densities near biomembranes are
responsible for energy generation for all the subsequent activities
of cells.*

Nakahara et al’s 19 is a particularly successful example of
a micelle-targeted PET system that achieves the selective mea-
surement of Ba**.** The reduced polarity of the neutral micelle
environment cuts down 19’s effective basicity so that some degree
of Ba?* measurement can be carried out at a reasonable pH
value. In neat aqueous solution, little fluorescence enhancement is
observed due to the poor complexation of 19 with Ba>*.

NR,R

NR,R,
3;R=R,=Et
CN 4;R,= R, = CH,CH,OH
5; R, = H, R, = CH,CH,NEt,
6; R,, R, = CH,CH,N(Me)CH,CH,

CO,Et

12

8. Cartoon 7: sensors for mapping membrane-bound
species

Adding in aspects of cartoon 4 gives us a way of seriously
improving our ambition concerning cartoon 6. Mapping ion
densities in nanospaces near membranes would be so useful.
However, any map requires a method of estimating position.
How do we estimate positions in daily life? We define positions
by referencing them to landmarks nearby. We can do something
similar with molecular spies by asking, what polarity do you sense
in your immediate environment? Fluorophores with ICT excited
states show smooth red shifts in their fluorescence wavelengths in
response to a rising in polarity of their environments.

The answer to the above question would be an estimate of
position in situations where a radial coordinate is a satisfactory
descriptor. Detergent micelles of a spherical nature in water would
fit the bill. Of course, the PET design of cartoon 7 allows the
measurement of the local effective concentration of a chosen
analyte. Now we have a local analyte level for a known position.
Different data-pairs like this, obtained from various molecular
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spies hydrophobically targeted to a range of positions in micellar
media, lead to lovely maps.*

9. Cartoon 8: polymer-bound sensors/switches

The very act of connecting a ‘fluorophore—spacer-receptor’ system
by either end to a polymer species, creates a larger space-scale
where our molecular spy becomes a small but active component.
Such a situation is exploitable in different ways.

If the polymer is water-soluble but organic in nature, we are
almost back to the situation in Section 7. In spite of its linkage,
the molecular spy is able to select its nanoenvironment within the
polymer coils and then measure suitable analytes at that location.
Klok and Moller’s 20 is an early, but visionary, effort in this
direction,* based on one of the earliest spy components.”® The
anionic nature of the polymer electrostatically concentrates K* so
that the detection sensitivity of the molecular spy is enhanced.

Oc
8
0O
(e}
NH N

R
cor
15; R = NEt,

16; R = N(CH,CH,OH),

If the polymer is suitably cross-linked so as to be insoluble,
we can have objects that are large enough to be observable by
the naked eye. Being able to see these gives them an extra sense of
validity and also allows them to be manipulated with confidence.*
Such manipulations include recovery for re-use. Of course, the
downside is that the sub-nanometric spatial resolution of our
molecular spy is sacrificed. The first PET system of this kind, 21,
arising from Soumillion in collaboration with us,*® was one where
silica was the polymer and H* the analyte. Miller and Copeland’s
more recent 22, based on an organic polymer gel bead, allows the
screening of bead-bound catalysts for local H* generation from
substrates in solution.™

In Section 2, we promised examples of social and commercial
value. Here they are: Roche’s Tusa and He, in collaboration
with us, designed 23, 24 and 25 as sensors for Na*, K* and Ca*
respectively in whole untreated blood.* These cases are connected
to an organic polymer fibre mat. Red blood cells are held back by
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this mat and only the nearly colourless serum passes through to
be illuminated. The fluorescence intensity that results is directly
related to the concentration of the appropriate blood electrolyte.
23, 24 and 25 are part of a blood chemistry module (Fig. 3) which
is very widely used in hospital critical care units, ambulances,
general practice offices and even in veterinary settings.®® A
conservative estimate of sales of this blood chemistry module is
US$50 million so far.

e L] i

oo 0 |
N~

e e

e e

7___—,4‘"'-"&-

Fig. 3 OPTI LION® (top) and OPTI R® (bottom) cassettes sold by
Optimedical Inc. (www.optimedical.com). The black spots carry the or-
ganic polymer fibre mats with the appropriate sensor molecules covalently
attached. Na*, K*, Ca*", pH and CO, are measured by the fluorescence of
these spots. The orange spot in the bottom example is similar and responds
to dioxygen.

A small, active component on a much larger object can perform
other valuable functions. Take a face, for instance. We recognize
an approaching friend by subconsciously asking, and obtaining
answers for, a myriad of questions about his or her face. So we
can employ our small, active component as a means of identifying
objects as small as ca. 100 nm by asking questions like: ‘what’s
the excitation wavelength?’, ‘what’s the emission wavelength?” and
‘what’s the fluorescence intensity response to various analytes?’.
Cartoon 8 can be combined with other situations to allow the
issuing of individual identities to rather large populations of small
micrometric objects, which current technologies struggle to do.
This will be developed in Section 19.

10. Cartoon 9: statistically enhanced PET

‘Strength in numbers’—what can this old adage contribute to
‘fluorophore—spacer-receptor’ systems? The introduction of an
extra fluorophore (and spacer) is considered in cartoon 9. Another
permutation of modules is also possible in this scenario. Optical
excitation at non-laser intensities will only excite one fluorophore,
but energy migration can occur between the two F units. Thus the
PET process from the receptor can occur to either fluorophore,
i.e. a statistical enhancement of the PET process can be seen.
Comparison of bifluorophoric 26 with its monofluorophoric
sibling 27 appears to bear out this expectation.’* Related, but
larger, PET enhancements are seen in conjugated polymers when
they interact with other species because the exciton can delocalize
over considerable distances.*

11. Cartoon 10: internally referenced sensors

The bifluorophoric case, where two different fluorophores are
used, allows the design of PET to occur to F, but not to F’.
What use is this? The PET-inactive fluorophore serves as an
innocent bystander while the PET-active fluorophore’s emission
responds to the analyte. So we have a two-colour output where one
channel is analyte-dependant while the other serves as an internal
reference. Internal references are excellent for calibrating the
analytical signal against vagaries such as unknown optical path-
length and unknown sensor concentration (due to various degrees
and types of sensor decomposition, as well as unknown degrees
of sensor incorporation). It is no wonder that such ratiometry
is popular in intracellular studies, especially with integrated
‘fluorophore-receptor’ systems with ICT excited states.” Bifluo-
rophoric molecules need careful design to allow the reasonable
optical excitation of either fluorophore at will. Serendipity is
needed to keep the electronic energy transfer (EET) (which can
drain the higher energy fluorophore) within reasonable bounds. It
is gratifying therefore that 28 proves the principles rather nicely*®
and that Samanta and Banthia’s 29 carries on the effort®” along
this line of research.

12. Cartoon 11: geometry-selective sensors

What benefits, if any, can be gained by employing two receptors
as shown in cartoon 11? There is, of course, the statistical
advantage® similar to that discussed in Section 10. With it comes
a disadvantage in that fluorescence is only switched ‘on’ when
the second receptor is guest-bound. When the guest is an ion,
the approach of the guest to the second receptor is hindered by
the repulsive electric field exerted by the guest already bound to
the first receptor. So only rather high guest concentrations can
cause the switching ‘on’ of fluorescence. This disadvantage has
been cleverly converted into a lovely way of detecting protein
phosphorylation® and even cell apoptosis.® 30 cannot bind the
second Zn** under normally achievable concentrations until the
repulsive field is mitigated by the negative charge of the phosphate
group. The apoptosis sensor exploits the difference in charge
between phosphatidyl choline (predominant in the outer leaflet of
membranes in normal cells) and phosphatidyl serine (sent to the
outer leaflet from the inner layer when the cell becomes apoptotic
and is ready to die). These are shining examples of fluorescent
PET sensing solutions to hard biological problems.

However, the first demonstrable benefit of cartoon 11 concerned
geometry-selective fluorescent sensing. In the simplest case, this
is length recognition and signalling. 31 selects the ‘molecules
of death’ putrescine and cadaverine (o,m-pentanediamine and -
butanediamine) in their diprotonated forms.® Aspects of the
chelate effect of inorganic chemistry®® and the neighbouring
group participation of physical organic chemistry® play a part
in this success since the fluorescence of 31 is not switched ‘on’
by protonated methylamine until rather high concentrations are
reached. It is only fair to note another length-selective fluorescent
sensor of the same vintage,”® though resting on a non-PET
foundation. 32% continues the good work by improving the
selectivity of the fluorescent PET sensing of glucose seen in the
monoreceptor version.
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13. Cartoon 12: molecular logic and ‘off—on—off’
systems

The apparently small step of allowing the receptors to be non-
identical, as seen in cartoon 12 and its possible permutations,
allows us to enter a new area concerned with mathematics, physics
and information engineering. In fact the experimental field of
molecular logic and computation®*® was launched in this way
with 33.% Then and now, theoretical speculation and outright
hype haunt this field. It is only experimental work, reproducible
and extensible by laboratories worldwide, that will allow a sober
assessment of what this field can realistically achieve. 33 has
allowed this examination to begin in earnest. The following
few paragraphs cannot do justice to the developments, but
reviews and commentaries®* can be consulted by the interested
reader.

33 picks up H* by virtue of its amine receptor and gathers Na*
because of its benzo-15-crown-5 ether unit. From a computing
viewpoint, 33 is driven by H* and Na* inputs. Its output is fluo-
rescence. Fluorescence only emerges when the PET capabilities of
both receptors are blocked by the bound guests. Since fluorescence
is switched ‘on’ only when H* and Na* are bound, 33 can be
recognised as an AND logic gate according to the Boolean™
definition.” Bharadwaj and Bag’s 34 is a recent fluorescent PET-
based AND gate driven by Zn?* and Na* inputs targeting an aza-
15-crown-5 ether and a cryptand respectively.”” 34 is interesting
among AND gates because of the large fluorescence enhancement
produced.

AND is only one of many Boolean binary logic operations™
that can now be emulated on the molecular-scale. For instance 1,2
which exemplified cartoon 1, represents a YES logic gate since a
high level of fluorescence output emerges only when a high level of
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H* input is present. Also there are cases of cartoon 1 that can be
rationally designed to produce PET only when a high level of H*
is present so that fluorescence is effectively switched ‘off’.” This
corresponds to NOT logic. In fact, all the one-input and two-input
logic types can be achieved in this or related ways.

Though fluorescent PET systems were the first approach to
molecular logic and computation, nowadays they represent only
one of many approaches.®*® Fluorescent EET systems involving
DNA hybridization with or without enzyme action have also
yielded numerous examples. Chemically responsive photochromic
systems have also yielded a large crop. Natural enzymes, singly
or in tandem, also provide a rich source. Even simpler colour-
forming chemical reactions can, in ingenious hands,™ be seen as
rather complex logic gate arrays.

The AND logic gates of cartoon 12 can be adapted so that
the two receptors receive two functionalities from the one guest,
rather than capturing two unconnected guests as 33 does. Then,

N
SN
N—7 =N

fluorescent sensors with excellent selectivity for bifunctional guests
are produced. James and Cooper’s 35 looks for a diol functionality
and an ammonium group via its boronic acid and aza-18-crown-
6 ether receptors. Naturally, the fluorescence of 35 switches ‘on’
only in the presence of protonated glucosamine but not glucose or
protonated methylamine.” Our 36 is less efficient in targeting the
brain neurotransmitter y-amino butyric acid (GABA) since only
one of its two receptors (the aza-18-crown-6 ether) is PET-active.”

Let’s take ourselves away from molecular logic and computation
for now, to another research direction that cartoon 12 (and its
permutations) give birth to. What if the two receptors target
the same guest, but with different binding strengths? Also, and
importantly, the tighter-binding receptor is PET-active only when
the guest is absent whereas the weaker-binding receptor becomes
PET-active only when the guest is bound in it. Then, when the guest
is H*, an interesting type of fluorescence—pH profile arises. Such
a bell-shaped profile has ‘off-on—off’ fluorescence action when

39
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the pH is monotonically reduced. The survival of most species
depends on environmental variables in this ‘off-on—oft” way. This
is also the principle of the middle path prescribed in Buddhism
for many human activities, since too much or too little of a good
thing gets us in trouble. After the first cases, 37”7 and 38™ based
on a permutation of cartoon 12, newer examples such as Pina and
Garcia-Espana et al.’s 397 provide interesting extensions by com-
bining Zn**-driven ‘off-on” with H*-driven ‘off-on-off” action.
Here the pH window signalled by ‘on’ fluorescence is narrowed
considerably in the presence of Zn>*, which is a nice discovery.

14. Cartoon 13: sensors based on lanthanide
Jluminescence

Up to now, inorganic chemistry has been encountered in this article
only tangentially, in terms of the metal ion coordination chemistry
of the receptor modules. Now we meet inorganic chemistry full in
the face, when the metal ion pops up in the form of the lumophore
itself. In fact, the light emission signal is an inorganic signature.
So the development of cartoon 13, as exemplified by 40* and
41,3 was an important step in the generalization of the fluorescent
PET sensor/switch principle. The lumophore metal ion is set in
a selective receptor R’ which is connected via a spacer to the
‘normal’ receptor R which targets the analyte (e.g K* in the
case of 41). As is well-documented,®** light energy needs to be
passed to lanthanide metal ions like Tb** and Eu** via the much
better absorbing aromatic receptor R’ and subsequent EET.” The
mechanistic situation is complicated since electron transfer, say,
from receptor R can occur to the excited lanthanide centre or
to the triplet excited state of aromatic receptor R’. Nevertheless,
these sensing/switching systems have the advantage of operating
smoothly in intrinsically fluorescent environments because the
millisecond lifetime of lanthanide ion emission can be time-sliced
away from the organic fluorescence in the nanosecond regime.
This is just like the phosphorescent systems discussed in Section
6, but without their oxygen sensitivity. The aza-18-crown-6 ether
receptors in 41 allow the targeting of K* whereas the amine

41

receptors in 40 can only tackle H*. The use of two R receptors in
both these instances arose out of synthetic convenience. Sensors
based on lanthanide luminescence have been taken forward by
Parker® and Gunnlaugsson and Leonard* for instance.

15. Cartoon 14: path-selective PET

Our discussion of 9 and 10 regarding cartoon 4 illustrated
how important regiochemical influences were in determining the
efficiency of some fluorescent PET switches. ICT excited states
were involved in this effect. Conceptual combination of 9 and 10
produces 42 and 43, representing cartoon 14.% Both receptors
target H* but with measurably different binding strengths. PET
only occurs from one receptor and not the other, even though
the driving force for either is virtually the same. Actually, it’s
not the receptor that matters in this instance but the position on
the ICT fluorophore to which it is attached. PET only occurs
from the receptor attached to the 4-amino group of the 4-
aminonaphthalimide fluorophore. A similar path-selective PET
occurs in a much more important sphere: the photosynthetic
reaction centre (PRC).%* While picosecond laser spectroscopy is
needed to conduct this experiment on the PRC, 42 and 43 can
be analyzed with the far simpler technique of pH-dependent
fluorescence. It is gratifying that the contribution of the electric
field from the ICT excited state of 42 and 43 to their path-selective
PET ties up nicely with suggestions of protein electric fields causing
the effect within the PRC.*’

16. Cartoon 15: three-state fluorescent switches

Until now, this article has employed spacer units between the
photoactive and chemically active groups, which maintains the
modularity of the latter. What if one of these spacers of cartoon
14 is excised? In fact, the removal of the spacer from cartoon
1 is instructive. This leads to integrated ‘fluorophore-receptor’
systems with ICT excited states, which underpin many early
fluorescent pH indicators, including some that were brought
back from the New World by Spanish explorers.®# Some of
their cousins have become very popular fluorescent sensors for
intracellular species such as Ca?"."* PET systems, which are the
focus of this article, have a far shorter history, but their predictive
design has led to widespread adoption and commercial success.®
The complementary features of PET and integrated ICT systems’
mean that one or the other approach can usually help with the
problems facing the sensor community.

The excision of one spacer in cartoon 14 leads us to cartoon 15,
which is an integration of an integrated ‘fluorophore-receptor’
system with a PET system. So we have a chance to marry the
complementary features of these systems. 44 is an effort in this
direction.” 44’s fluorescence is switched ‘on’ at low pH but drops
to a plateau of about half the original intensity as the morpholine
receptor becomes free of H* at medium pH. The PET rate in
this instance happens to compete equally with fluorescence for the
deactivation of the excited state. At even higher pH, the NH group
deprotonates, so that the N~ is the receptor R in cartoon 15. The
n-system so-produced is virtually non-fluorescent, presumably
via coupling of the ICT excited state to hydrogen bonded water
oscillators.** So we have three clear states of fluorescence output
at ‘high’, ‘medium’ and ‘low’ plateaux. Ternary logic can have
interesting uses® and will be discussed in Section 19.
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It is only fair to note that Wu and Mei’s earlier example 45
has some conceptual similarity to 44 but differs in its purpose.”
The integrated ‘fluorophore-receptor’ is a naphthylurea moiety.
Hydrogen bonding occurs between the analyte, a,0-dicarboxylate
anions and the urea groups. Quenching of the fluorescence of the
naphthalene group due to the hydrogen-bonding was observed, as
well as the formation of a new emission at 500 nm arising from the
anion—naphthylurea complex. The hydrogen bonding increases the
amount of electron density on the naphthylurea, thus decreasing
PET from the piperazine unit. This, in turn, causes an increase in
fluorescence, as observed at 500 nm.

17. Cartoon 16: molecular XOR logic and arithmetic

Now, let’s excise the remaining spacer in cartoon 15 and also
focus on the light absorption aspect. Then we have integrated
‘receptor—-chromophore-receptor’ systems. Our 46> builds on the
foundations of Wang and Ho’s 47.>* Uniquely, 46 targets different
analytes, H* and Ca**, via its two receptors. The energy of the ICT
dipolar excited state is oppositely, and nearly equally, affected
by H* and Ca** because of their arrival at the opposite ends of
the chromophore. If we monitor the transmittance at the original
absorption band maximum of 46, we have a ‘low’ output. The
H* and Ca’ inputs are both ‘low’ in that state of 46. If either
input is ‘high’, the absorption band is displaced one way or the
other, causing an increase of the transmittance output to the ‘high’
level. When both inputs are ‘high’, their effects on the absorption

N
HN/H
N=
o\ —
N
NO,
44

48

band virtually cancel. So the transmittance output remains ‘low’.
These four situations correspond to the truth table of XOR logic.”
A nice older case of XOR logic is available from Balzani and
Stoddart et al.** The parallel combination of an XOR logic gate
with a suitable AND logic gate (cartoon 12), as commonly seen
in semiconductor-based calculators and computers, allowed us to
demonstrate molecular numeracy for the first time. The ability of
molecules to conduct arithmetic operations has developed by a
huge amount since then.%¢-8

18. Cartoon 17: molecular computation in
nanospaces

The possibilities raised by practical molecular logic and compu-
tation outlined in cartoons 12 and 16 become interesting to non-
chemists only if small space-scales with regard to semiconductor
feature sizes can be demonstrated. Such a demonstration is
possible in 3 nm spaces of detergent micelles.”® A molecular AND
logic gate can be persuaded to enter and operate in such spaces
by following cartoon 17, where the AND gate of cartoon 12 is
outfitted with a hydrophobic targeting module. Our 48 clearly
displays AND logic in that ‘high’ fluorescence is seen only when
the inputs H* and Na* are both ‘high’.*’

It is important to note that the entry of molecular logic gates
into small spaces allows application straightaway (see Section 19),
even though analogy with semiconductor devices would require
more extensive solutions to the connectivity problem than those
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currently available.***%%™ Tt is now clear that developments in
molecular logic and computation can diverge from semiconductor
computer roadmaps and tackle different problems.*®

19. Cartoon 18: molecular computational
identification tags

Cartoon 18 can be grown from a permutation of cartoon 8
by adding another receptor and spacer, so that one of the
applications mentioned under Section 9 can be developed further.
Cartoon 18 (and permutations thereof) contains cartoon 12
within, and therefore brings the possibilities of molecular logic to
the problem of identifying all small objects in large populations.®®
As mentioned in Section 9, the process of identification of an
object consists of obtaining answers to a series of questions
concerning its tag. A new question is ‘what’s the binary logic type
of the tag?’. The answer could be any of the four single-input,
single-output gates or any of the sixteen double-input, single-
output gates etc.” For instance, 49 is a H*, Na*-driven AND
logic gate tag on a polymer bead.”® When the above question is

54

considered together with the previous questions asked in Section
9, the number of distinguishable answers (and hence, identities)
increases significantly. The parallel combination of logic gates
allows a further sharp increase in diversity.

For instance, 50 and 51 are H*-driven YES and PASS 1 logic
gates respectively,”® since the former switches ‘on’ its fluorescence
only at low pH whereas the latter is fluorescent irrespective of
pH. Indeed, 50 is similar to 22** discussed in Section 9 whereas 51
is simply 50 after excision of its methylamino receptor unit. When
a polymer bead is tagged with an equimolar mixture of 50 and
51, a new fluorescence—pH profile emerges. Now the fluorescence
intensity at low pH is only twice that when at high pH. This is
hardly a binary ‘on—off” switch, but well within the measurement
capability of light detectors (within fluorescence spectrometers, for
instance). Logic is not restricted to binary. However, multi-valued
logic, e.g. ternary,” is not commonly found inside computers.
The latter arises from the fact that ternary logic devices are
less stable towards error accumulation,” e.g. 0, 1 and 2 start
becoming indistinguishable at 50% error. This is not a limitation
for our application since our errors are <10%. Since multi-valued
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logic is more information-rich than the binary variety, larger
numbers of objects can potentially be individually identified by
this extension of molecular computational identification (MCID).
The application of MCID to a mixture of five different bead types
is seen in a fluorescence micrograph (Fig. 4). As far as we are aware,
MCID is the first application of molecular logic and computation
that is not accessible to conventional semiconductor versions.

Fig.4 Fluorescent micrographs demonstrating molecular computational
identification (MCID) of 0.1 mm polymer beads. The beads are tagged
with different logic gates and treated with acid (top panel) and then alkali
(bottom panel) in aqueous methanol (1 : 1, v/v) under ultraviolet (366 nm)
irradiation. The logic gate type of each bead is as follows: A; PASS 1, B;
NOT, C; PASS 1, D; PASS 1 + YES (1: 1), E; YES, F; NOT, G; PASS 1, I;
YES, J; PASS 0 (photograph by David Coulson and Colin McCoy, School
of Pharmacy, Queen’s University of Belfast).

20. Cartoon 19: ‘lab-on-a-molecule’ systems

We have already seen the new areas exposed when we considered
fluorescent systems carrying two receptors instead of just one.
Can increasing the number of receptors up to three yield anything
more in terms of ideas? Yes, indeed. The number three introduces
the concept of a ‘crowd’. So the expansion of cartoon 12 to
cartoon 19 gives rise to 3-input AND logic gates, e.g. 52 where
the fluorescence signal becomes ‘high’ only when a crowd of
three chemical inputs are all ‘high’.'® Three PET processes are
involved here, similar to those found in S. A. de Silva et al.’s Na*-
enabled, H*-driven ‘off-on-off’ system 53.1! 52 can allow the
rapid detection of disease states arising from the elevation of three
electrolytes where, in effect, the clinical laboratory investigations
and a preliminary diagnosis are made by this ‘lab-on-a-molecule’
52. A medical practitioner can subsequently separate the positives
from the false positives by more examinations. Zhu et al.’s 54 is an
older AND gate that responds to two chemical binding acts and
one photochemical act.'®

21. Conclusions

Cartoons continue to aid the growth of several areas of
photoscience.’® Our experience, as sketched above, is a contribu-
tion to this endeavour. It has led us to fluorescent, phosphorescent

and f-f luminescent sensors, medical diagnostics and molecular
computational elements. The future of photochemically functional
molecules is clearly bright, and the participation of fresh minds
will only make it brighter.
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Regioselective additions of pyrroles to a variety of optically active nitrones under smooth acidic
conditions lead to chiral pyrrolic N-hydroxylamines in good to excellent yields. Depending on the
position of the chirality on the nitrone partner, the addition products have been isolated with high
diastereoselectivity levels. Reaction of glyoxylate based chiral nitrones either at the C-2 or at the C-3
position of the pyrrole nucleus afforded N-hydroxyamino esters in high yields as single
diastereoisomers. These adducts allow access to enantio-enriched non proteinogenic 2'- and

3-pyrrolylglycines (13 and 19 respectively).

Introduction

The chemistry of pyrrole and its derivatives is of great interest
due to their abundance in many natural and biologically active
compounds.* Whereas stereoselective alkylation of many aro-
matic and heteroaromatic compounds is well documented either
using organometallic species or under acidic conditions,® the use
of the pyrrole nucleus as the nucleophile is not common.** This is
probably due to the fact that pyrrolic organometallic species are
not easy to handle and because of the relative instability of the
pyrrole nucleus in acidic media.

Nucleophilic addition to the carbon—nitrogen double bond of
nitrones leads to N-hydroxylamines. When chiral nitrones are
used, stereocontrolled additions occur and provide chiral N-
hydroxylamines that are key intermediates for the synthesis of
bio-active compounds.® A broad range of organometallic species
has been tested in this reaction,’” but the addition of electron-rich
aromatic compounds under acidic conditions has scarcely been
described.?

In a previous report, we showed that pyrroles react with
simple N-benzylaldonitrones in the presence of hydrogen chloride
(Table 1, entries 1 and 4).° In each case, the single isolated
product came from the addition at the C-2 position of the pyrrole
nucleus. It was shown that this method could selectively lead
to the corresponding N-benzylhydroxylamines or to the 2,2'-
bispyrrolylalkanes via a second addition step. In the present
studies, we extend the scope of this reaction to some functionalized
nitrones, with the control of its stereochemical outcome and
we apply the same concepts to the C-3 regioselective addition.
Such an approach would lead to valuable synthetic precursors
of chiral pyrrolidines, pyrrolidinones and enantio-enriched non-
proteinogenic a-amino acids.

Département de Chimie Moléculaire (SERCO) UMR-5250, ICMG FR-
2607, Université Joseph Fourier, CNRS, BP-53, 38041, Grenoble Cedex
9, France. E-mail: Frederic. Minassian@ujf-grenoble.fr, Nadia. Pelloux-
Leon@ujf-grenoble.fi; Fax: +33-4-7663-5983; Tel: +33-4-7651-4908

T Electronic supplementary information (ESI) available: Experimental
details, copies of 'H and *C NMR spectra. See DOI: 10.1039/b802997k

Table 1 Addition of pyrrole 1 to N-benzylaldonitrones 2a—d

© H
[/ \5 Ph/\ﬁ/o HCI, 2 equiv / | E Ph
+ _— ~
N M meon,-a0°c H
H R R

1 2a-d 3a-d
Entry Compound R Yield“(%)
1 3a Et 95
2 3b CH,NHBoc 94
3 3¢ CO,Et 99
4 3d Ph 73
“Isolated yields.

Results and discussion

Four examples of this reaction involving non chiral starting
materials are reported in Table 1. The use of two equivalents
of HCI together with two equivalents of pyrrole 1 was found
to be optimal at —40 °C.’ Under this set of experimental
conditions, the polymerisation of pyrrole 1 was minimal and N-
benzylhydroxylamines 3a—d were obtained in good to excellent
yields. For example, the reaction with the ethyl glyoxylate based
nitrone 2¢"* produced the corresponding N-benzylhydroxyamino
ester 3c in a nearly quantitative isolated yield (Table 1, entry 3).

As these encouraging results proved that the method tolerates
functionalized nitrones, we then turned our attention to a chiral
version of this reaction. We planned to induce diastereoselectivity
by using three classes of chiral nitrones: (i) nitrones including a
chiral auxiliary on the nitrogen atom, (ii) nitrones bearing a chiral
lateral chain, and (iii) glyoxylate based chiral nitrones.

In a first series of experiments, diastereoselective ad-
ditions of the pyrrole ring to chiral nitrones derived
from propionaldehyde and chiral N-hydroxylamines were
studied. Condensations of N-((S)-2-benzyloxy-1-phenylethyl)-
hydroxylamine,* N-((S)-1-phenylethyl)-hydroxylamine,”® and N-
((S)-1-(2,4,6-triisopropylphenyl)ethyl)-hydroxylamine,™* together
with propionaldehyde in CH,Cl, in the presence of anhydrous
magnesium sulfate afforded nitrones 4a—c (Scheme 1)."
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Scheme 1 N-Chiral aldonitrones 4a—c.

In the presence of two equivalents of anhydrous HCI, when
pyrrole 1 was added to nitrones 4a—c, C-2 substituted pyrrolic
N-hydroxylamines 5a—c were formed in good to excellent isolated
yields (73-98%). Similar nitrones are known to give moderate
to good diastereoselectivities in the presence of organometallic
nucleophiles.””™ The acidic conditions used in our case led to
modest asymmetric inductions (65 : 35 diastereomeric ratios)
(Table 2, entries 1-3). However, it has to be noted that in each case,
both diastereoisomers were isolated separately with high degrees
of purity by silica gel chromatography.

In order to improve the stereoselectivity we decided to shift
the stereogenic center to the a-carbon atom of the nitrone. We
then chose o-chiral aldehydes derived from natural sources, e.g. o-
amino acids and mannitol, as starting materials. Nitrones 6 were
prepared according to the literature by condensation between the
suitable aldehydes and N-benzylhydroxylamine in the presence of
anhydrous magnesium sulfate.'>1¢

Exposure of these nitrones to pyrrole 1 in the presence of
two equivalents of HCI afforded the corresponding C-2 pyrrolic
N-hydroxy adducts 7 with good to excellent yields and di-
astereoselectivities (Table 3). The relative stereochemistry was
determined by X-ray analysis on the major stereoisomers for
compounds 7a and 7b (Table 3, entries 1 and 2) and revealed
an anti selectivity (Fig. 1)."” This result could be rationalized
using a cyclic Cram model (Fig. 2).%" In the case of L-serine
and L-proline based nitrones 6c—d (Table 3, entries 3 and 4),
the syn and anti diastereoisomers were separated by simple
column chromatography. With L-proline based nitrone 6d, the anti
selectivity was determined using '"H NMR. Indeed, at —40 °C, the
coupling constants between H,, and H, were respectively 1.6 Hz for
the major isomer (anti) and 10.5 Hz for the minor isomer (syn).* In
this case, no B-chelation could occur. As the major isomer is anti,
the Houk open-chain model® invoked in some previous studies is
not satisfactory.’® A Felkin—-Anh model is therefore proposed in

Table 2 Additions of pyrrole 1 onto aldonitrones bearing a chiral
auxiliary on the nitrogen atom 4a—c

C] /\ OH

{ \ R.®
/ \ R\N/O HCI, 2 equiv
+ R N R
N )|\/ MeOH, —40 °C H
H H

1 4a-c 6a-c
Entry Compound Time/h Yield“(%) drb-e?
1 5a 24 98 65:35
2 5b 24 91 65:35
3 5¢ 5 73 65:35

“Tsolated yields. ® Ratios determined by '"H NMR analysis of the crude
reaction mixtures. ¢ Separated by silica gel chromatography. “ The absolute
sense of the chiral transfer was not determined.

Fig. 1 ORTEP plots of compounds 7a and 7b. Ellipsoids are drawn
respectively at the 25% and 50% levels.

0 0 0
\S A\
SANG WV aN
(@N N ;(@ .
BocN [¢]

Pyrrole Pyrrole

Chelated Cram model
for the attack of pyrrole 1
onto nitrones 6a and 6b

H

\ O

N
@ Ph

BocN
H H\
Pyrrole

Felkin-Anh model
for the attack of pyrrole 1
onto nitrone 6d

Fig.2 Proposed models for the addition of pyrrole 1 onto nitrones 6a, 6b
and 6d.

order to rationalize this selectivity (Fig. 2). These results showed
that the addition of pyrrole 1 to a-chiral aldonitrones under acidic
conditions allows an efficient and highly diastereoselective access
to chiral pyrrolic N-hydroxylamines.

To further extend this methodology, and in order to elaborate
enantio-enriched non proteinogenic a-amino acids, we studied the
reaction of pyrrole 1 with glyoxylate based chiral nitrones. The
initial racemic version of this reaction was indeed highly efficient
(Table 1, entry 3). In a first experiment, pyrrole 1 was added to
nitrone 8a prepared from L-menthyl glyoxylate (Scheme 2).2'
When HCI was used as a promoter, the reaction proceeded to give
the corresponding hydroxylamine 9 in 73% isolated yield. The
diastereoisomeric ratio was 65 : 35 (determined by 'H NMR of
the crude mixture), the two diastereoisomers being unseparable by
column chromatography.

This modest result could presumably be explained by the dis-
tance separating the chiral auxiliary and the reacting centers dur-
ing the reaction pathway. We thought that the incorporation of the
chiral source into a rigid cyclic nitrone would seriously increase the
degree of stereodifferentiation during the addition of pyrrole 1.2
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Table 3 Additions of pyrrole 1 onto aldonitrones with a chiral lateral chain 6a—d
{ \ 5 OS> pn
I\ O\ﬁ)/\Ph HCI, 2 equiv
+ > %
N . | MeOH,-40°C  R™ * Y&
R H N /
1 6a-d 7a-d
Entry Nitrone Product® Yield®(%) dred
: 5@ OS> 94 > 98 :2 (anti : syn)*
N~ “Ph :
/ﬁ)\ sm
s : \—Noc N~
\/NBoc Oi{
6a 7a
2 PN O pn 95 > 98 : 2 (anti : syn)®
N “Ph
o ¢ *H }6 N /
o H
b
6b
. 5 HOS 98 85:15
® N “Ph
O\N/\Ph
/ﬁ)\ o « Y
0 H )VNBOC N
)VNBOC H
7c
6¢c
¢ (g\(@/\Ph HON 74 90 : 102(anti : syny’

= o

|

6d

N TPh
NBoc N /

H

7d

“Single or major isomer depicted. * Isolated yields. < Ratios determined by 'H NMR analysis of the crude reaction mixtures. ¢ Each diastereoisomer
could be isolated with dr > 98 : 2 after silica gel chromatography. ¢ Anti selectivity determined by X-ray analysis.'” / Selectivity was not determined. ¢ Anti

selectivity determined by '"H NMR analysis (see ref. 195).

€]
HOL
O\('?/\Ph \N Ph
[/ \ | i o
/ \ + .\\\Oj(l\H L A * =~
N
H o) O HN %
1 8a 9
dr =65:35

Scheme 2 Reagents and conditions: (i) HCI (2 equiv.), MeOH, —40 °C,
24 h, 73%.

The cyclic chiral nitrone 8b, which is already known to give access
to enantiopure hydroxylamines, was then chosen. Compound 8b
was obtained by a three-step sequence from (R)-phenylglycinol.**
When methanol was used as the solvent for the addition step,
the reaction was not diastereoselective, presumably because of
the initial ring opening of 8b by transesterification followed by
the addition on an open-chain nitrone, which lead to a mixture
of 10a,b. When the reaction was performed in dichloromethane,
the expected cyclic hydroxylamine 11 was obtained as a single
diastereoisomer in 76% isolated yield (Scheme 3).>* As compound
8b was synthesized from enantiopure (R)-phenylglycinol, the

N
/ 0~ “OoMe "OH 0~ ~oMe “OH
@ ‘3\@ o 10a 10b
” H
1

=
+ N/Y 50 50
J_o
Ph on
8b i 7\ T
N._.«Ph
N .
: j
0™ o
11
dr>99:1

Scheme 3  Reagents and conditions: (i) HCI (2 equiv.), MeOH, —40 °C,
24 h, 56%; (ii) HCI (2 equiv.), CH,Cl,, —80 °C to —40 °C, 2 h, 76%.

X-ray analysis of compound 11 (Fig. 3) allowed the attribution
of a (3R,5R) absolute configuration.

This compound is a key intermediate for the preparation of
the optically active pyrrolic a-amino acid 13 (Scheme 4). To
the best of our knowledge, only one derivative of compound 13
has been previously synthesized in racemic form and moderate
yield.? Hydroxylamine 11 was subsequently converted into 10a
in acidic methanol (89%). Upon treatment with H, (1 atm) in
the presence of black palladium in a MeOH-HCOOH mixture
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Fig. 3 ORTERP plots of compounds 11 and 17. Ellipsoids are drawn at
the 25% level.

7\ M ™
N .wPh i N.<_.Ph i
N * —_— N N —_—
H N \L
0 (0] o] OMe ~OH
1 10a
dr > 98:2
7\ 7\ "
N NHz il N NH2 [a]p” -87.1
H H (c 0.28in1.0 NHCI)
CO2Me CO2H
12 13,70%ee
70% ee iv
12,70% ee

Scheme 4  Reagents and conditions: (i) HCl, MeOH, —20 °C, 24 h, 89%;
(ii)) H,, Pd black, MeOH-HCOOH (9 : 1), rt, 1 h, 40%; (iii) LiOH,
THF-H,O (3 : 1), 0 °C, 2 h, 80%; (iv) CH;COCI, MeOH, reflux, 12 h,
65%.

(9 : 1), concomitant reduction of the N-hydroxylamine moiety
and deprotection of the benzyl group were observed in 40% yield.
At this stage, a 70% ee was measured by examination of the 'H
NMR spectrum of o-amino methyl ester 12 in the presence of
a Eu(mn) based chiral shift reagent. Such an eroded ee could be
presumably explained by the acidity of the a-amino acid proton
in compound 12. Jorgensen and co-workers also observed that
the copper(1) catalyzed asymmetric aza-Friedel-Crafts reaction
of N-methylpyrrole with a N-Moc protected o-imino ester led to
the corresponding adduct with only 59% ee.’ A slightly higher
ee is obtained in our case, in the absence of any substituent or
protecting group on the pyrrolic nitrogen atom. In a final step,
alkaline hydrolysis of the methyl ester was carried out with LiOH
in a THF-H,O mixture (3 : 1). The resulting crude mixture
was purified by Dowex 50W-X8 ion exchange resin (H* form).
Lyophilization afforded a-amino acid 13 in 80% yield. The optical
rotation was [a]% —87.1 (¢ 0.28 in 1 N HCI). In order to check the
final enantiomeric ratio, a-amino acid 13 was re-converted into a-
amino methyl ester 12.” A '"H NMR spectrum was then recorded
in the presence of the chiral europium salt, showing again an 85 :
15 enantiomeric ratio. Our synthetic approach to amino acid 13
is still more efficient than other methods considering the overall
yield and final enantiomeric purity.

Finally, it was decided to explore the reactivity at the C-3
position of the pyrrole nucleus. So far, the reactivity of this position
towards nitrones was not studied and it would be interesting to
introduce an alkylhydroxylamino group on this less reactive site.

Table 4 Reactivity of pyrroles 14a-b towards aldonitrones 2a—d

HOL
o N Ph

Z/ \> CNEFEN HCI, 2 equiv

+ N Ph

> Qﬁ
xl\)

N | .
| MeOH, 0°C
R' R A H
SO R
14a, R4 = 2Ph
14b Ri=TIPs 224 16a-c
Entry Pyrrole® Compound R? Yield® (%)
14b 15a Et 59
14b 15b CH,NHBoc 62
3 14b 15¢ CO,Et 77

*When pyrrole 14a was put in reaction with nitrones 2a, 2¢ and 2d (R*> =
Et, CO,Et, Ph), starting materials were fully recovered. ® Isolated yields.

With this purpose in mind, we chose to deactivate the C-2 position
of the pyrrole nucleus by protection of the nitrogen atom with an
electron-withdrawing benzenesulfonyl group.”® Unfortunately, N-
benzenesulfonylpyrrole 14a was not sufficiently reactive towards
nitrones 2a—d (Table 4). N-Triisopropylsilylpyrrole 14b was then
used as the starting material because it is known that the large
steric bulk of the triisopropylsilyl group has a C-3 directing effect in
electrophilic substitutions.?” The addition of the TIPS-substituted
pyrrole 14b to aldonitrones 2a—c needed higher temperatures than
those using pyrrole 1 (Table 4, entries 1-3). The reactions were
found to be totally regioselective.

Encouraged by these results, we then decided to explore the
diastereoselectivity of the addition of N-TIPS pyrrole 14b to the
cyclic chiral nitrone 8b. When the reaction was performed at
0 °C using 2 equivalents of HCI in dichloromethane, a mixture
of regioisomers was obtained (overall yield: 57%, ratio: 66 : 34,
major isomer 16a) (Scheme 5). The C-3 and C-2 regioisomers were
not separable at this stage.

Cleavage of the N-triisopropylsilyl group was performed
under classical conditions to give the two regio-isomeric N-
hydroxylamines 17 and 11, which were separated by column
chromatography. Once more, as enantiopure (R)-phenylglycinol
was used as the starting material, a (3R,5R) configuration was
indirectly deduced from an X-ray analysis of the major isomer
(17) (Fig. 3).%° The synthesis of optically active 3'-pyrrolyl glycine
19 was then completed within a three-step sequence. Transester-
ification was carried out in acidic methanol at 0 °C, followed by
reductive hydrogenolysis using H,/cat Pd(OH), to give a-amino
methyl ester 18 in 73% yield over two steps. The chiral shift reagent,
Eu(hfc);, was used to measure the enantiomeric ratio (95 : 5).
Finally, compound 18 was converted to the desired a-amino acid
19 in 95% yield. Its optical rotation was [a]? —84.1 (¢ 0.27in I N
HCI) and its enantiomeric ratio was 95 : 5.7

The regioselectivity of the initial addition was improved by
lowering the reaction temperature to —20 °C. Furthermore, we
found that the transesterification step could be performed in the
same pot, leading finally to the open-chain hydroxylamine 20 as a
single diastereoisomer (Scheme 5). Reductive hydrogenolysis and
removal of the silyl group gave a-amino methyl ester 18 in 80%
yield over two steps. Finally, compound 18 was converted to 3'-
pyrrolyl glycine 19 in 95% yield (Scheme 5). Once again, a 95 : 5
enantiomeric ratio was measured for this new synthetic o-amino
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Scheme 5  Reagents and conditions: (i) HCI (2 equiv.), CH,Cl,, 0 °C, 12 h, 57%; (ii) TBAF, CH;COOH, THEF, rt, 15 min, 70%; (iii) HCI, MeOH, 0 °C,
12 h; (iv) H,, cat. Pd(OH),, MeOH-CH;COOH (9 : 1), rt, 12 h, 73% (over two steps); (v) LiOH, THF-H,0O (3 : 1), 0 °C, 2 h, 95%; (vi) CH;COCIl, MeOH,

reflux, 12 h, 99%; (vii) HCI (2 equiv.), CH,Cl,,

acid. These results show that the optical purity of a-amino acid 19
is higher than the one measured on o-amino acid 13. This could
be explained by a higher acidity of the o-amino acid proton in
the case of the C-2 regioisomer because of the greater resonance
stabilization of its conjugated base.

In conclusion, this study shows that high levels of diastereose-
lectivities can be observed when a-chiral aldonitrones are chosen
as starting materials. When the cyclic chiral nitrone 8b was used,
a total diastereoselection was observed and allowed the first and
unprecedented efficient syntheses of enantio-enriched pyrrolic o-
amino acids 13 and 19. We are now applying this new methodology
to the synthesis of natural products.

Experimental
General experimental

All reactions were carried out using oven-dried glassware under
an argon atmosphere. Solvents were purified prior to use by con-
ventional methods. All other reagent-grade chemicals were used
as supplied (analytical or HPLC grade) without prior purification.
Thin layer chromatography was performed on aluminium plates
coated with 60 PF254 silica. Plates were visualised using UV light
(254 nm), followed by heating after treatment with an appropriate
revelatory (KMnO,, TTC, phosphomolybdic acid, ninhydrine).
Flash column chromatography was performed on Kieselgel 60
silica (40-60 mesh).

Elemental analyses were recorded by the microanalysis service
of the Département de Chimie Moléculaire, Grenoble, France.
Melting points were recorded on a Biichi B35 apparatus and
are uncorrected. Optical rotations were recorded on a Perkin-
Elmer 341 polarimeter with a water-jacketed 10 cm cell. Specific
rotations are reported in 10! deg cm? g~' and concentrations in g
per 100 mL. IR spectra were recorded on a Nicolet Impact-400

—20 °C, 12 h then MeOH, 0 °C, 24 h, 63%; (viii) TBAF, THF, rt, 5 min, 80% (over two steps).

Fourier transform infrared spectrometer (FTIR) as either thin
films on NaCl plates (thin film) or a KBr disc (KBr disc), as
stated. Selected characteristic bands are reported in cm~'. NMR
spectra were recorded either on a Bruker Advance300 or on an
Advance400 spectrometer in deuterated solvent as stated. The
field was locked by external referencing to the relevant deuteron
resonance. Low resolution mass spectra (LRMS) were recorded
on a Bruker Esquire 3000 plus (ESI) or a ThermoFinnigan
PolarisQ ion-trap spectrometer, using DCI (ammonia—isobutane
63 : 37). Accurate mass measurements were run in the “Struc-
ture et Fonction de Molécules Bioactives” laboratory, Paris,
France.

General procedure for the preparation of aldonitrones 4

The appropriate N-alkylhydroxylamine (1.0 mmol) was dissolved
in anhydrous dichloromethane (8 mL). Anhydrous magnesium
sulfate (241 mg, 2.0 mmol) was added, followed by freshly distilled
propanal (58 mg, 1.0 mmol). The solution was stirred until
complete disappearance of the starting material (followed by
TLC). The mixture was filtered over celite and concentrated. The
crude product was purified by flash chromatography on silica gel.

(1S)-(Z)-2-Benzyloxy-/N-propylidene-1-phenylethylamine
N-oxide 4a

Prepared according to the above general procedure from
500 mg (2.06 mmol) of N-((S)-2-benzyloxy-1-phenylethyl)-
hydroxylamine' in 16 mL of CH,Cl,, 495 mg (2.12 mmol) of
anhydrous MgSO, and 116 mg (2.06 mmol) of propanal. The
mixture was stirred for 4 hours. Purification (eluent: pentane—
EtOAc, 1 : 1 to 0 : 1) afforded nitrone 4a (429 mg, 73%) as a
colourless oil; [a]? +6.7 (¢ 1.00 in CHCL,); vy, /cm™ (thin film)
1588 (CN); 0y (300 MHz; CDCl;; Me,Si) 1.09 (3H, t, / = 7.7 Hz,
C(3)H;), 2.40-2.65 (2H, m, C(2))H,), 3.76 (1H, dd, J = 10.2 and
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3.8 Hz, C(2)H,),4.48 (1H, dd, J = 10.2 and 9.2 Hz, C(2)H,), 4.61
(2H, AB,, J . = 12.0 Hz, §,-8; = 29.7 Hz, CH,Ph), 4.93 (1H, dd,
J=9.1and 3.8 Hz, C(1)H), 6.80 (1H,t,J =5.8 Hz, CH=N), 7.28—
7.50 (10H, m, ArH); d: (75 MHz; CDCl;; Me,Si) 9.9 (C(3)Hs;),
20.2 (C(2)H,), 69.7 (C(2)H,), 73.3 (CH,Ph), 77.8 (C(1)H), 127.7
(ArCH), 127.9 (ArCH), 128.4 (ArCH), 128.6 (ArCH), 128.9
(ArCH), 134.9 (ArC), 138.0 (ArC), 140.6 (CH=N); m/z (DCI,
NH;-isobutane) 284 (M + H]*, 100%), 268, 193, 146, 106;
Elemental analysis, calcd (%) for C,sH, NO,: C, 76.30; H, 7.47; N,
4.95. Found: C, 76.58; H, 7.60; N, 4.89.

(1.5)-(Z)-N-Propylidene-1-phenylethylamine /V-oxide 4b

Prepared according to the above general procedure from 300 mg
(2.19 mmol) of N-((S)-1-phenylethyl)-hydroxylamine® in 16 mL
of CH,Cl,, 530 mg (4.40 mmol) of anhydrous MgSO, and 127 mg
(2.19 mmol) of propanal. The mixture was stirred for 4 hours.
Purification (eluent: pentane-EtOAc, 1: 1to 0: 1) afforded nitrone
4b (333 mg, 86%) as a white solid; mp 75-76 °C; [a]® —95.7 (¢ 1.04
in CHCL,); vy /cm~' (KBr disc) 1587 (CN); dy (300 MHz; CDCl;;
Me,Si) 1.07 3H, t, J = 7.7 Hz, C(3))H), 1.80 (3H, d, J = 6.9 Hz,
C(2)H;), 2.43-2.54 2H, m, C(2)H,), 498 (1H, q, J = 6.9 Hz,
C(1)H), 6.69 (1H, t, J = 5.7 Hz, CH=N), 7.33-7.47 (5H, m,
ArH); dc (75 MHz; CDCl;; Me,Si) 10.0 (C(3)H;), 19.2 (C(2)H;),
20.1 (C(2)H,), 73.3 (C(1)H), 127.3 (ArCH), 128.6 (ArCH), 128.7
(ArCH), 138.5(ArC), 138.8 (CH=N); m/z (DCI, NH;-isobutane)
178 (IM + HJ*, 100%), 162, 105; Elemental analysis, calcd (%) for
C,;H;sNO: C, 74.55; H, 8.53; N, 7.91. Found: C, 74.93; H, 8.56;
N, 7.82.

Nitrone 4¢ was prepared following the procedure previously
described.™

General procedure for the preparation of C-2 substituted pyrrolic
N-hydroxylamines 3a—d, Sa—c, 7a—d, 9 and 10a-b

Freshly distilled acetyl chloride (157 mg, 2.0 mmol, 142 uL) was
added dropwise at 0 °C to anhydrous methanol (5 mL) and the
mixture was stirred for 15 min. The appropriate nitrone (1.0 mmol)
was added and the mixture was cooled to —78 °C before the
addition of freshly distilled pyrrole (134 mg, 2.0 mmol). It was
then slowly warmed to —40 °C, and stirred at this temperature
until complete disappearance of the starting material (followed
by TLC) at this temperature. The mixture was then treated with
saturated aqueous NaHCO; solution and then allowed to warm to
room temperature. The pH value was then 8-9. The aqueous layer
was extracted three times with CH,Cl,. The combined organic
layers were washed with brine, dried over anhydrous MgSO,
and concentrated. The obtained N-hydroxylamine was purified
by flash chromatography on silica gel.

N-Benzyl-N-[(1H-pyrrol-2-yl)propyl]hydroxylamine 3a

Prepared according to the above general procedure from 135 mg
(0.83 mmol) of nitrone 2ain 4.1 mL of MeOH, 111 mg (1.66 mmol)
of pyrrole and 130 mg (1.66 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: CH,Cl,—EtOAc, 8 :
2) afforded N-hydroxylamine 3a (182 mg, 95%) as a colourless oil;
Vma /€M~ (thin film) 3453 (broad, OH); d4 (300 MHz; CDCl;;
Me,Si) 0.88 (3H, t, J = 7.4 Hz, C(3)H;), 1.70-2.00 (2H, m,
C(2)H,), 3.48-3.68 (3H, m, C(1)H, CH,Ph), 5.89 (1H, br s, OH),

6.04 (1H, s, pyrrH), 6.16 (1H, dd, J = 5.7 and 2.8 Hz, pyrrH), 6.78
(1H, dd, J = 4.0 and 2.5 Hz, pyrrH), 7.23-7.33 (5H, m, ArH),
8.66 (1H, br s, NH); . (75 MHz; CDCl;; Me,Si) 11.4 (C(3)H,),
25.3(C(2)H,), 60.1 (CH,Ph), 65.5 (C(1)H), 107.2 (pyrrCH), 108.3
(pyrrCH), 117.6 (pyrrCH), 127.3 (ArCH)), 128.2 (ArCH), 129.7
(pyrrC), 129.8 (ArCH), 137.9 (ArC); m/z (ESI*) 231 (M + HJ"),
124 (100%), 108; Elemental analysis, calcd (%) for C,H;;N,O: C,
73.01; H, 7.88; N, 12.16. Found: C, 72.63; H, 7.93; N, 11.98.

[2-(N-Benzyl-N-hydroxy-amino)-2-(1 H-pyrrol-2-
yl)ethyl]carbamic acid zert-butyl ester 3b

Prepared according to the above general procedure from 24 mg
(0.09 mmol) of nitrone 2b in 500 pL. of MeOH, 12 mg (0.18 mmol)
of pyrrole and 14 mg (0.18 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: CH,Cl,) afforded N-
hydroxylamine 3b (28 mg, 94%) as a white solid; mp 131-132 °C;
Vmax/cm~" (KBr disc) 3430-3360 (broad, OH, NH), 1688 (CO);
Ju (300 MHz; CDCl;; Me,Si) 1.49 (9H, m, C(CH;),), 3.15-3.22
(1H, m, C(1)H), 3.61-3.86 (4H, m, C(1)H, C(2)H, CH,Ph), 4.82
(1H, br s, NHBoc), 6.04 (1H, s, pyrrH), 6.16 (1H, dd, J = 5.1
and 2.8 Hz, pyrrH), 6.78-6.79 (1H, m, pyrrH), 6.88 (1H, br s,
OH), 7.27-7.29 (SH, m, ArH), 9.08 (1H, br s, NH); d. (75 MHz;
CDCl;; Me,Si) 28.4 (C(CHs);), 43.4 (C(1)H,), 60.3 (CH,Ph), 63.8
(C(2)H), 80.0 (C(CH5;)s), 107.4 (pyrrCH), 108.5 (pyrrCH), 118.3
(pyrrCH), 126.9 (ArCH), 128.1 (ArCH), 128.4 (pyrrC), 128.6
(ArCH), 138.4 (ArC), 157.9 (C=0); m/z (DCI, NH;-isobutane)
332 (M + HJ*"), 209, 153 (100%); Elemental analysis, calcd (%) for
CsHsN;05: C, 65.24; H, 7.61; N, 12.68. Found: C, 65.50; H, 7.72;
N, 12.76.

(N-Benzyl-N-hydroxy-amino)-(1H-pyrrol-2-yl)acetic acid ethyl
ester 3¢

Prepared according to the above general procedure from 104 mg
(0.50 mmol) of nitrone 2¢ in 2.5 mL of MeOH, 67 mg (1.00 mmol)
of pyrrole and 79 mg (1.00 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: pentane-EtOAc, 8 :
2) afforded N-hydroxylamine 3¢ (136 mg, 99%) as a yellow oil;
Vmar/Ccm~" (thin film) 3423 (broad, OH), 1734 (CO); J,; (300 MHz;
CDCl;; Me,Si) 1.20 (3H, t, J = 7.1 Hz, C(2')H}), 3.69 (2H, AB,,
Jus = 13.4 Hz, 8,83 = 87.4 Hz, CH,Ph), 4.01-4.19 (2H, m,
C(1)H,), 4.54 (1H, s, C(2)H), 6.13 (1H, dd, J = 5.7 and 2.9 Hz,
pyrrH), 6.20 (1H, s, pyrrH), 6.38 (1H, br s, OH), 6.75 (1H,
dd, J = 4.1 and 2.6 Hz, pyrrH), 7.25-7.28 (SH, m, ArH), 9.04
(1H, br s, NH); o (75 MHz; CDCl;; Me,Si) 13.9 (C(2)Hs), 60.5
(C(1"H,), 61.3 (CH,Ph), 67.8 (C(2)H), 107.9 (pyrrCH), 110.0
(pyrrCH), 119.3 (pyrrCH), 123.7 (pyrrC), 127.3 (ArCH), 128.1
(ArCH), 129.7 (ArCH), 136.9 (ArC), 170.8 (C=0); m/z (DCI,
NH;-isobutane) 275 ((M + HJ*), 257, 152 (100%); Elemental
analysis, caled (%) for C;sHxN,O;: C, 65.68; H, 6.62; N, 10.22.
Found: C, 65.77; H, 6.77; N, 10.09.

N-Benzyl-N-[phenyl-(1 H-pyrrol-2-yl)methyllhydroxylamine 3d

Prepared according to the above general procedure from 157 mg
(0.74 mmol) of nitrone 2d in 3.7 mL of MeOH, 99 mg (1.48 mmol)
of pyrrole and 116 mg (1.48 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: CH,Cl,) afforded
N-hydroxylamine 3d (150 mg, 73%) as a colourless oil; v,,,,/cm™
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(thin film) 3438 (broad OH); 64 (300 MHz; CDCl;; Me,Si) 3.79
(2H, s, CH,Ph), 4.93-4.99 (2H, m, C(1)H, OH), 6.09 (1H, s,
pyrrH), 6.17-6.18 (1H, m, pyrrH), 6.80 (1H, s, pyrrH), 7.24-7.39
(10H, m, ArH), 8.72 (1H, br s, NH); . (75 MHz; CDCl;; Me,Si)
61.5 (CH,Ph), 67.9 (C(1)H), 107.7 (pyrrCH), 109.4 (pyrrCH),
118.0 (pyrrCH), 127.2 (ArCH), 127.3 (ArCH), 128.2 (ArCH),
128.3 (ArCH), 128.5 (ArCH), 129.3 (ArCH), 129.5 (pyrrC), 138.0
(ArC), 140.6 (ArC); m/z (ESI") 277 (M — H]~, 100%), 259;
Elemental analysis, calcd (%) for C,sH3sN,O: C, 77.67; H, 6.52; N,
10.06. Found: C, 77.37; H, 6.71; N, 9.83.

N-((S)-2-Benzyloxy-1-phenyl-ethyl)-N-[1-(1 H-pyrrol-2-
yl)propyllhydroxylamine 5a

Prepared according to the above general procedure from 147 mg
(0.52 mmol) of nitrone 4a in 2.5 mL of MeOH, 70 mg (1.04 mmol)
of pyrrole and 82 mg (1.04 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: pentane-EtOAc, 8 :
2 to 1 : 1) afforded N-hydroxylamine 5a (180 mg, 98%, dr =
65 : 35) as a brown oil; compound 5a (major isomer): [a]} +5.2
(¢ 1.02 in CHCLy); vy /cm™" (thin film) 3450-3300 (broad, OH,
NH); o4 (300 MHz; CDCl;; Me,Si) 091 (3H, t, J = 7.4 Hz,
C(3)H;), 1.74-1.88 (1H, m, C(2)H,), 1.98-2.12 (1H, m, C2Q)H,),
3.60-3.66 (1H, m, C(2)H,), 3.80-3.87 2H, m, C(1")H, C(2)H,),
4.05(1H, t,J = 7.3 Hz, C(1)H), 4.24 (1H, br s, OH), 4.50 (2H, s,
CH,Ph), 6.02-6.04 (1H, m, pyrrH), 6.14 (1H, dd, J = 5.8 and
2.8 Hz, pyrrH), 6.68 (1H, dd, J = 4.1 and 2.6 Hz, pyrrH), 7.21-
7.38 (10H, m, ArH), 9.00 (1H, br s, NH); d. (75 MHz; CDCl;;
Me,Si) 11.6 (C(3)H;), 25.5 (C(2)H,), 62.4 (C(1)H), 68.8 (C(1)H),
73.2 (C(2)H,), 73.6 (CH,Ph), 107.6 (pyrrCH), 108.2 (pyrrCH),
117.2 (pyrrCH), 127.3 (ArCH), 127.9 (ArCH), 128.0 (ArCH),
128.4 (ArCH), 128.6 (ArCH), 129.0 (pyrrC), 137.4 (ArC), 141.0
(ArC); m/z (DCI, NH;-isobutane) 351 ([M + HJ"), 333, 284, 244
(100%), 228, 193; HRMS (ESI~) C,,H,sN,0, ([M — HJ]") requires
349.19105 found 349.19153; compound 5a (minor isomer): [a]¥
+50.3 (¢ 1.00 in CHCl,); 6 (300 MHz; CDCl;; Me,Si) 0.76 (3H,
t, J = 7.4 Hz, C(3)H;), 1.64-1.78 (1H, m, C(2)H,), 1.90-2.04
(m, 1H, C(2)H,), 3.42-3.49 (1H, m, C(2)H,), 3.71-3.76 (2H,
m, C(1)H, C(2')H,), 3.83-3.90 (1H, m, C(1)H), 4.43 (2H, AB,,
Jus = 12.0 Hz, 6,-8; = 17.6 Hz, CH,Ph), 5.19 (1H, s, OH),
5.76-5.78 (1H, m, pyrrH), 6.10 (1H, dd, J = 5.8 and 2.7 Hz,
pyrrH), 6.74 (1H, dd, J = 4.1 and 2.6 Hz, pyrrH), 7.17-7.33
(10H, m, ArH), 8.60 (1H, br s, NH); . (75 MHz; CDCl;; Me,Si)
11.1 (C(3)H,), 26.7 (C(2)H,), 62.2 (C(1)H), 68.3 (C(1")H), 73.2
(CH,Ph), 73.6 (C(2)H,), 107.0 (pyrrCH), 109.0 (pyrrCH), 117.4
(pyrrCH), 127.6 (ArCH), 127.7 (ArCH), 128.2 (ArCH), 128.3
(ArCH), 129.0 (ArCH), 129.6 (pyrrC), 138.1 (ArC), 138.9 (ArC);
m/z (DCI, NH;-isobutane) 351 ((M + HJ"), 284, 244, 108 (100%).

N-((S)-1-Phenyl-ethyl)-V-[1-(1 H-pyrrol-2-
yl)propyllhydroxylamine Sb

Prepared according to the above general procedure from 89 mg
(0.50 mmol) of nitrone 4b in 2.5 mL of MeOH, 67 mg (1.0 mmol)
of pyrrole and 79 mg (1.0 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: pentane-EtOAc, 8 :
2) afforded N-hydroxylamine 5b (111 mg, 91%, dr = 65 : 35) as
a brown oil; compound 5b (major isomer): [a]¥ —91.9 (¢ 1.05 in
CHCL); vy /cm™" (thin film) 3550-3400 (broad, OH, NH); dy

(300 MHz; CDCl;; Me,Si) 0.79 (3H, t, J = 7.4 Hz, C(3)H), 1.39
(3H,d,J =6.5Hz,C(2)H;), 1.64-1.78 (1H, m, C(2)H,), 1.87-2.01
(1H, m, C(2)H,), 3.46 (1H,t,J =7.5Hz,C(1)H), 3.60 (1H, q, J =
6.5 Hz, C(1)H), 4.66 (1H, br s, OH), 5.80-5.83 (1H, m, pyrrH),
6.12 (1H, dd, J = 5.8 and 2.7 Hz, pyrrH), 6.75 (1H, dd, J =
4.1 and 2.5 Hz, pyrrH), 7.23-7.34 (5H, m, ArH), 8.61 (1H, br s,
NH); ¢ (75 MHz; CDCl;; Me,Si) 11.2 (C(3)H;), 22.2 (C(2)Hs;),
26.9 (C(2)H,), 61.9 (C(1)H), 64.3 (C(1)H), 107.0 (pyrrCH), 108.8
(pyrrCH), 117.3 (pyrrCH), 127.2 (ArCH), 127.7 (ArCH), 128.4
(ArCH), 130.0 (pyrrC), 143.7 (ArC); m/z (DCI, NH;—isobutane)
245 (IM + HJ*, 100%)), 227,199, 178; HRMS (ESI*) C,sH,,N,ONa:
(IM + Na]") requires 267.14678 found 267.14731; compound 5b
(minor isomer): [a]y —47.6 (¢ 1.00 in CHCL,); Jy (300 MHz;
CDCl;; Me,Si) 091 (3H, t, J = 7.4 Hz, C(3)H,), 1.27 (3H, d,
J =6.6 Hz, C(2)H;), 1.73-1.88 (1H, m, C(2)H), 1.94-2.08 (1H,
m, C(2Q)H,), 3.59 (1H, q, J = 6.6 Hz, C(1)H), 3.89 (1H, dd, J =
8.2 and 6.5 Hz, C(1")H), 4.46 (1H, br s, OH), 6.04-6.07 (1H, m,
pyrrH),6.14(1H,dd,J =5.8and 2.4 Hz, pyrrH), 6.75(1H,dd, J =
4.1 and 2.6 Hz, pyrrH), 7.19-7.31 (SH, m, ArH), 8.73 (1H, br s,
NH); éc (75 MHz; CDCl;; Me,Si) 11.4 (C(3)H;), 20.4 (C(2)H,),
26.8 (C(2))H;), 61.6 (C(1")H), 64.2 (C(1)H), 106.8 (pyrrCH), 108.2
(pyrrCH), 117.6 (pyrrCH), 126.9 (ArCH), 127.2 (ArCH), 128.4
(ArCH), 130.4 (pyrrC), 145.1 (ArC); m/z (DCI, NH;-isobutane)
245 (IM + HJ*), 227, 199 (100%)), 178, 162.

N-[1-(1H-Pyrrol-2-yl)propyl]-N-[((S)-2,4,6-
triisopropylphenyl)ethyllhydroxylamine 5S¢

Prepared according to the above general procedure from 150 mg
(0.49 mmol) of nitrone 4¢ in 2.5 mL of MeOH, 67 mg (1.0 mmol)
of pyrrole and 79 mg (1.0 mmol) of acetyl chloride. The mixture
was stirred for 5 hours. Purification (eluent: pentane-EtOAc, 9 :
1 to 7 : 3) afforded N-hydroxylamine 5¢ (132 mg, 73%, dr = 65 :
35) as a white foam; compound 5S¢ (major isomer): [a]? +63.4 (¢
1.05 in CHCL); v, /cm™" (KBr disc) 3584 and 3475 (OH, NH);
Ju (300 MHz; CDCl;; Me,Si) 0.98 (3H, t, J = 7.4 Hz, C(3)H),
1.04-1.08 (6H, m, CH(CH;),), 1.23 (12H, m, CH(CH,;),), 1.36
(3H, d, J = 6.9 Hz, C(2)H;), 1.74-1.88 (1H, m, C(2)H,), 1.96—
2.11 (1H, m, C(2)H,), 2.77-2.97 2H, m, CH(CHj;),), 3.95 (1H, t,
J =7.5Hz, C(I')H), 4.12 (1H, s, OH), 4.20 (1H, m, CH(CHy;),),
4.29 (1H, q, J = 6.9 Hz, C(1)H), 6.06-6.09 (1H, m, pyrrH), 6.14
(1H, dd, J = 5.7 and 2.8 Hz, pyrrH), 6.74 (1H, dd, J = 4.0
and 2.5 Hz, pyrrH), 6.89 (1H, d, J = 1.3 Hz, ArH), 7.02 (1H, s,
ArH), 8.81 (1H, br s, NH); . (75 MHz; CDCl;; Me,Si) 11.6
(C(3)H,), 19.4 (C(2)H,), 23.7 (CH(CH,;),), 23.9 (CH(CH,),), 24.9
(CH(CH,),), 25.5 (CH(CH,),), 27.3 (C(2))H,), 28.3 (CH(CHs;),),
29.2 (CH(CH;),), 33.9 (CH(CH;),), 58.2 (C(1")H), 61.4 (C(1)H),
106.8 (pyrrCH), 108.2 (pyrrCH), 117.4 (pyrrCH), 120.8 (ArCH),
123.0 (ArCH), 130.7 (pyrrC), 134.6 (ArC), 146.5 (ArC), 146.6
(ArC), 148.2 (ArC); m/z (DCI, NH;-isobutane) 371 (M +
HJ*), 246, 231 (100%); HRMS (ESI*) C,,H3xN,ONa (M +
Na]*) requires 393.28764 found 393.28851; compound Sc¢ (minor
isomer): [a]®¥ +95.6 (¢ 1.05 in CHCL); dy (300 MHz; CDCl,;
Me,Si) 0.70 3H, t, J = 7.5 Hz, C(3)H), 0.89 (3H, d, J = 6.9 Hz,
C(2)H;), 1.12 (3H, d, J = 6.6 Hz, CH(CH5),), 1.19-1.26 (12H,
m, CH(CH.),), 1.48 (3H, d, J = 6.6 Hz, CH(CH,),), 1.81-1.92
(2H, m, C(2)H,), 2.81-2.91 (2H, m, CH(CH;),), 3.49 (1H, dd,
J =28.6and 6.3 Hz, C(1)H), 4.10-4.19 (1H, m, CH(CHj;),), 4.25
(1H, q, J = 6.6 Hz, C(1")H), 4.88 (1H, br s, OH), 5.60 (1H, m,
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pyrrH), 6.03 (1H, dd, J = 5.8 and 2.8 Hz, pyrrH), 6.71 (1H, dd,
J =4.1and 2.6 Hz, pyrrH), 6.91 (1H, d, J = 1.8 Hz, ArH), 7.00
(1H,s,ArH),8.70 (1H, brs, NH);d. (75 MHz; CDCl;; Me,Si) 11.2
(C(3)H,), 21.0 (C(2)H;), 22.8 (CH(CH5;),), 23.9 (CH(CH,;),), 24.0
(CH(CH,),), 24.4 (CH(CH,),), 25.1 (C(2)H,), 25.4 (CH(CH,),),
25.7 (CH(CH,),), 28.6 (CH(CH,),), 28.8 (CH(CH,),), 33.8
(CH(CHs;),), 59.3 (C(1")H), 62.2 (C(1)H), 107.0 (pyrrCH), 109.0
(pyrrCH), 117.0 (pyrrCH), 120.8 (ArCH), 122.8 (ArCH), 130.3
(pyrrC), 133.9 (Ar(C), 146.5 (ArC), 146.9 (Ar(C), 148.2 (ArC); m/z
(DCI, NH;-isobutane) 371 (M + H]*), 246, 231 (100%).

(R)-4-[(S)-(/N-Benzyl-N-hydroxy-amino)-(1 H-pyrrol-2-
yl)methyl]thiazolidine-3-carboxylic acid zerz-butyl ester 7a

Prepared according to the above general procedure from 30 mg
(0.09 mmol) of nitrone 6a in 0.5 mL of MeOH, 12 mg (0.18 mmol)
of pyrrole and 14 mg (0.18 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: CH,Cl,) afforded
N-hydroxylamine 7a (34 mg, 94%, dr > 98 : 2) as a white solid.
Its absolute configuration was determined by X-ray analysis and
revealed a (4R,1'S) configuration;} mp 110-111 °C; [a]? —52.3 (c
0.85in CHCl,); vy /cm™" (KBr disc) 3450-3300 (broad, OH, NH),
1675 (CO); oy (300 MHz; CDCl;; Me,Si) 1.36 (9H, s, C(CH>),),
3.08-3.24 (2H, m, C(5)H,), 3.64-3.79 (3H, m, C(2)H,, CH,Ph),
391 (1H, d, J = 7.8 Hz, C(1")H), 4.60-4.62 (1H, m, C(2Q)H,),
5.19 (1H, br s, C(4)H), 6.06-6.12 (2H, m, pyrrH), 6.74 (1H,
br s, pyrrH), 7.22-7.30 (SH, m, ArH), 8.95 (1H, br s, NH); d¢
(75 MHz; CDCl;; Me,Si) 28.2 (CHj;), 33.5(C(5)H,),47.5 (C(2)H,),
60.1 (C(4)H), 61.7 (CH,Ph), 65.9 (C(1")H), 81.1 (C(CHj;),), 107.1
(pyrrCH), 110.4 (pyrrCH), 118.4 (pyrrCH), 125.2 (pyrrC), 127.1
(ArCH), 128.2 (ArCH), 128.9 (ArCH), 138.0 (ArC), 154.6 (C=0);
m/z (DCI, NH;-isobutane) 390 (M + HJ*), 267, 211 (100%);
Elemental analysis, calcd (%) for C, H,;N;O;S: C, 61.68; H, 6.99;
N, 10.79. Found: C, 61.58; H, 7.08; N, 10.57.

N-Benzyl-N-[(S)-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)-(1 H-
pyrrol-2-yl)methyl]-/V-hydroxylamine 7b

Prepared according to the above general procedure from 118 mg
(0.50 mmol) of nitrone 6b in 2.5 mL of MeOH, 67 mg (1.0 mmol) of
pyrrole and 79 mg (1.0 mmol) of acetyl chloride. The mixture was
stirred for 5 hours. Purification (eluent: CH,Cl,-MeOH, 100 : 0 to
95 . 5) afforded N-hydroxylamine 7b (143 mg, 95%, dr > 98 : 2) as
a white solid. Its absolute configuration was determined by X-ray
analysis and revealed a (4S,1'S) configuration;{ mp 72-73 °C; [a]y
—3.1 (¢ 1.04 in CHCL); vy, /cm™ (KBr disc) 3500-3300 (broad,
OH, NH); J4 (300 MHz; CDCl;; Me,Si) 1.25 (3H, s, C(CH;),),
1.35(3H, s, C(CH;),), 3.55-3.80 (4H, m, C(1"))H, C(5)H,, CH,Ph),
4.07 (1H, dd, J = 8.2 and 6.4 Hz, C(5)H,), 4.70 (1H, dd, J = 11,7
and 6.7 Hz, C(4)H), 5.10 (1H, s, OH), 6.11-6.13 (1H, m, pyrrH),
6.18 (1H, dd, J = 5.7 and 2.9 Hz, pyrrH), 6.81 (dd, J = 4.0 and
2.5Hz, 1H, pyrrH), 7.25-7.34 (5SH, m, ArH), 8.89 (1H, brs, NH);
dc (75 MHz; CDCl;; Me,Si) 25.7 (CH;), 26.2 (CH;), 61.9 (CH,Ph),
65.5(C(1")H), 67.6 (C(5)H,), 76.8 (C(4)H), 107.4 (pyrrCH), 109.8
(C(CH,),), 110.3 (pyrrCH), 118.2 (pyrrCH), 125.6 (pyrrC), 127.3
(ArCH), 128.3 (ArCH), 129.5 (ArCH), 137.6 (ArC); m/z (DCI,
NH;-isobutane) 303 ((M + HJ"), 285, 180 (100%), 122; HRMS

1 CCDC reference numbers 679400-679403. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b802997k

(EST*) C;H,N,0O;Na ([M + NaJ]*) requires 325.15226 found
325.15234.

(R)-4-[(N-Benzyl-N-hydroxy-amino)-(1 H-pyrrol-2-yl)methyl]-2,2-
dimethyl-oxazolidine-3-carboxylic acid zert-butyl ester 7c

Prepared according to the above general procedure from 134 mg
(0.40 mmol) of nitrone 6c¢ in 2 mL of MeOH, 54 mg (0.80 mmol)
of pyrrole and 63 mg (0.80 mmol) of acetyl chloride. The mixture
was stirred for 28 hours. Purification (eluent: CH,Cl,—pentane, 6 :
4 to 10 : 0) afforded N-hydroxylamine 7¢ (157 mg, 98%, dr =
85 : 15) as a white solid; mp 44-45 °C; [a]y +7.0 (¢ 1.03 in
CHCL,); vye/cm™ (KBr disc) 3500-3300 (broad, OH, NH), 1662
(CO); 4 (300 MHz; CDCl;; Me,Si) 1.43-1.57 (15H, m, C(CH>),,
C(CHs)s), 3.60-3.87 (SH, m, C(1")H, C(5)H,, CH,Ph), 4.31 (1H,
dd, J = 10.8 and 4.0 Hz, C(4)H), 6.10-6.13 (1H, m, pyrrH), 6.17
(1H, dd, J = 5.8 and 2.8 Hz, pyrrH), 6.80 (1H, dd, J = 4.1 and
2.6 Hz, pyrrH), 7.19-7.27 (5H, m, ArH), 8.03 (1H, s, OH), 9.39
(1H, br s, NH); oc (75 MHz; CDCl;; Me,Si) 24.6 (CH,), 27.4
(CH,), 28.5 (CH,;), 58.9 (C(4)H), 60.4 (CH,Ph), 64.2 (C(1)H),
65.7 (C(5)H,), 81.2 (C(CH,);), 94.1 (C(CHs;),), 107.3 (pyrrCH),
110.7 (pyrrCH), 118.4 (pyrrCH), 126.7 (ArCH), 128.0 (ArCH),
128.1 (pyrrC), 128.7 (ArCH), 138.3 (ArC), 153.0 (C=0); m/z
(DCI, NH;-isobutane) 402 ([M + HJ*), 386, 279 (100%), 223;
Elemental analysis, caled (%) for C,H; N;0,: C, 65.85; H, 7.79;
N, 10.47. Found: C, 66.11; H, 8.13; N, 10.33.

(S)-2-[(:S)-(/N-Benzyl-N-hydroxy-amino)-(1 H-pyrrol-2-
yDmethyl]|pyrrolidine-1-carboxylic acid zerz-butyl ester 7d

Prepared according to the above general procedure from 80 mg
(0.26 mmol) of nitrone 6d in 1.3 mL of MeOH, 35 mg (0.52 mmol)
of pyrrole and 41 mg (0.52 mmol) of acetyl chloride. The mixture
was stirred for 30 hours. Purification (eluent: pentane-EtOAc,
9 : 1) afforded N-hydroxylamine 7d (77 mg, 74%, dr = 90 : 10)
as a colourless oil. Its absolute configuration was determined by
'"H NMR analysis.”® At —40 °C, the coupling constant between
H, and H, was 1.6 Hz for the major isomer. This value is in good
agreement with the anti isomer; compound 7d (major isomer): [a]Y
—64.8 (¢ 1.00 in CHCL;); vy, /cm™" (thin film) 3500-3200 (broad,
OH, NH), 1667 (CO); oy (400 MHz; CDCl;; Me,Si) 0.58 (1H,
br s, C(4)H,), 1.42-1.53 (10H, m, C(4)H,, C(CH;);), 1.67-1.72
(IH, m, C(3)H,), 1.89-2.00 (1H, m, C(3)H,), 2.89-2.95 (1H, m,
C(5)H,),3.27(1H, appq, J = 18.5and 9.1 Hz, C(5)H), 3.65 (1H,
d, J =2.5Hz, C(I")H), 3.66 (2H, AB,, J,; = 14.6 Hz, 6,8 =
69.9 Hz, CH,Ph),4.72 (1H, d, J = 8.4 Hz, C(2)H), 6.06-6.07 (1H,
m, pyrrH), 6.12 (1H, dd, J = 5.8 and 2.8 Hz, pyrrH), 6.74-6.76
(1H, m, pyrrH), 7.17-7.32 (m, 5SH, ArH), 8.37 (2H, br s, NH,
OH); dc (100 MHz; CDCl;; Me,Si) 22.6 (C(4)H,), 28.5 (CHs),
28.6 (C(3)H,), 48.3 (C(5)H,), 57.8 (C(2)H), 59.8 (CH,Ph), 69.8
(C(1)H), 80.4 (C(CHy,)s), 107.8 (pyrrCH), 108.9 (pyrrCH), 118.1
(pyrrCH), 126.4 (ArCH), 127.4 (pyrrC), 127.9 (ArCH), 128.2
(ArCH), 139.3 (ArC), 157.6 (C=0); m/z (DCI, NH;-isobutane)
372 ((M + HJ*), 249 (100%), 193; HRMS (ESI*) C, H»N;0;Na
(IM + Na]*) requires 394.21011 found 394.21099; compound 7d
(minor isomer): [a]® +34.3 (¢ 1.02 in CHCl,); J,, (300 MHz; CDCl;;
Me,Si) 1.55 (9H, s, C(CH;),), 1.68-1.88 (4H, m, C(3)H,, C(4)H,),
3.31-3.49 (3H, m, C(1')H, C(5)H,), 3.69 (2H, AB,, J ,; = 14.1 Hz,
Sx—0s = 28.5 Hz, CH,Ph), 4.30-4.36 (1H, m, C(2)H), 6.00-6.02
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(1H, m, pyrrH), 6.15 (1H, dd, J = 5.8 and 2.7 Hz, pyrrH), 6.79
(1H, dd, J = 4.1 and 2.6 Hz, pyrrH), 7.16-7.25 (5SH, m, ArH),
8.26 (1H, s, OH), 9.33 (1H, br s, NH); . (100 MHz; CDCl;;
Me,Si) 22.8 (C(3)H,), 27.9 (C(4)H,), 28.5 (CHs;), 46.2 (C(5)H,),
57.5(C(2)H), 60.1 (CH,Ph), 65.3 (C(1")H), 80.0 (C(CHs;)), 106.9
(pyrrCH), 110.0 (pyrrCH), 118.3 (pyrrCH), 126.6 (ArCH), 127.9
(ArCH), 128.1 (ArCH), 128.7 (pyrrC), 139.0 (ArC), 157.0 (C=0);
m/z (EST*) 410 (M + KJ*), 394 (M + NaJ*), 372 ((M + H]*), 249
(100%).

(Benzyl-hydroxy-amino)-(1H-pyrrol-2-yl)-acetic acid
(1R,2S,5R)-2-isopropyl-5-menthyl-cyclohexyl ester 9

Prepared according to the above general procedure from 320 mg
(1.01 mmol) of nitrone 8a in 5 mL of MeOH, 135 mg (2.02 mmol)
of pyrrole and 158 mg (2.02 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: CH,Cl,) afforded
N-hydroxylamine 9 as a mixture of diastereoisomers (283 myg,
73%, dr = 65 : 35) as a white solid; v,,,,/cm~" (KBr disc) 3600—
3300 (broad, OH, NH), 1727 (CO); J (300 MHz; CDCl;; Me,Si)
0.52-2.04 (18H, m, menthol H), 3.73 (1.3H, AB,, J ;5 = 13.5 Hz,
8,—0s = 80.0 Hz, CH,Ph,,,;.), 3.75 (0.7H, AB,, J,s = 13.5 Hz,
O,—0s = 85.8 Hz, CH,Ph,r), 4.53 (0.35H, s, C(2)H ninor), 4.54
(0.65H, s, C(2')H pyjor), 4.63-4.80 (1H, m, C(1)H), 5.43 (0.65H, s,
OH o), 5.62(0.35H, s, OH 0:), 6.13-6.16 (1H, m, pyrrH), 6.20—
6.23 (1H, m, pyrrH), 6.76-6.81 (1H, m, pyrrH), 7.27-7.31 (SH, m,
ArH),8.82-8.87 (1H,2brs, NH);dc (75 MHz; CDCl;; Me,Si) 16.0
and 16.2 (CHj;), 20.6 and 20.7 (CHj;), 21.9 and 22.0 (CH;), 23.3
(C(3)H,), 25.8 and 26.1 (CH(CH,;),), 31.3 and 31.4 (C(5)H), 34.2
(C(4)H,), 40.4 and 40.8 (C(6)H,), 46.9 and 47.2 (C(2)H), 60.5
and 60.7 (CH,Ph), 68.4 (C(2)H), 75.4 and 75.5 (C(1)H), 108.1
(pyrrCH), 109.7 and 110.1 (pyrrCH), 118.9 and 119.0 (pyrrCH),
124.0 (pyrrC), 127.4 (ArCH), 128.2 (ArCH), 129.3 (ArCH), 129.5
(ArCH), 137.3 (ArC), 170.3 (C=0); m/z (ESI*) 423 (IM + K%,
407 (M + Nal*), 385 (IM + HJ%), 367, 262 (100%); HRMS
(EST*) C;;H;;N,0O5Na ([M + Nal*) requires 407.23051 found
407.23071.

(R)-|N-Hydroxy-((R)-2-hydroxy-1-phenylethyl)-amino]-(1H-
pyrrol-2-yl)acetic acid methyl ester 10a and
(S)-|N-hydroxy-((R)-2-hydroxy-1-phenylethyl)-amino]-(1 H-
pyrrol-2-yl)acetic acid methyl ester 10b

Prepared according to the above general procedure from 137 mg
(0.72 mmol) of nitrone 8b in 3.6 mL of MeOH, 96 mg (1.43 mmol)
of pyrrole and 112 mg (1.43 mmol) of acetyl chloride. The mixture
was stirred for 24 hours. Purification (eluent: pentane-AcOEt,
7 : 3 to 0: 1) afforded N-hydroxylamines 10a (59 mg, 28%)
as a pale pink solid and 10b (57 mg, 28%) as a colourless oil;
compound 10a: mp 79-80 °C; [a]¥ —132.5 (¢ 0.25 in CHCL,);
Vma/cm™" (KBr disc) 3550-3200 (broad, OH x 2, NH), 1740
(CO); o4 (300 MHz; CDCl;; Me,Si) 3.65 (3H, s, OCH;), 3.69
(1H, brs, OH), 3.81 (1H, dd, J = 10.4 and 4.1 Hz, C(1")H), 4.42
(1H, app. t, J = 10.8 Hz, C(2))H,), 4.49 (1H, s, C(2)H), 4.53 (1H,
br s, C(2)H,), 6.07-6.10 (1H, m, pyrrH), 6.17 (1H, dd, J = 5.7
and 2.6 Hz, pyrrH), 6.87 (1H, dd, J = 4.1 and 2.6 Hz, pyrrH),
7.30-7.35 (SH, m, ArH), 7.46 (1H, s, OH), 10.10 (1H, br s, NH);
dc (75 MHz; CDCl;; Me,Si) 52.7 (OCH;), 62.7 (C(2)H,), 66.2
(C(2)H), 67.1 (C(1)H), 108.0 (pyrrCH), 110.8 (pyrrCH), 120.1

(pyrrCH), 122.1 (pyrrC), 128.1 (ArCH), 128.3 (ArCH), 130.4
(ArCH), 134.3 (ArC), 173.1 (C=0); m/z (DCI, NH;-isobutane)
291 (IM + HJ]*), 273, 241 (100%); Elemental analysis, caled (%)
for C;sH;N,O,: C, 62.06; H, 6.25; N, 9.65. Found: C, 62.41;
H, 6.57; N, 9.51; compound 10b: [a]y —15.2 (¢ 1.00 in CHCL,);
Jn (400 MHz; CDCl;; Me,Si) 3.18 (1H, br s, OH), 3.71 (3H, s,
OCH;), 3.82 (1H, dd, J = 10.2 and 3.8 Hz, C(2)H,), 4.03-4.12
(2H, m, C(1")H, C(2')H,), 4.68 (1H, s, C(2)H), 6.07-6.09 (2H, m,
pyrrH), 6.51 (1H, br s, OH), 6.68 (1H, dd, J = 4.3 and 2.5 Hz,
pyrrH),7.25-7.34(5H, m, ArH),9.14 (1H, br s, NH); o (75 MHz;
CDCl;; Me,Si) 52.3 (OCH,;), 64.6 (C(2)H,), 64.5 (C(2)H), 69.6
(C(1")H), 108.1 (pyrrCH), 109.4 (pyrrCH), 118.9 (pyrrCH), 122.6
(pyrrC), 128.1 (ArCH), 128.5 (ArCH), 128.8 (ArCH), 137.0
(ArC), 171.2 (C=0); m/z (ESI*) 329 (IM + KJ]*), 313 ((M + Nal*,
100%).

Compound 10a could also be prepared as a single diastereoiso-
mer, following the procedure below: to a stirred solution of
hydroxylamine 11 (419 mg, 1.62 mmol) in anhydrous MeOH
(8.0 mL) at —40 °C was added HCI (1.6 mL, 2.0 N in Et,0,
3.24 mmol). Tt was slowly warmed to —20 °C and stirred at this
temperature for 12 hours. The mixture was then treated with a
saturated aqueous NaHCO; solution until pH 8-9. The aqueous
layer was extracted three times with CH,Cl,. The combined
organic layers were washed with brine, dried over anhydrous
MgSO, and concentrated. The crude product was purified by flash
chromatography on silica gel (eluent: pentane-EtOAc,9:1to 1:
9) to afford N-hydroxylamine 10a (419 mg, 89%) as a pale pink
solid. Physical and spectral data were found to be identical to those
described above.

(3R,5R)-4-Hydroxy-5-phenyl-3-(1 H-pyrrol-2-yl)morpholin-
2-one 11

To a stirred solution of nitrone 8b (1,18 g, 6.19 mmol) in anhydrous
CH,Cl, (31 mL) at —78 °C was added HCI (6.20 mL, 2.0 N in
Et,0, 12.38 mmol) and the mixture was stirred for 10 minutes.
Freshly distilled pyrrole (831 mg, 12.38 mmol, 0.86 mL) was
added and the mixture was then slowly warmed to —40 °C
within two hours whereupon water was added. The mixture was
stirred for 15 minutes at room temperature and the aqueous
layer was extracted three times with CH,Cl,. The combined
organic layers were washed with brine, dried over anhydrous
Na,S0O, and concentrated. The crude product was purified by flash
chromatography on silica gel (eluent: pentane-EtOAc,9:1to1:1)
to afford N-hydroxylamine 11 as a single diastereoisomer (1.22 g,
76%) as a yellow solid. Its absolute configuration was determined
by X-ray analysis and revealed a (3R,5R) configuration; mp
48-49 °C; [a]® —48.9 (c 0.51 in CHCL); vy, /cm™ (KBr disc)
3500-3200 (broad, OH, NH), 1745 (CO); éx (300 MHz; CDCl;;
Me,Si) 4.44 (1H, dd, J = 10.6 and 4.8 Hz, C(5)H), 4.56 (1H,
dd, J = 11.3 and 4.8 Hz, C(6)H,), 497 (1H, t, J = 10.9 Hz,
C(6)H,), 5.11 (1H, s, C(3)H), 5.50 (1H, s, OH), 6.18-6.21 (1H, m,
pyrrH), 6.23-6.25 (1H, m, pyrrH), 6.77-6.79 (1H, m, pyrrH),
7.33-7.48 (SH, m, ArH), 8.72 (1H, br s, NH); é. (75 MHz;
CDCl;; Me,Si) 58.9 (C(5)H), 65.2 (C(3)H), 68.0 (C(6)H,), 108.4
(pyrrCH), 108.6 (pyrrCH), 119.0 (pyrrCH), 123.3 (pyrrC), 128.0
(ArCH), 128.7 (ArCH), 128.9 (ArCH), 1353 (ArC), 168.0
(C=0); m/z (DCI, NH;-isobutane) 259 (IM + HJ*), 241 (100%);
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HRMS (ESI*) C,,H 4N, O;K (IM + K]*) requires 297.06360 found
297.06398.

(R)-Amino-(1H-pyrrol-2-yl)acetic acid methyl ester 12

To a stirred solution of hydroxylamine 10a (29 mg, 0.10 mmol) in
anhydrous MeOH (3.0 mL) and formic acid (0.3 mL) was added
black palladium (60 mg, 0.56 mmol). The resulting mixture was
stirred for 1 hour. It was then filtered on celite and methanol was
removed under vacuum. Then CH,Cl, and NaHCO; were added,
filtrated and concentrated. The crude product was purified by flash
chromatography on silica gel (eluent: pentane-EtOAc,3:7t00:1)
to afford unstable a-amino methyl ester 12 (6 mg, 40%) as a brown
oil. The enantiomeric ratio was determined by '"H NMR spectrum
in the presence of the chiral shift reagent, europium(i) tris-(3-
heptafluoropropylhydroxymethylene)-(+)-camphorate, and was
85 : 15; vy /cm™! (thin film) 3400-3200 (broad, NH, NH,), 1723
(CO); dy (300 MHz; CDCl;; Me,Si) 1.89 (2H, br s, NH,), 3.77
(3H, s, OCH,;), 4.72 (1H, s, C(2)H), 6.14-6.16 (2H, m, pyrrH),
6.74-6.75 (1H, m, pyrrH), 8.70 (1H, br s, NH); . (75 MHz;
CDCl;; Me,Si) 52.5 (OCH5;), 52.6 (C(2)H), 105.9 (pyrrCH), 108.7
(pyrrCH), 117.8 (pyrrCH), 129.1 (pyrrC), 173.6 (C=0); m/z
(ESI*) 138 (IM + H — NH;]*, 100%).

(R)-Amino-(1H-pyrrol-2-yl)acetic acid 13

To a stirred solution of freshly prepared o-amino methyl ester 12
(48 mg, 0.31 mmol) in THF (12 mL) and water (4 mL) at 0 °C was
added lithium hydroxide monohydrate (260 mg, 0.62 mmol) and
the resulting mixture was stirred for 2 hours at this temperature. It
was then acidified with aqueous 0.2 N HCI to pH 3. After removal
of the solvent, the residue was passed through a column of Dowex
50W-X8 ion exchange resin (H* form), eluting with water and
then aqueous ammonia (1.0 N). Lyophilization afforded amino
acid 13 (35 mg, 80%) as a white solid; mp 165-166 °C (dec.); [a]¥
—87.1 (¢ 0.28 in 1.0 N HCI); v,,./cm™' (KBr disc) 3333 (NH),
3200-2900 (NH;*), 1639 (CO); 6y (300 MHz, D,0O) 4.95 (1H, s,
C(2)H), 6.28 (1H, t, J = 3.1 Hz, pyrrH), 6.34 (1H, dd, J = 3.4
and 1.4 Hz, pyrrH), 6.97 (1H, dd, J = 2.7 and 1.5 Hz, pyrrH);
oc (75 MHz, D,0) 52.1 (C(2)H), 108.4 (pyrrCH), 108.5 (pyrrC),
120.1 (pyrrCH), 123.8 (pyrrCH), 172.3 (C=0); m/z (DCI, NH;—
isobutane) 139 (IM — H]~, 100%); HRMS (ESI~) C,HsN,O, (M —
H]™) requires 139.05130 found 139.05142.

General procedure for the preparation of C-3 substituted pyrrolic
N-hydroxylamines 15a—c

Freshly distilled acetyl chloride (157 mg, 2.0 mmol, 142 pL) was
added dropwise at 0 °C to anhydrous methanol (5 mL) and
the mixture was stirred for 15 min. The appropriate nitrone 2
(1.0 mmol) was added and the mixture was cooled to —40 °C before
the addition of N-triisopropylsilylpyrrole 14b (N-TIPS-pyrrole)
(246 mg, 1.1 mmol). The mixture was slowly warmed to 0 °C, and
stirred at this temperature until complete disappearance of starting
material (followed by TLC). The mixture was then treated with
saturated aqueous NaHCO; solution until pH 8-9. The aqueous
layer was extracted three times with CH,Cl,. The combined
organic layers were washed with brine, dried over anhydrous
MgSO, and concentrated. The obtained N-hydroxylamine was
purified by flash chromatography on silica gel.

N-Benzyl-N-[1-(1-triisopropylsilanyl-1 H -pyrrol-3-
yD)propyl]hydroxylamine 15a

Prepared according to the above general procedure from 163 mg
(1.00 mmol) of nitrone 2a in 5.0 mL of MeOH, 241 mg (1.08 mmol)
of N-TIPS-pyrrole 14b and 157 mg (2.00 mmol) of acetyl
chloride. The mixture was stirred for 24 hours. Purification (eluent:
pentane-EtOAc, 9 : 1) afforded N-hydroxylamine 15a (227 mg,
59%) as a beige solid; mp 76-77 °C; vy /cm~' (KBr disc) 3300
3150 (broad, OH); dy4 (300 MHz; CDCl;; Me,Si) 0.84 3H, t, J =
7.4 Hz, C(3)H;), 1.10-1.12 (18H, m, ((CH;),CH);Si), 1.38-1.53
(3H, m, ((CH,),CH),Si), 1.68-1.83 (1H, m, C(2)H,), 2.03-2.17
(1H, m, C(2)H>), 3.63 (1H, dd, J = 9.0 and 5.3 Hz, C(1)H),
3.69 (2H, AB,, J; = 13.3 Hz, 3,-3; = 93.1 Hz, CH,Ph), 6.29
(1H, dd, J = 2.6 and 1.4 Hz, pyrrH), 6.67-6.70 (1H, m, pyrrH),
6.78 (1H, t, J = 2.4 Hz, pyrrH), 7.19-7.35 (5H, m, ArH); J.
(75 MHz; CDCl;; Me,Si) 11.2 (((CH;),CH);Si), 11.7 (C(3)H,),
17.8 (((CH;),CH);Si), 26.4 (C(2)H,), 61.3 (CH,Ph), 66.6 (C(1)H),
110.8 (pyrrCH), 123.5 (pyrrCH), 124.4 (pyrrCH), 127.0 (ArCH),
128.2 (ArCH), 129.4 (ArCH), 135.7 (pyrrC), 138.4 (ArC); m/z
(EST*) 425 (M + KJ%), 409 (IM + Na]*), 387 (IM + HJ*, 100%);
Elemental analysis, calcd (%) for C,;Hy;N,OSi: C, 71.45; H, 9.91;
N, 7.25. Found: C, 71.51; H, 9.92; N, 7.13.

[2-(N-Benzyl-N-hydroxy-amino)-2-(1-triisopropylsilanyl-1H-
pyrrol-3-yl)ethyl]carbamic acid zerz-butyl ester 15b

Prepared according to the above general procedure from 82 mg
(0.31 mmol) of nitrone 2b in 1.6 mL of MeOH, 76 mg (0.34 mmol)
of N-TIPS-pyrrole 14b and 49 mg (0.62 mmol) of acetyl chlo-
ride. The mixture was stirred for 30 hours. Purification (eluent:
pentane-EtOAc, 9 : 1 to 7 : 3) to afford N-hydroxylamine 15b
(93 mg, 62%) as a white solid; mp 99-100 °C; v,,,./cm~' (KBr disc)
3450-3300 (broad, OH, NH), 1706 (CO); éy (300 MHz; CDCl;;
Me,Si) 1.08-1.11 (18H, m, ((CH;),CH),Si), 1.36-1.47 (12H, m,
((CH,),CH);Si, C(CH;);), 3.37-3.58 (2H, m, C(1)H,), 3.71 (1H,
dd, J = 6.5 and 4.5 Hz, C(2)H), 3.75 (2H, AB,, J,; = 13.9 Hz,
8,0 = 91.0 Hz, CH,Ph), 4.88-4.92 (1H, m, NH), 6.02 (1H, br s,
OH), 6.28 (1H, dd, J = 2.6 and 1.4 Hz, pyrrH), 6.71-6.73 (1H,
m, pyrrH), 6.75 (1H, t, J = 2.3 Hz, pyrrH), 7.17-7.33 (5H, m,
ArH); oc (75 MHz; CDCl;; Me,Si) 11.7 (((CH;),CH);Si), 17.8
(((CH,),CH);Si), 28.4 (C(CH;);), 43.4 (C(1)H,), 60.5 (CH,Ph),
64.5 (C(2)H), 79.3 (C(CH,);), 110.7 (pyrrCH), 121.2 (pyrrC),
123.0 (pyrrCH), 124.3 (pyrrCH), 126.6 (ArCH), 128.0 (ArCH),
128.7 (ArCH), 139.2 (Ar(C), 154.5 (C=0); m/z (DCI, NH;-
isobutane) 488 ([M + HJ*), 472, 365, 390 (100%); Elemental
analysis, calcd (%) for C,;H,sN;058Si: C, 66.49; H, 9.30; N, 8.62.
Found: C, 66.43; H, 9.44; N, 8.39.

(N-Benzyl-N-hydroxy-amino)-(1-triisopropylsilanyl-1 H-pyrrol-3-
yDacetic acid ethyl ester 15¢

Prepared according to the above general procedure from 290 mg
(1.35mmol) of nitrone 2¢ in 6.8 mL of MeOH, 332 mg (1.49 mmol)
of N-TIPS-pyrrole 14b and 211 mg (2.70 mmol) of acetyl
chloride. The mixture was stirred for 12 hours. Purification (eluent:
pentane-EtOAc, 9 : 1 to 7 : 3) afforded N-hydroxylamine 15¢
(447 mg, 77%) as a white solid; mp 99-100 °C; vy,,/cm™' (KBr
disc) 3500-3350 (broad, OH), 1752 (CO); dy4 (300 MHz; CDCl;;
Me,Si) 1.09 (18H, d, J = 7.5 Hz, ((CH;),CH),Si), 1.20 (3H, t,
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J = 7.1 Hz, C(2)H,), 1.35-1.52 (3H, m, ((CH,),CH),Si), 3.77
(2H, AB,, J.3 = 13.6 Hz, 5,—3; = 136.8 Hz, CH,Ph), 4.17 (2H,
q,J =7.1Hz, C(1)H,), 4.48 (1H, s, C(2)H), 5.35 (1H, br s, OH),
6.39 (1H, dd, J = 2.7 and 1.4 Hz, pyrrH), 6.72-6.74 (1H, m,
pyrrH), 6.73 (1H, t, J = 2.4 Hz, pyrrH), 7.21-7.35 (SH, m, ArH);
dc (75 MHz; CDCl;; Me,Si) 11.6 (((CH;), CH);Si), 14.1 (C(2)Hs,),
17.8 (((CH;),CH);Si), 60.1 (CH,Ph), 60.7 (C(1)H.,), 69.3 (C(2)H),
110.8 (pyrrCH), 119.3 (pyrrC), 123.9 (pyrrCH), 124.6 (pyrrCH),
127.1 (ArCH), 128.1 (ArCH), 129.6 (ArCH), 137.8 (ArC), 171.8
(C=0); m/z (DCI, NH;-isobutane) 431 ([M + HJ*), 415, 308
(100%); Elemental analysis, calcd (%) for C,,H3;N,O;Si: C, 66.94;
H, 8.90; N, 6.51. Found: C, 67.18; H, 9.03; N, 6.40.

(3R,5R)-4-Hydroxy-5-phenyl-3-(1-triisopropylsilanyl-1 H-pyrrol-
3-yDmorpholin-2-one 16a and (3R,5R)-4-hydroxy-5-phenyl-
3-(1-triisopropylsilanyl-1 H -pyrrol-2-yl)morpholin-2-one 16b

To a stirred solution of nitrone 8b (102 mg, 0.53 mmol) in
anhydrous CH,Cl, (2,5 mL) at 0 °C was added HCI (530 uL, 2.0 N
in Et,0, 1.06 mmol) and N-TIPS-pyrrole 14b (119 mg, 0.53 mmol)
and the mixture was stirred 0 °C for 12 hours. The mixture was
then treated with saturated aqueous NaHCO; solution until
pH 8-9. The aqueous layer was extracted three times with CH,Cl,.
The combined organic layers were washed with brine, dried over
anhydrous MgSO, and concentrated. The crude product was
purified by flash chromatography on silica gel (eluent: pentane—
EtOAc, 9:1to 7:3) to afford a mixture of two regioisomers 16a,b,
16a being the major isomer (124 mg, 57%, regio-isomeric ratio
before purification 66 : 34) as a beige solid; v,,,,/cm™" (KBr disc)
3600-3300 (broad, OH), 1748 (CO); dy (300 MHz; CDCl;; Me,Si)
1.07-1.16 (18H, 3d, J = 7.3, 7.4 and 7.5 Hz, ((CH;),CH);Si),
1.38-1.48 (3H, m, ((CH;),CH),Si), 4.46 (1.56H, m, C(5H,
C(6)H,), 4.77-4.81 (0.44H, m, C(5)H, C(6)H,), 5.02-5.08 (1.56H,
m, C(3)H, C(6)H,), 5.15-5.23 (0.44H, m, C(3)H, C(6)H,),
5.67-5.73 (0.78H, m, OH), 6.25 (0.22H, app. t, J = 3.1 Hz,
pyrrH), 6.31 (0.78H, app. t, J = 3.1 Hz, pyrrH), 6.35 (0.22H,
dd, J = 3.3 and 1.3 Hz, pyrrH), 6.75-6.76 (1.56H, m, pyrrH),
6.87 (0.22H, dd, J = 2.7 and 1.4 Hz, pyrrH), 7.25-7.39 (5H,
m, ArH); dc (75 MHz; CDCl;; Me,Si) 11.6 (((CH;), CH);Singor)s
13.2 (((CH3),CH);Sininor),  13.7  (((CH;),CH):Sigjor),  18.3
(((CH3),CH)sSininr),  57.0 (C(5)Humujor)s  59.1  (C(5)Huiner),
66.1 (C3)Hujor), 67.1 (C(6)Hominor)s 67.7 (C(6)Hypgior), 110.0
(pyrrCH,inor), 110.6 (pyrrCH,ior), 114.4 (pyrrCH,inor), 118.3
(PY11Chior), 123.5 (pyrrCHyyor), 124.9 (pyrrCH,or), 127.2
(pyrrCHinor), 127.9-128.8 (ArCH), 130.4 (pyrrCuine), 135.8
(ATCriner)> 135.9 (ATCryior), 168.4 (C=0in0r)> 169.0 (C=O0,si0r);
m/z (EST*) 453 (M + KJ*), 437 (IM + Na]*, 100%), 415 (M +
H]"); Elemental analysis, calcd (%) for C,;H3;,N,O;Si: C, 66.63;
H, 8.27; N, 6.76. Found: C, 66.71; H, 8.29; N, 6.82.

(R)-|Hydroxy-((R)-2-hydroxy-1-phenylethyl)amino]-(1-
triisopropylsilanyl-1 H-pyrrol-3-yl)acetic acid methyl ester 20

To a stirred solution of nitrone 8b (0.96 g, 5.02 mmol) in anhydrous
CH,Cl, (25 mL) at —40 °C was added HC1 (5.0 mL, 2.0 N in Et,O,
10.00 mmol) and N-TIPS-pyrrole 14b (1.23 g, 5.51 mmol). It was
slowly warmed to —20 °C and then stirred at this temperature
for 12 hours whereupon anhydrous MeOH (25 mL) was added.
It was then allowed to run at 0 °C for 24 hours. The mixture

was then treated with a saturated aqueous NaHCO; solution until
pH 8-9. The aqueous layer was extracted three times with CH,Cl,.
The combined organic layers were washed with brine, dried over
anhydrous MgSO, and concentrated. The crude product was
purified by flash chromatography on silica gel (eluent: pentane—
EtOAc, 9 : 1 to 7 : 3) to afford pure N-hydroxylamine 20 (1.48 g,
66%) as a pale pink solid; mp 50-51 °C; [a]? —113.0 (¢ 1.00
in CHCLy); vy /cm™ (KBr disc) 3550-3350 (broad, OH x 2),
1752 (CO); oy (400 MHz; CDCl;; Me,Si) 1.09-1.13 (18H, m,
((CH;),CH),Si), 1.38-1.50 (3H, m, ((CH;),CH),Si), 3.54-3.58
(1H, m, C(2)H,), 3.63 (3H, s, OCH;), 4.00 (1H, dd, / = 9.7 and
3.8 Hz, C(1")H), 4.23 (1H, br s, OH), 4.33-4.38 (1H, m, C(2)H.),
4.39 (1H, s, C(2)H), 6.42 (1H, dd, J = 2.4 and 1.2 Hz, pyrrH),
6.57 (1H, s, OH), 6.70 (1H, s, pyrrH), 6.76 (1H, t, J = 2.4 Hz,
pyrrH), 7.30-7.32 (SH, m, ArH); d. (75 MHz; CDCl;; Me,Si)
11.7 (((CH;),CH),Si), 17.8 (((CH;),CH);Si), 52.2 (OCH,), 63.4
(C(2)H,), 66.6 (C(2)H), 67.6 (C(1)H), 110.5 (pyrrCH), 117.8
(pyrrC), 124.5 (pyrrCH), 124.9 (pyrrCH), 127.8 (ArCH), 127.9
(ArCH), 130.2 (ArCH), 140.2 (ArC), 174.0 (C=0); m/z (DCI,
NH;-isobutane) 447 (IM + HJ"), 431, 399, 294 (100%); Elemental
analysis, calcd (%) for C,,H3xN,0,Si: C, 64.54; H, 8.58; N, 6.28.
Found: C, 64.36; H, 8.73; N, 6.38.

Synthesis of (R)-amino-(1 H-pyrrol-3-yl)acetic methyl ester 18
First strategy (from 16a,b)

(3R,5R)-4-Hydroxy-5-phenyl-3-(1 H-pyrrol-3-yl)morpholin-2-one
17

To a stirred solution of hydroxylamines 16a,b (464 mg, 1.12 mmol)
in anhydrous THF (11.2 mL) was added acetic acid (385 uL,
6.72 mmol). TBAF (2.24 mL, 1.0 M solution in THF, 2.24 mmol)
was then added dropwise and the mixture was stirred for 15 min-
utes. The mixture was treated with a saturated aqueous solution of
ammonium chloride. The aqueous layer was extracted three times
with CH,Cl,. The combined organic layers were washed with
brine, dried over anhydrous MgSO, and concentrated. The crude
product was purified by flash chromatography on silica gel (eluent:
pentane-EtOAc, 7 : 3) to afford N-hydroxylamine 17 (177 mg,
61%) as a beige solid and N-hydroxylamine 11 (26 mg, 9%)
as a yellow solid. The absolute configuration of compound
17 was determined by X-ray analysis and revealed a (3R,5R)
configuration;} characterization data for 17: mp 69-70 °C; [a]}y
+25.4 (¢ 0.54 in CHCL,); v, /cm™' (KBr disc) 3600-3200 (broad,
OH, NH), 1745 (CO); 4 (300 MHz; CDCl;; Me,Si) 4.49-4.59
(2H, m, C(5)H, C(6)H,), 4.99-5.06 (1H, m, C(6)H,), 5.09 (1H, s,
C(3)H), 5.18 (1H, s, OH), 6.32 (1H, dd, J = 4.2 and 2.6 Hz,
pyrrH), 6.81 (1H, dd, J = 5.0 and 2.6 Hz, pyrrH), 6.85-6.86
(1H, m, pyrrH), 7.36-7.38 (SH, m, ArH), 8.31 (1H, br s, NH);
Jdc (75 MHz; CDCl;; Me,Si) 57.4 (C(5)H), 65.7 (C(3)H), 67.9
(C(6)H,), 108.5 (pyrrCH), 116.3 (pyrrC), 117.8 (pyrrCH), 118.7
(pyrrCH), 128.1 (ArCH), 128.4 (ArCH), 128.7 (ArCH), 135.7
(ArC), 169.2 (C=0); m/z (ESI*) 297 (M + K]*), 281 ([M + Na]"),
259 (M + HJ*, 100%); HRMS (ESI*) C,,H,N,0O;Na ([M + Na]*)
requires 281.08966 found 281.08904.

(R)-Amino-(1H-pyrrol-3-yl)acetic acid methyl ester 18

To a stirred solution of hydroxylamine 17 (123 mg, 0.48 mmol) in
anhydrous MeOH (2.4 mL) at —20 °C was added HCI (480 uL,
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2.0 N in Et,0, 0.96 mmol) and the mixture was slowly warmed
to 0 °C and stirred at this temperature for 12 hours. The mixture
was then treated with a saturated aqueous NaHCO; solution until
pH 8-9. The aqueous layer was extracted three times with CH,Cl,.
The combined organic layers were washed with brine, dried over
anhydrous MgSO, and concentrated. The crude product was
purified by flash chromatography on silica gel (eluent: pentane—
EtOAc,9:1t03:7)toafford pure N-hydroxylamine (127 mg, 92%)
as a pale purple solid. This hydroxylamine (100 mg, 0.34 mmol)
was dissolved in anhydrous MeOH (1.6 mL) and acetic acid
(170 uL) and Pearlman’s catalyst (Pd(OH),) was added (48 mg,
20% in weight, 0.07 mmol). The resulting mixture was stirred under
a hydrogen atmosphere at room temperature for 12 hours. It was
then filtered on celite, methanol was removed under vacuum, and
acetic acid was removed azeotropically with toluene. The crude
product was purified by flash chromatography on silica gel (eluent:
pentane-EtOAc, 1 : 1 to 0 : 1) to afford g-amino methyl ester
18 (0.42 g, 80%) as a yellow oil; [a]¥ —92.2 (¢ 0.50 in CHCL,);
Vmax /€M~ (thin film) 3600-3100 (broad, NH, NH,), 1736 (CO); dy
(300 MHz; CDCl;; Me,Si) 1.92 (2H, s, NH,), 3.72 (3H, s, OCH>),
4.60 (1H,s, C(2)H), 6.20 (1H, dd, J =4.2 and 2.6 Hz, pyrrH), 6.70
(1H, dd, J = 4.8 and 2.5 Hz, pyrrH), 6.74-6.75 (1H, m, pyrrH),
8.78 (1H, brs, NH);d. (75 MHz; CDCl;; Me,Si) 52.1 (OCHj;), 52.5
(C(2)H), 106.6 (pyrrCH), 115.5 (pyrrCH), 118.4 (pyrrCH), 122.8
(pyrrC), 175.3 (C=0); m/z (DCI, NH;-isobutane) 155 (M +
H]J"), 138 (100%); HRMS (EST*) C;H,;;N,O, (IM + H]J") requires
155.08150 found 155.08147.

Second strategy (from 20)

To a stirred solution of hydroxylamine 20 (1.32 g, 2.96 mmol)
in anhydrous MeOH (14.3 mL) and acetic acid (1.6 mL) was
added Pearlman’s catalyst (Pd(OH),) (415 mg, 20% in weight,
0.59 mmol). The resulting mixture was stirred under a hydrogen
atmosphere at room temperature for 12 hours. It was then filtered
through celite, methanol was removed under vacuum, and acetic
acid was removed by azeotropic distillation with toluene. The
crude product was purified by flash chromatography on silica
gel (eluent: pentane-EtOAc, 1 : 1 to 0 : 1) to afford o-amino
methyl ester (0.92 g, quant.) as a yellow oil. The g-amino methyl
ester (249 mg, 0.80 mmol) was dissolved in anhydrous THF
(5.3 mL) and TBAF was added dropwise (0.88 mL, 1.0 M
solution in THF, 0.88 mmol). The resulting mixture was stirred
at room temperature for 5 minutes, then the reaction mixture
was concentrated and the crude product was purified by flash
chromatography on silica gel (eluent: pentane-EtOAc, 1 : 1 to
0 : 1) to afford g-amino methyl ester 18 (99 mg, 80%) as a
yellow oil. The enantiomeric ratio was determined by 'H NMR
in the presence of the chiral shift reagent, europium(i) tris-(3-
heptafluoropropylhydroxymethylene)-(+)-camphorate, and was
95:5; [a]y —91.1 (¢ 0.50 in CHCL,).

(R)-Amino-(1H-pyrrol-3-yl)acetic acid 19

To a stirred solution of amino-ester 18 (18 mg, 0.12 mmol) in THF
(4.5 mL) and water (1.5 mL) at 0 °C was added lithium hydroxide
monohydrate (10 mg, 0.24 mmol) and the resulting mixture was
stirred for 2 hours. It was then acidified with aqueous 0.2 N HCl
to pH 3. After removal of the solvent in vacuo, the residue was

passed through a column of Dowex 50W-X8 ion exchange resin
(H* form), eluting with water and then aqueous ammonia (1.0 N).
Lyophilization afforded amino acid 19 (16 mg, 95%) as a pale
brown solid; mp 166-167 °C (dec.); [a]¥ —84.1 (¢ 0.27 in 1.0 N
HCI); vy /cm™" (KBr disc) 3600-2800 (broad, NH, NH;*), 1623
(CO); 44 (300 MHz, D,0) 4.84 (1H, s, C(2)H), 6.29 (1H, dd,
J = 2.8 and 1.7 Hz, pyrrH), 6.93 (1H, dd, J = 2.7 and 2.2 Hz,
pyrrH), 7.03 (1H, t, J = 1.8 Hz, pyrrH); o (75 MHz, D,0) 52.5
(C(2)H), 106.4 (pyrrCH), 116.0 (pyrrC), 118.3 (pyrrCH), 119.4
(pyrrCH), 174.5 (C=0); m/z (EST*) 141 ((M + H]*), 124 (100%);
HRMS (ESI") C4HsN,O, ([M — HJ") requires 139.05130 found
139.05125.
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A new series of peptidic nanostructures bearing two intercalating moieties was designed and
synthesized to achieve selective recognition of DNA sequences. A cationic porphyrin was attached to a
glutamic acid side chain and the latter introduced into a peptidic sequence by standard solid-phase
peptide synthesis methodology. Conformation of the hydrosoluble peptidic structures bearing two
cationic porphyrins was studied by circular dichroism. Using UV-visible spectroscopy and induced
circular dichroism, we demonstrate that the compounds are fully intercalated upon binding to
double-stranded DNA and that the compounds exhibit a tremendous preference for GC over AT

sequences for intercalation.

Introduction

The development of nanoscale tools having specific applications
is of great interest in many areas of science. One application of ut-
most importance is to develop molecular tools able to probe a spe-
cific nucleic acid sequence at the genome wide scale.’? Such func-
tional supramolecular tools have extremely interesting biomedical
applications and could be used in biosensors, for diagnostic and
as therapeutic agents." Impressive advances in the design of
sequence-selective DNA-binding agents have been achieved dur-
ing the last decade. For example, pyrrole-imidazole polyamides
that can be programmed to recognize specific DNA sequences with
affinities and specificities comparable to DNA binding proteins
have been developed.** Other successful approaches include pep-
tide nucleic acids (PNAs),* Cu**-mediated assembly of bipyridine—
Hoechst ligand molecules,® triple-helix-forming oligonucleotides,’
modified zinc-finger proteins,® and other molecules such as other
minor-groove binders and intercalators.’

Intercalation of small aromatic molecules in double-stranded
DNA (dsDNA) is an extremely efficient binding mode.'*"" Nu-
merous compounds, including some natural products and some
clinically used chemotherapeutic agents, interact with DNA by in-
tercalating one or more aromatic groups between base pairs of the
double helix.'**> Whereas initial studies focused on molecules with
a single intercalating moiety," the promise of improved sequence
specificity has led researchers to investigate compounds that
contain more than one intercalating group.’*'* Bis-intercalating
compounds showed higher DNA binding affinities and slower
dissociation rates than the corresponding monomers.'™** Over the
past two decades, a great number of dimeric forms of DNA in-
tercalators, such as bis-acridinecarboxamides, bis-naphthalimides,
bis-imidazoacridones has been developed as potential anticancer
drugs.'*'¢

Département de chimie and CREFSIP, Faculté des sciences et de génie,
Université Laval, Québec, Québec, Canada GIK 7P4. E-mail: normand.
voyer@chm.ulaval.ca; Fax: 1-418-656-7916; Tel: 1-418-656-3613

T Electronic supplementary information (ESI) available: UV-vis spectra
of DNA titrations and ICD spectra of peptides 6-12 with poly(dGdC),,
poly(dAdT), and CT-DNA. See DOI: 10.1039/b803281¢

Our approach to achieve sequence selective DNA binding is to
use engineerable peptidic frameworks to orient properly two DNA
intercalating moieties. The distance between the intercalating units
can be easily modified and this variation should provide sequence
preferences among the synthesized bis-intercalator peptides.
Among the available intercalating moieties, the cationic meso-
tetrakis(4- N-methylpyridiniumyl)porphyrin (TMPyP) was chosen
because of its high affinity for DNA and its well known DNA-
binding properties.'”** We now report the solid-phase synthesis,
conformational studies and DNA-binding properties of a new
series of bis-porphyrin peptides.

Results and discussion
Design

The starting point for the design of a versatile peptidic scaffold
was based on work previously reported, by our group® and
others,* for the construction of engineerable peptidic frameworks.
The general concept of this work was to use o-helical peptidic
structures as scaffolds to orient multiple macrocyclic ligands on
top of each other. One major advantage of using this strategy is
the possibility to easily vary the distance between the intercalating
moieties and their orientation simply by changing their position in
the peptidic sequence. In this case, hydrosolubility of the peptidic
framework is a very important prerequisite to allow DNA-binding
in aqueous media and prevent aggregation. Unfortunately, most
of the amino acids that induce an a-helix are hydrophobic (ala,
leu, etc.). To avoid this inconvenience, the peptidic framework was
also based on the stabilized hydrosoluble a-helices reported by
Marqusee and Baldwin.” It was shown that a 17-mer alanine-
based peptide 1 containing three glutamic-lysine residue pairs
spaced by 4 residues readily forms an o-helix in water (Fig. 1).
Under an o-helix structure, the Glu™-(i + 4)Lys* ion pairs or salt
bridges stabilize the helix and confer the hydrosolubility.

On the other hand, the intercalating units are attached to
the peptidic structure via an amide bond to glutamic acid side
chains. This modified glutamic acid can be introduced into
the peptide simply by replacing an alanine (Fig. 1). To do so,
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Fig. 1 Sequences of the alanine-based hydrosoluble o-helical peptides;
(a) 17-mer peptide designed by Marqusee and Baldwin;' (b) peptide 1
bearing two porphyrins. The dashed lines represent ion pair formation
under an o-helical structure. (Ac = acetate.)

porphyrin modified glutamic acids are synthesized beforehand and
introduced into the peptide during solid-phase synthesis. Another
important feature in the design of a bis-intercalator peptide is the
positioning of the intercalating units into the peptidic sequence.
We found that to orient the intercalating units on the same side of
the o-helix, they would have to be introduced at positions 4 and
15 in a 17-mer peptide (Fig. 2) and at positions 2 and 16 in an
18-mer peptide. It can be easily observed that simply by changing
the position of the intercalating units into the peptidic sequence,
the distance between them is also modified. For example, if the
peptidic framework adopts an a-helical conformation, the distance
between the intercalating moieties is, when calculated with 0.15 nm
per amino acid,? 1.65 nm for the 17-mer and 2.10 nm for the 18-
mer.

The influence of the peptidic framework rigidity was also
an interesting feature to investigate. More adaptable (flexible)
peptidic frameworks composed only of glycine were designed.
The distance between the intercalating units was varied simply
by changing the number of glycines between them.

Synthesis

The first step of the synthesis was to prepare the porphyrin
modified glutamic acids. N-Fmoc glutamic acids bearing a
porphyrin were synthesized as previously described.”® Briefly, 5-
(4-nitrophenyl)-10,15,20-tris(4-pyridinyl)porphyrin was prepared
using the classical Adler—Longo procedure by refluxing a mix-
ture of 4-nitrobenzaldehyde (1.75 eq.), 4-pyridinecarboxaldehyde
(3 eq.) and pyrrole (4 eq.) in the presence of acetic anhydride
(Ac,0) in propionic acid (Scheme 1).** After purification by silica
gel chromatography, the nitro group was reduced by means of
stannous chloride in 6 N HCI to yield quantitatively the 5-(4-
aminophenyl)-10,15,20-tris(4-piridinyl)porphyrin 3. The coupling
reaction was achieved by activating the carboxylic function of
N-Boc-glutamic acid methyl ester with ethylchloroformate in

Salt bridges

Fig. 2 17-Mer peptide 2 bearing two porphyrins; (a) side view; (b) top
view.
R
NO,
N
H % ELLENTRY R
L7 w0+ w0
4 3 1.75 R
3
R R
COOH R R R \ R
iii iv, v, vi
Boc N OMe—— E—
’ Q) Q)
O NH O._NH
R W B oM H
e ¢ Fmoc.-N~cooH
H o H
4 5

Scheme 1 Reagents, conditions and yields: (i) CH;CH,CO,H-Ac,O
reflux, 1.5 h; 8%; (ii) SnCl,, 6 N HCI; 98%; (iii) (a) CICOOEt, TEA, DCM,
0 °C, 30 min, (b) 3, TEA, DCM, 0 °C, 2 h; 80%; (iv) 1 N NaOH, THF,
0 °C, 30 min; 90%; (v) 4M HCl-dioxane, 30 min; 99%; (vi) Fmoc-OSu,
DIEA, MeCN-H,0 (9 : 1), 3 h; 80%.

dichloromethane in the presence of triethylamine (TEA), followed
by addition of 3.2 The fully protected modified amino acid 4 was
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obtained in 80% yield. Methyl ester cleavage on 4 was performed
with 1 N NaOH in THF followed by Boc deprotection with 4 M
HCl in 1,4-dioxane and reprotection using Fmoc-OSu to give 5
in very good yield after purification by short column silica gel
chromatography.

The bis-intercalator peptides were synthesized on Wang resin
following standard Fmoc strategy solid-phase peptide synthesis
(Scheme 2).* The first amino acid, Fmoc-Ala-OH, was at-
tached to the resin via activation with diisopropylcarbodiimide
(DIC) and 1-hydroxybenzotriazole (HOBt) in the presence of
diisopropylethylamine (DIEA) in DMF. Fmoc deprotection was
performed twice using a 20% piperidine solution in DMF for
15 minutes. Each standard Fmoc-protected amino acid (Ala,
Gly, Lys(Boc), and Glu(O¢-Bu)) was coupled in a 5-fold excess
by activating with DIC-HOBt-DIEA in DMF. The modified
amino acid 5 was coupled in a reduced 1.5-fold excess to the
amino free resin-bound peptide using O-(7-azabenzotriazol-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) in the
presence of DIEA in DMF for 3 h.?® The final amino acid was
N-Boc protected to generate free peptides after cleavage under
acidic conditions. Most conveniently, N-methylation of the pyridyl
groups was carried out directly on solid-phase with an excess of
iodomethane in DMF.? Finally, methylated peptides were cleaved
from the resin using a mixture of trifluoroacetic acid (TFA),
triisopropylsilane (TIS) and water (95 : 2.5 : 2.5). Synthesized

ii, iii

: o and/or

polystyrene I H Ly
/—Dfof_ EHO—O =g me'”x:)kOAO i, iv
HO 5

Peptide elongation

Wang resin

H—AIa—Ly&AIa—H AIa—G\u—LysﬂIa—A\aﬂiaGlu—LysNa—Ala—ﬁ Glu-Ala-OH
o
17-mer 2
TMPYP* TMPyP™*
1
Ox-NH  3cFico0r O-M  3crc00r
HeAla—N Lys-Ala-Ala-Ala-Glu-Lys-Ala-Ala-Ala-Glu-Lys-Ala-Ala—N Glu-Ala-0H
H H
o}
18-mer 6
3CF5Co0 TMPyF‘" TMpypi-
Oy _NH Oy _NH 3 CF,C00
HAla—N Lys-Ala-Ala—N Glu-Ala-OH
8-mer 8

peptides were obtained in good yields (25-38% overall yield)
and in a highly pure form after purification. Peptide purity was
determined by HPLC and ESI-MS was used for characterization.

Conformational studies

Conformational analyses of peptides 2, 6-8 were performed using
circular dichroism (CD) to demonstrate the helical structure of
the peptidic frameworks. CD spectra were recorded for peptides 2,
6-8 at 50 uM in a buffer solution (Tris-HCI 10 mM, NaCl 50 mM,
EDTA 1 mM, pH 7.0) (Fig. 3). Highly populated helical structures
were observed for peptides 2 and 6 with negative maxima at 206
and 222 nm and a positive maximum at 191 nm, whereas peptide
7 showed weaker ellipticity and peptide 8 showed no ellipticity.
These results suggest that only peptides 2 and 6 are long enough
to form a stable o-helix structure in water. The same curves were
observed for peptides in which the porphyrin modified amino acids
have been replaced by alanines. This last experiment confirmed
that the presence of porphyrin units does not affect the structure
of the peptidic framework.

DNA binding studies

We have previously demonstrated that a cationic porphyrin
attached to a peptide maintains its DNA binding properties.”®
DNA binding studies with peptides 2, 6-12 were performed to

O, O—1-Bu

Boc., /‘w(N\/U\N/pepm N\)L

04( —TPyP
TPy

ity J&N -
/ O 31 O ar

N—TMPyP* N—TMPyP%

TMPyP:"“ TMPyP™

|
3 CF,C00"

NH NH
H-Ala-Lys-Ala—| N’imﬂ Glu-Lys-Ala-Ala— /g;eau Ala-OH

12-mer 7

3CF,C00°

3 CFJCOU TMFvF’}“ TMPVPJ*

NH 3 CFiC00°
n=1 9
HrAla—N Ala-OH :: S
12

~N oW

Scheme 2 Synthesis of bis-cationic porphyrin peptides 2, 6-12. Reagents and conditions: (i) Fmoc-Ala-OH, DIC, HOBt, DIEA, DMF, 24 h; (ii) 20%
piperidine-DME, 2 x 15 min; (iii) 5, HATU, DIEA DMEF, 3 h; (iv) Fmoc-Ala-OH or Fmoc-Glu(OfBu)-OH or Fmoc-Lys(Boc)-OH or Boc-Ala-OH,
DIC, HOBt, DIEA, DME, 1 h; (v) CH;1, DMF, 24 h; (vi) TFA-TIS-H,0O (95 :2.5:2.5),4 h.
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Fig. 3 CD spectra of compounds 2, 6-8 (50 uM) in a buffer solution
Tris-HCI 10 mM, NaCl 50 mM, EDTA 1mM, pH 7.0.

investigate the mode of interaction, the selectivity (GC vs. AT), and
the impact of the distance between the intercalating units as well as
the influence of the peptidic framework (rigidity vs. adaptability).
The modes of interaction of porphyrins with DNA have been
studied by several groups and their results established three
types of binding modes: intercalative binding, groove binding,
and outside binding.”® Intercalative binding has been found to
occur dominantly at GC-rich regions, groove binding at AT-
rich regions, and outside binding at both GC-rich and AT-rich
regions.”™” During spectrophotometric titration with DNA, the
intercalated porphyrin species has the following characteristics:
(i) a large red shift of the Soret band (>15 nm),? (ii) substantial
hypochromicity (>35%),”* and (iii) an induced negative CD
band in the Soret region.'®** In contrast, the groove binding
porphyrin species has the following characteristics: (i) a small red
shift in the Soret band (<8 nm),®* (ii) little hypochromicity or
hyperchromicity of the Soret maximum,?? and (iii) an induced
positive CD band in the Soret region.’®?#? On the other hand, the
outside binding porphyrin species is characterized by an induced
conserved Soret region.*

Interaction of peptides 2, 612 with various types of DNA (calf
thymus DNA (CT-DNA), poly(dAdT), and poly(dGdC),) was
examined by spectrophotometric titration in the Soret region (UV
and CD). The extraordinary extinction coefficient of the Soret
band for the cationic porphyrins allowed spectrophotometric de-
tection of porphyrin—-DNA interactions at very low concentration
(5 uM). Visible spectra of compounds 2, 6-12 were recorded in the
presence of an increasing amount of DNA in a TE buffer (Tris-HCl
10 mM, NaCl 50 mM, EDTA 1 mM, pH 7.0) at 1/R values up to
50, where R denotes input ratio of [porphyrin] : [base pairs]).*"*

It has been shown previously that during titration with GC rich
DNA (CT-DNA and poly(dGdC),), an important bathochromic
shift (A4,.) and hypochromicity (H) with one set of isosbestic
points were observed for the Soret band of the cationic mono-
porphyrin H,TMPyP (Fig. 4).® These results corresponded to
an intercalative binding and because of the presence of an

isosbestic point throughout the titration, the optical contribution
certainly came from two distinct species, free and bound porphyrin
chromophores.® In contrast, when poly(dAdT), was used, the
bathochromic shift and the hypochromicity were less important
(Fig. 4). These results were characteristic of a groove binding
mode.

Titration of compounds 2, 612 with poly(dGdC), showed also
an important decrease of the Soret band with strong bathochromic
shifts (A = 16-22 nm) and important hypochromicities (Yo H =
43.2-49.8) (Fig. 4 and Table 1). The hypochromicity was deter-
mined by the equation H = (4; — A,)/(4;) x 100, where A;
and A, represent the Soret absorbances of the free and bound
porphyrins, respectively. These results are characteristic of inter-
calative binding and demonstrate that both porphyrins intercalate
into GC-rich DNA since the spectral changes are comparable to
those of the monoporphyrin. No isosbestic points were observed
for peptides 2, 6-12, suggesting that the binding process is more
than two steps and can be explained in terms of a collaboration
effect. In contrast, during titration with poly(dAdT),, the intensity
of the Soret band decreased much less for each compound studied.
Bathochromic shifts from 4 to 8§ nm and hypochromicities from
3.6 to 23.1% were observed (Table 1). These spectral changes
indicate that peptides 2, 6-12 interact with AT-rich DNA by
groove binding. On the other hand, during titration with CT-
DNA, intermediate spectral changes with bathochromic shifts
from 8 to 14 nm and hypochromicities from 11.4 to 30.9% were
observed for compounds 2, 6-12 (Table 1). The intensity of the
Soret band of each bis-porphyrin peptide decreased together with
a red shift at the initial step, and then the intensity of the red
shifted peak increased with further DNA additions. These results
propose that in most cases, two modes of interaction are observed
and could be explained by the probability of the second porphyrin
finding a nearby GC-rich site for intercalation. When no GC-
rich site can be found for intercalation in the neighborhood, the
second porphyrin interacts with AT-rich sites via groove binding
or simply by outside binding. Once again, no isosbestic points
were observed for peptides 2, 6-12, suggesting a collaboration
effect. The obtained results demonstrate that the length and
structural properties of the peptidic framework do not seem to
play an important role in the mode of interaction with various
DNA.

Induced circular dichroism (ICD) in the Soret region is very
helpful for analysis of the binding mode of an achiral porphyrin
to chiral DNA.'3! Peptides 2, 612 did not show any ICD in the

Table 1 UV-Vis spectral changes of peptides 2, 6-12 in the presence of
DNA

Poly(dGdC), Poly(dAdT), CT-DNA
Peptide Aliax Y%H Almax Y%H Alax Y%H
H, TMPyP 20 nm SL.5 8§ nm 26.7 16 nm 43.5
2 20 nm 44.6 8 nm 3.6 8 nm 26.5
6 18 nm 45.5 6 nm 8.1 8 nm 25.3
7 16 nm 449 4 nm 10.0 8 nm 26.6
8 20 nm 473 8 nm 16.8 12 nm 114
9 22 nm 43.2 6 nm 23.1 10 nm 30.9
10 18 nm 44.5 8 nm 18.1 12 nm 28.8
11 18 nm 49.8 6 nm 14.9 10 nm 28.7
12 22 nm 49.0 8 nm 5.4 14 nm 28.2
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Fig.4 Spectrophotometric titrations of H,TMPyP (left) and 2 (right) with various DNAs; (a) with CT-DNA; (b) with poly(dGdC),; (c) with poly(dAdT),.

absence of duplex DNA, but characteristic spectra in the Soret
region were induced with addition of DNA in buffer (Tris-HCl
10 mM, NaCl 50 mM, EDTA 1 mM, pH 7.0). Fig. 5 shows
the ICD spectra of the monoporphyrin H,TMPyP and peptide
2 bound to CT-DNA, poly(dAdT), and poly(dGdC), at 1/R = 6.
In the presence of poly(dAdT),, the ICD spectrum for compound
2 comprised a small negative peak at 428 nm and a large positive
peak at 444 nm corresponding to groove binding. In the presence
of poly(dGdC), and CT-DNA, a negative peak was induced at 447
and 442 nm, respectively, corresponding to intercalative binding.
ICD spectra of compounds 6—12 bound to various DNAs showed
similar profiles. The obtained results showed only one mode of
interaction for peptides 2, 6-12 in the presence of CT-DNA and
do not support the groove binding mode theory for the second
porphyrin. The data suggest instead an interaction by outside
binding for some of the second porphyrins, since no spectral
changes are observed for this mode of interaction compared to
a positive peak for groove binding.

The binding studies with various DNAs clearly showed that
intercalative binding occurs at GC-rich regions and groove binding
at AT-rich regions.'®**? The observed DNA binding properties for
peptides 2, 6-12 were all similar and suggest that the length and
structural properties of the peptidic framework do not seem to
play an important role for the mode of interaction with various
DNA.

Conclusions

We have described a new class of bis-intercalating compounds
composed of two cationic porphyrins attached to engineerable
peptidic nanostructures. The design of the o-helical framework
allows us to easily modify the orientation of the intercalating units
and the distance between them. The solid-phase synthesis of the
bis-porphyrin peptides allows a certain flexibility in the design,
structure and intercalating units simply by replacing one or
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Fig.5 Induced CD with CT-DNA, poly(dGdC), and poly(dAdT), at 1/R = 6. (a) H,TMPyP; (b) peptide 2.

more amino acids in the sequence. The a-helical structure of the
designed peptidic frameworks, observed by CD, shows that o-
helical hydrosoluble peptides can be used as frameworks for the
development of functional supramolecular devices. Using UV-
visible titrations and induced CD for DNA binding studies with
various DNA, we found that intercalative binding occurs at GC-
rich regions and groove binding at AT-rich regions and that a
collaboration effect (cooperativity) takes place. DNAse I foot-
printing to determine the sequence specificity of the bis-porphyrin
compounds and kinetic studies are currently in progress in our
laboratory. Binding of the synthesized peptides to quadruplex
DNA and inhibition of the telomerase are also being studied.
Photonuclease activity of the compounds and their metal complex
(Zn, Cu) derivatives will also be analyzed.

Experimental
Synthesis

5-p-Nitrophenyl-10-15-20-(tripyridin-4-yl)porphyrin. p-Nitro-
benzaldehyde (85 mmol) and 4-pyridine carboxaldehyde
(157 mmol) were added to a 1 L round bottom flask containing
propionic acid (750 mL) and acetic anhydride (75 mL) at
110 °C. Pyrrole (208 mmol) was then added portionwise and the
reaction mixture was refluxed for 1.5 h. The propionic acid and
the acetic anhydride were removed by distillation until 75-100 mL
was left in the flask. The remaining mixture was neutralized
with a solution of 1 N NaOH on ice, filtered and washed with
a solution of 1 N NaOH (3x) and with water (3x). The solid
was dried overnight, dissolved in DCM and filtered. The DCM
was removed under reduced pressure and the resulting purple
solid was purified by silica gel chromatography (gradient of
2.5% to 10% ethanol-DCM) affording 2.8 g (4.22 mmol, 8%)
of purple solid."H NMR (300 MHz; CDCl;), 6 = —2.7 (s, 2H,
NH pyrrole), 8.16-8.18 (m, 6H, 2,6 pyridine), 8.38-8.41 (d, 2H,
H,..,, NO,), 8.66-8.68 (d, 2H, H,,.., NO,), 8.77-8.92 (m, 8H, H
pyrrole), 9.05-9.15 (m, 6H, 3,5 pyridine); EI-MS (70 eV): 662
(M*); UV-visible (CHCl;), A/nm (/107> M~! cm™): 418 (353),
514 (18.2), 548 (6.3), 588 (5.8), 644 (1.9).

5-p-Aminophenyl-10-15-20-(tripyridin-4-yl)porphyrin (3). The
nitro-porphyrine (4 mmol) was dissolved in a solution of 6 N HCI
(400 mL) followed by addition of SnCl, (20 mmol) and the mixture
was stirred at room temperature for 24 h. The reaction mixture was
neutralized with a solution of 1 N NaOH and NaOH on ice. The
aqueous basic solution was extracted with DCM and the resulting
organic phase was washed with water (3 x). The organic phase was
dried over MgSO, and the solvent was evaporated under reduced
pressure affording 2.5 g (3.96 mmol, 98%) of purple solid. 'H
NMR (300 MHz; CDCly), 6 = —2.7 (s, 2H, NH pyrrole), 7.05—
7.10 (d, 2H, J = 5 Hz, H,,, NH,), 7.95-8.00 (d, 2H, J = 5 Hz,
H,... NH,), 8.16-8.20 (m, 6H, 2,6 pyridine), 8.80-8.88 (m, 6H, 3,5
pyridine), 9.05-9.12 (m, 8H, H pyrrole); EI-MS (70 eV): 632 (M*);
UV-visible (CHCL;), 2/nm (¢/107> M~' cm™): 420 (255), 514 (15),
548 (7.7), 588 (5), 644 (6.4).

N°-t-Butyloxycarbonyl-y-(5-p-amidophenyl-10,15,20-(tripyridin-
4-yl)porphyrin)-L-glutamic acid methyl ester (4). Boc-Glu-OMe
3 (3.8 mmol) was dissolved in dry DCM at 0 °C followed by
addition of triethylamine (4.6 mmol) and ethyl chloroformate
(3.8 mmol). The reaction mixture was stirred for 30 min under N,
atmosphere and evaporated to dryness under reduced pressure.
The resulting solid was redissolved in dry DCM at 0 °C followed
by the addition of a solution of porphyrine 1 (1.3 mmol) in
dry DCM and triethylamine (4.6 mmol). The reaction mixture
was stirred for 1 h at 0 °C and 1 h at room temperature
under N, atmosphere. The reaction mixture was washed with
a solution of 5% NaHCO; (m/v) (3x) and water (3x). The
organic phase was dried over Na,SO, and the solvent evaporated
under reduced pressure. The resulting solid was purified by silica
gel chromatography (2.5% to 10% ethanol-DCM) to afford
0.91 g (1.04 mmol, 80.3%) of purple solid."H NMR (300 MHz,
DMSO-d¢), 6 = —2.98 (s, 2H, NH pyrrole), 1.45 (s, 9H, t-butyl),
1.95-2.05 (m, 1H, H?2), 2.15-2.25 (m, 1H, Hf1), 2.59-2.68 (m,
2H, H"), 3.75 (s, 3H, OCH,), 4.14-4.21 (m, 1H, H*), 7.41-7.45 (d,
1H, J = 6 Hz, NH), 8.05-8.12 (d, 2H, J = 8 Hz, H,,;,, NHCO),
8.14-8.18 (d, 2H, J = 8 Hz, H,,,, NHCO), 8.22-8.30 (m, 6H, 2,6
pyridine), 8.87-8.98 (m, 8H, H pyrrole), 9.05-9.10 (m, 6H, 3,5
pyridine), 10.44 (s, 1H, NH;); ESI-MS: m/z 876 = M + H)*;
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UV-visible (CHCI,), 4/nm (¢/10° M~' em™): 420 (344), 516
(16.9), 552 (8.2), 590 (6.0), 642 (3.7).

N°-t-Butyloxycarbonyl-y-(5-p-amidophenyl-10,15,20~(tripyridin-
4-yl)porphyrin)-L-glutamic acid. Boc-Glu(TPyP)-OMe 4
(0.8 mmol) was dissolved in THF at 0 °C followed by the addition
of a solution of 1 N NaOH (3.2 mmol). The reaction mixture
was stirred at room temperature until complete conversion was
observed and the THF was evaporated under reduced pressure.
The remaining aqueous phase was extracted with DCM (2x)
combined with the addition of acetic acid. The acetic acid
breaks the emulsion and pushes the N®protected amino acid
in the organic phase. The colored organic phase was dried over
Na,SO, and the solvent evaporated under reduced pressure.
The remaining acetic acid was co-evaporated with toluene (4x)
under reduced pressure or lyophilized. The resulting purple solid
was purified by short column silica gel chromatography (DCM,
10% ethanol-DCM and finally MeOH-DCM (1 : 1)) to afford
620 mg (0.72 mmol, 90%) of purple solid. '"H NMR (300 MHz,
DMSO-d¢), 0 = —2.98 (s, 2H, NH pyrrole), 1.45 (s, 9H, t-butyl),
2.01-2.19 (m, 2H, HP), 2.52-2.58 (m, 2H, H"), 3.85-3.91 (m, 1H,
H%), 6.38-6.42 (d, 1H, J = 6 Hz, NH Glu), 8.05-8.18 (m, 4H,
H,.,, NH + H,,.,, NH), 8.22-8.30 (m, 6H, 2,6 pyridine), 8.87-8.98
(m, 8H, H pyrrole), 9.05-9.10 (m, 6H, 3,5 pyridine), 10.44 (s, 1H,
NH? Glu); ESI-MS: m/z 862 = (M + H)*; UV-visible (MeOH),
A/nm (¢/107° M~ em™): 416 (265), 512 (12.9), 546 (5.9), 588
(4.0), 650 (4.9)

N*-9-Fluorenylmethoxycarbonyl-y-(5-p-amidophenyl-10,15,20-
(tripyridin-4-yl)porphyrin)-L-glutamic acid (5). Boc-Glu(TPyP)-
OH (0.7 mmol) was dissolved in a solution of 4 M HCl-dioxane
(1.4 mmol) at 0 °C and stirred for 30 min at room temperature.
The reaction mixture was evaporated to dryness and the resulting
solid dried under vacuum. The N*-deprotected amino acid was
dissolved in H,O-MeCN (1 : 9) at 0 °C followed by addition
of DIEA (4.2 mmol) and Fmoc-OSu (0.77 mmol). The reaction
mixture was stirred for 3 h at room temperature and the MeCN
evaporated under reduced pressure. The resulting solution was
extracted with DCM (2x) combined with the addition of acetic
acid as described previously. The colored organic phase was dried
over Na,SO, and the solvent evaporated under reduced pressure.
The remaining acetic acid was co-evaporated with toluene (4x)
under reduced pressure or lyophilized. The resulting purple solid
was purified by short column silica gel chromatography (10%
ethanol-DCM and MeOH-DCM (1 : 1)) to afford 550 mg
(0.56 mmol, 80%) of purple solid. "H NMR (300 MHz, DMSO-
ds) 6 = —2.98 (s, 2H, NH pyrrole), 2.05-2.35 (m, 2H, H?), 2.54-
2.60 (m, 2H, H"), 3.97-4.01 (m, 1H, H*), 4.20-4.41 (m, 3H, H9
fluorenyl + OCH,-fluorenyl), 6.90-6.95 (d, 1H, J = 6 Hz, NH
Glu), 7.32-7.41 (m, 4H, H,,,,, fluorenyl), 7.70-7.78 (d, 2H, H,on,
fluorenyl), 7.80-7.88 (d, 2H, H,, fluorenyl), 8.05-8.26 (m, 10H,
H,.;, NH + H,.., NH + 6H, 2,6 pyridine), 8.71-8.95 (m, 8H,
H pyrrole), 9.00-9.10 (m, 6H, 3,5 pyridine), 10.44 (s, 1H, NH?®);
ESI-MS: m/z 985 = (M + H)*; UV-visible (MeOH), A/nm
(e/1073 M~ cm™): 416 (181), 514 (10.7), 548 (6.7), 590 (5.3), 650
(5.0).

General procedure for the synthesis of peptides 2 and 6-12. All
peptides were synthesized manually using standard solid-phase
peptide chemistry with Fmoc-protected amino acids on Wang

resin (0.7 mmol g').* Coupling of Fmoc-protected amino acids
(5 eq.) was achieved with DIC (5 eq.), HOBt (5 eq.) and DIEA
(6 eq.) in DMF during 30 min at 0 °C. Fmoc-Glu(TPyP)-OH 5
(1.5 eq.) was coupled using HATU (1.5 eq.) and DIEA (2 eq.)
in DMF for 3 h. Fmoc protecting groups were removed with
20% piperidine in DMF (2 x 15 min). After each coupling and
deprotection, the resin was washed thoroughly with DMF (3x),
MeOH (3x) and DMF (3x). N-Methylation of the porphyrin
side chains on a solid support was achieved with a mixture of
iodomethane and DMF (6 : 94) for 24 h followed by washing
with DMF (5x). The peptides were cleaved from the resin with
a mixture of trifluoroacetic acid (TFA), triisopropylsilane (TIS)
and water (95 : 2.5 : 2.5) for 4 h at room temperature. The resin
was filtered and washed with DCM (2x) and MeOH (3x). The
filtrate was evaporated under reduced pressure and the resulting
mixture precipitated with diethyl ether. The solid was washed with
diethyl ether (3 x) and purified by exclusion chromatography using
Sephadex® LH-20 in MeOH or semi-preparative RP-HPLC (C-
18, MeCN 10-50% in 30 min).

H-Ala-Lys-Glu(TMPyP)-Ala-Ala-Glu-Lys-Ala-Ala-Ala-Glu-
Lys-Ala-Ala-Glu(TMPyP)-Glu-Ala-OH (2). ESI-MS, m/z: calc.
3008.4 (M + H)*, found 3008.5. UV-visible (buffer TE 10 mM,
NaCl 50 mM, EDTA 1 mM, pH 7.0), A,../nm (/107> M~' cm™):
422 (172). RP-HPLC #; = 9.6 min (10-50%).

H-Ala-Glu(TMPyP)-Lys-Ala-Ala-Ala-Glu-Lys-Ala-Ala-Ala-
Glu-Lys-Ala-Ala-Glu(TMPyP)-Glu-Ala-OH (6). ESI-MS, m/z:
calc. 3079.5 (M + H)*, found 3078.8. UV-visible (buffer TE
10 mM, NaCl 50 mM, EDTA 1 mM, pH 7.0), A../nm
(/107 M~" cm™): 424 (121). RP-HPLC # = 9.6 min (10-50%).

H-Ala-Lys-Ala-Glu(TMPyP)-Ala-Glu-Lys-Ala-Ala-Glu(TMPyP)-
Glu-Ala-OH (7). ESI-MS, m/z: calc. 2537.9 (M + H)*, found
2537.6. UV-visible (buffer TE 10 mM, NaCl 50 mM, EDTA
1 mM, pH 7.0), Ane/nm (¢/107 M~ em™"): 424 (100). RP-HPLC
tg = 9.5 min (10-50%).

H-Ala-Glu(TMPyP)-Lys-Ala-Ala-Glu(TMPyP)-Glu-Ala-OH
(8). ESI-MS, m/z: calc. 2138.4 (M + H)*, found 2138.6. UV-
visible (buffer TE 10 mM, NaCl 50 mM, EDTA 1 mM, pH 7.0),
Jmae/0m (¢/107° M~ cm™): 424 (121). RP-HPLC #; = 9.4 min
(10-50%).

H-Ala-Glu(TMPyP)-Gly-Glu(TMPyP)-Ala-OH  (9). ESI-
MS, m/z: cale. 1796.1 (M + H)*, found 1797.0. UV-visible
(buffer TE 10 mM, NaCl 50 mM, EDTA 1 mM, pH 7.0), 4,,.,/nm
(e/107* M~ cm™): 422 (187). RP-HPLC t; = 6.6 min (10-50%).

H-Ala-Glu(TMPyP)-Gly-Gly-Gly-Glu(TMPyP)-Ala-OH (10).
ESI-MS, m/z: calc. 1910.2 (M + H)*, found 1910.8. UV-visible
(buffer TE 10 mM, NaCl 50 mM, EDTA 1 mM, pH 7.0), 4,,,,/nm
(e/107° M~' cm™): 424 (124). RP-HPLC t; = 7.4 min (10-50%).

H-Ala-Glu(TMPyP)-Gly-Gly-Gly-Gly-Gly-Glu(TMPyP)-Ala-
OH (11). ESI-MS, m/z: calc. 2024.3 (M + H)*, found 2023.1.
UV-visible (buffer TE 10 mM, NaCl 50 mM, EDTA 1 mM,
pH 7.0), An/nm (/1073 M~! cm™): 422 (151). RP-HPLC ¢, =
9.8 min (10-50%).

H-Ala-GlW(TMPyP)-Gly-Gly-Gly-Gly-Gly-Gly-Gly-Glu(TMPyP)-
Ala-OH (12). ESI-MS, m/z: calc. 2138.4 (M + H)*, found
2137.9. UV-visible (buffer TE 10 mM, NaCl 50 mM, EDTA
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1 mM, pH 7.0), Ap./nm (¢/107° M~' em™'): 424 (259). RP-HPLC
tr = 9.7 min (10-50%).

Conformational studies by circular dichroism

Samples were prepared in a buffer Tris-HCI 10 mM, NaCl 50 mM,
EDTA 1 mM, pH 7.0 with a peptide concentration of 50 pM. CD
spectra were recorded at 25 °C on a Jasco J-710 spectropolarimeter
with at least 20 scans from 250 to 190 nm. Spectra are expressed
in mean residue molar ellipticity [f] (mdeg-cm?*/dmol) and are
corrected for the background. The molecular weight used was
113 g mol™'. The pathlength of the quartz cell was 0.05 cm.

DNA binding studies

Sample preparation. The concentrations of polynucleic acids
for measurements were determined spectrophotometrically with
&5 = 1.31 x 10* M~! cm™' (as base pair) for CT-DNA, &, =
6.6 x 10> M~' cm™' (as base pair) for poly(dAdT), and &, =
8.4 x 10° M~! cm™! (as base pair) for poly(dGdC),.3! Bis-porphyrin
peptide concentrations for measurements were also determined
spectrophotometrically using the ¢ determined during compound
characterization. All measurements were carried out in a buffer
Tris-HC1 10 mM, NaCl 50 mM, EDTA 1 mM, pH 7.0.

UV-visible titration. Spectroscopic measurements were car-
ried out on a Hewlett Packard HP 8452-A spectrophotometer.
Absorbances were measured in a 1 mL, 10 mm pathlength quartz
cuvette, using 0.5 mL of a 5 uM solution of porphyrin (2.5 uM of
bis-porphyrin peptide) and adding successive aliquots of a solution
containing the same concentration of porphyrin and a 100 fold
excess of DNA (500 uM, 1/R = 100).

Induced circular dichroism. CD measurements were performed
with a 1.5 mL, 0.5 cm cylindrical quartz cuvette, using the same
general procedure as above to analyse the mixture with different
1/R values. Aliquots of a 250 pM DNA solution were added
successively to 0.75 mL of a 25 uM solution of porphyrin (12.5 uM
of bis-porphyrin peptide). All the spectra were obtained by an
average of 20 accumulations from 500 to 400 nm.
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An investigation of the factors responsible for the sense and magnitude of regioselectivity in the
Sharpless asymmetric aminohydroxylation (AA) has been conducted. Theoretical investigations of
ligand—osmium binding geometry and experimental investigations of the Sharpless AA reaction on a
series of functionalized pent-2-enoic acid ester substrates demonstrate that the opposite regioselectivity
afforded using PHAL and AQN ligands results from a change in substrate orientation with respect to
the catalyst. Two distinct ligand binding domains within the catalyst have been proposed that undergo
attractive interactions with the substrates. Selective access to each of the four potential regio- and
stereo-isomeric AA products could be achieved through the appropriate choice of ligand and substrate.
These results have been applied toward the efficient stereoselective synthesis of naturally occurring and

regioisomeric 3- and 4-aminosugar derivatives.

Introduction

The Sharpless asymmetric aminohydroxylation (AA) of alkenes
has become a powerful catalytic asymmetric method for the
synthesis of the vicinal amino alcohol functional array that
has been applied to the construction of numerous biologically
important targets.! Since it was first reported in 1996* the
development of new nitrogen sources, new ligands, improved
reaction conditions and a better under-standing of catalyst—
substrate interactions have increased the scope and synthetic utility
of the reaction.®* However, the levels of selectivity obtained for
some alkene substrates are not always high. The factors controlling
regioselectivity are of particular interest as the issue of poor
or unpredictable regioselectivity can be regarded as the greatest
limiting factor in widespread application of the AA reaction
in synthesis. Efforts to resolve this deficiency have included the
development of the tethered aminohydroxylation (TA) reaction
that gives secure regiochemical outcomes.* However, to date
the TA reaction occurs without appreciable influence of chiral
ligands and consequently has failed to give the same levels of
enantioselectivity seen in the parent reaction.

A number of factors have been suggested to explain the
regioselectivity observed in the AA reaction; these include
alkene substitution, alkene polarization and ligand-substrate
interaction.®* Whilst it is difficult to assess these influences in
isolation, it appears that ligand—substrate interactions have the
greatest influence on regioselectivity.? In close analogy with the
Sharpless asymmetric dihydroxylation (AD) reaction® the chiral
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for structures 4, 5, 6, 9e and 9f. See DOI: 10.1039/b803310b

ligands (Fig. 1) typically comprise two dihydroquinine (DHQ) or
dihydroquinidine (DHQD) alkaloid units linked by an aromatic
spacer unit such as phthalazine (PHAL) or anthraquinone (AQN).
This ligand binds an imidotrioxoosmium species, to form the
active catalytic species. Facial selectivity is governed by the
diastereomeric alkaloid units DHQ and DHQD that give rise

Et Et

(DHQD),PHAL

N—N
AK*O OAIk* Ak 0o—’  —oAik*

(@]
(@]

AQN PHAL
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DHQ DHQD

Fig. 1 Sharpless ligands.
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to opposite enantiomers, a result that can be predicted by the
Sharpless mnemonic.***5 Compelling evidence for the role of
the ligand on regioselectivity arises from the dramatic reversal
of regioselectivity frequently observed when the aromatic spacer
of the ligand is changed from PHAL to AQN."*# The role
of the PHAL derived ligands has been explicitly considered by
Janda® and Chuang,' who proposed that regioisomers in the AA
reaction using PHAL ligands arise from two possible orientations
of the substrate with respect to the ligand. Though it has been
proposed that the change in ligand structure results in a change in
substrate orientation with respect to the catalyst,* the reasons for
the dramatic reversal of regioselectivity observed for AQN derived
ligands has not been fully elucidated.

In this paper we report theoretical investigations of ligand—
osmium binding geometry and experimental investigations of the
Sharpless AA reaction on a series of functionalized pent-2-enoic
acid ester substrates that show that the opposite regioselectivity
afforded using PHAL and AQN ligands results from a change
in substrate orientation with respect to the catalyst. Two distinct
ligand binding domains within the catalyst have been proposed
that undergo attractive interactions with the substrates. The
culmination of this study is the ability to access each of the four
possible AA products selectively through the appropriate choice
of ligand and substrate. As one illustration of its synthetic power,
this AA methodology is applied towards the synthesis of naturally
occurring and regioisomeric 3- and 4-aminosugar derivatives. This
study expands previously reported attempts to exploit the AA
reaction for the synthesis of amino sugar targets.

Results and discussion

Consideration of how a change from PHAL to AQN ligands
can favor two different regioisomers in the AA reaction of un-
symmetrical alkenes leads to two proposed explanations. Firstly,
assuming a fixed ligand-osmium binding geometry, a change in
the substrate orientation with respect to the catalyst gives rise to
different regioisomers of product (1 vs. 2, Scheme 1). A second
and previously unexplored explanation is that changing the ligand
spacer from PHAL to AQN leads to a change in ligand—osmium
binding geometry. Based on this analysis the same approach
of substrate with respect to the ligand also leads to the two
regioisomeric products (1 vs. 3, Scheme 1).

As the starting point of the present study we conducted quantum
chemical modeling on the imidotrioxoosmium complexes to iden-
tify preferred ligand binding geometries. The geometries of a range
of structures were optimised," followed by the calculation of zero
point vibrational energies, by application of density functional
theory utilizing the B3LYP functional’*' in conjunction with the
6-31G* basis set for carbon, nitrogen, oxygen and hydrogen, and
the Stuttgart—Dresden relativistic effective core potential and SDD
basis set'® for osmium, collectively denoted here as 6-31G*. Single
point energy calculations were then carried out with the inclusion
of a set of 4f polarization functions ({ = 0.55) on osmium (denoted
f/6-31G*). The calculations were performed using the Gaussian
98 programs.

The computations started with uncomplexed OsO;NCOOMe 4
which is the simplest osmium species observed to participate in the
AA reaction."” The optimised B3LYP/6-31G* structure 4 (Fig. 2)
adopts a near ideal tetrahedral geometry with average N-Os-O

NHR?

regioisomers
Et B
OH

R R2

R!
NHR®

1

identical

Scheme 1 Proposed explanations for the reversal of regioselectivity in
the AA reaction of unsymmetrical alkenes: change in catalyst-substrate
orientation 1 vs. 2; or change in ligand-osmium geometry 1 vs. 3.

Fig. 2 Chem3D rendering of the B3LYP/6-31G* structure of
0OsO;NCOOMe 4.

angles of 108.9°." The imido substituent adopts a bent geometry
with an Os-N-C angle of 143.9°.**

To determine the relative importance of different ligand—
osmium geometries on catalyst structure, the effect of com-
plex formation was investigated, with trimethylamine (NMe;)
selected to model the tertiary quinuclidine nitrogen atom of
the ligand to which osmium binds (Scheme 2). Assuming ideal-
ized trigonal bipyramidal coordination, there are four possible
structures and hence starting geometries 5-8 of the complex
(OsO;NCOOMe.NMe;) as depicted in Scheme 2.

Geometry optimisation for structures 5 and 6 led to distinct local
energy minima.'? Complexes 7 and 8 converged to a 6-like structure
and were, therefore, eliminated from further consideration. The
gas-phase energies using both basis sets (including zero point
vibrational correction) show an energetic preference of 3.3 and
2.9 kcal mol™' (6-31G*, f/6-31G*) for formation of complex 5
with two apical nitrogen substituents over complex 6 with an apical
trimethylamine ligand and equatorial imido substituent. Solvation
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Scheme 2 Relative energies (B3LYP/6-31G*, f/6-31G* in kcal mol™")
of amine-osmium complexation with the corresponding energies incorpo-
rating aqueous solvation treatment (COSMO) in brackets.

effects on the energetics were computed using the conductor-like
screening model (COSMO)** with water as solvent. The results
incorporating solvation were enlightening: there was an increase
in energetic preference for formation of 5 over 6 (5.0 and 4.6 kcal
mol ") reflecting a pronounced, relative destabilization of 6 upon
solvation. The resulting, effectively zero, binding energies of +0.2
and —0.1 kcal mol~! for the formation of 6 suggest that this species
is likely to be insignificant in the AA reaction medium.

The structure of the lowest energy osmium-ligand complex 5
obtained by the B3LYP/6-31G* calculations is shown in Fig. 3.
The complex features apical nitrogen ligands in a distorted trigonal
bipyramidal geometry (average imido N-Os—O angles of 102.3°)
with the osmium lying out of the plane defined by the equatorial
oxygen substituents and away from the apical NMe; ligand.
The imido substituent adopts a bent geometry with an Os—N-C
angle of 139.8°, marginally smaller than that of the uncomplexed
species 4 (143.9°) and with a slightly longer Os—N bond length
(1.78 A versus 1.76 A). The theoretically determined structure
was compared with the reported crystal structure obtained from a
related binuclear [OsO;(N'Oct)],-DABCO complex containing N-
alkylimido substituents.?> The average imido Os—N bond length of
1.73 A in the crystal structure is close to that observed in complex
5 (1.78 A). The average Os—NMe, bond length of 2.45 A in the
crystal structure is of similar magnitude to that of the complex 5
(2.56 A) and is consistent with weak complexation of the amine
ligand to the osmium centre.”® Shorter Os-NR; bond lengths
(2.37-2.49 A) are reported for the crystal structures of a number
of OsO,-NR; complexes**?’ that contain an apical oxygen in the
place of an imido substituent. The theoretical structure 5 contains

Fig. 3 Chem3D rendering of the B3LYP/6-31G* structure of the
0s0;NCOOMe-NMe; complex 5.

similar equatorial Os—O bond lengths and angles to those observed
in the reported crystal structures.?**’

Atomic charges were computed from the natural bond order
analysis® at the B3LYP/6-31G* level in aqueous solution. The
atomic charge on the Os—N nitrogen (—0.555 a.u.) and Os-O
oxygens (average —0.586 a.u.) are of similar magnitude. This
finding is not consistent with a strong electronic influence on
AA reaction regioselectivity involving the concerted [3 + 2]
cycloaddition mechanism of complexes like 5 in the irreversible
oxidation step.” In fact, the observed atomic charges suggest
electronic effects would favour addition of the marginally more
nucleophilic oxo-substituent to the electron deficient end of a
polarised alkene n-bond in preference to the imido nitrogen. The
above charges are not significantly different from the analogous
gas phase values. It is worth noting also that the computed atomic
charges are indicative of considerable semi-polar contribution to
the Os-ligand bonds.

The significant energetic preference for osmium-ligand binding
geometry 5 over 6 has implications for control of regioselectivity
in the AA reaction. It is unlikely the changes to ligand structure
would lead to significantly different osmium-ligand geometries as
the osmium binds to a quinuclidine nitrogen of the alkaloid unit
at some distance to the ligand PHAL or AQN spacer unit.
Thus, our theoretical results support complex 5 as the favored
osmium-ligand geometry and consequently imply that changes
in regioselectivity arise due to changes in substrate—catalyst
orientation (1 vs. 2 in Scheme 1).

In order to empirically probe the hypothesis that substrate—
catalyst orientation controls the regioselectivity of the AA reac-
tion, the two possible binding modes (1 and 2, Scheme 1) were
investigated by performing the AA reaction, using both PHAL and
AQN derived ligands, on a range of 5-hydroxypent-2-enoic acid
ester derivatives 9a—f (Table 1). The substrate design allowed for
variation of the substituents at the periphery that would not result
in significant changes to substitution pattern, steric environment
or electron demand of the reactive alkene. They were readily
prepared by the sequence of Mitsunobu etherification*® followed
by cross metathesis,*! which allowed variation of both aromatic
ether and ester groups. All AA reactions were conducted under a
standard set of reaction conditions using tert-butyl carbamate as
the nitrogen source®? and the commercially available 1,3-dichloro-
5,5-dimethylhydantoin as oxidant.®*® Yields for PHAL derived
ligands ranged from 56-81% and were generally higher than those
derived from AQN ligands (30-75%).

As a starting point, the effect of increasing steric demand of
the ester substituent (R®) was investigated. The AA reaction of
9a (Table 1, entry 1) with (DHQD),PHAL derived catalyst gave
high regioselectivity favoring the B-amino isomer 1la with an
enantiomeric excess of 96%. The use of (DHQ),PHAL ligands
gave the enantiomeric product with similar levels of selectivity
(entry 2). The good selectivity obtained with methyl ester 9a
correlated well with previous AA reactions of this substrate
using ethyl carbamate! or bromoacetamide® variants of the AA
reaction. The effect of increasing steric bulk of the ester (R*) was
then investigated using n-butyl 9b and zert-butyl 9c substrates
(entries 3, 4, 5). In these cases the PHAL ligands gave good
regioselectivity (>6 : 1) and excellent enantioselectivity (>96%
ee) for the f-amino isomer 11a—c regardless of the ester group
present. The minor regioisomers 10b (4% ee) and 10c (17% ee)
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Table 1 Regio- and enantio-selectivity of the asymmetric aminohydroxylation reaction of 5-hydroxypent-2-enoic acid ester derivatives 9a—f

o OH © BocHN O
AR
R4ONOR5 7 . R OR® R‘O OR®
NHBoc OH
9a-f 10a-f, c-amino 11a-f, p-amino
Entry Substrate R* R® Alkaloid PHAL AQN
ratioa: B (10:11) Yee (11) ratioa: B (10: 11) Yee (10)

1 9a Me DHQD 1:20 96 5:1 89

2 9a MeO $ DHQ* 1:20 97 5:1 68

3 9b "Bu DHQD 2:1 87

4 9 MeO $ DHQ* 1:9 99

5 9c Bu DHQ* 1:6 964 1.2:1 51¢

Me O %
6 9’ Me DHQD 7:1 93
7 9 MeO $ DHQ’ 1:15 98 7:1 92
MeO

8 9e Me DHQD 1:30 ~95 8:1 Nde

9 % 0N $ DHQ* 7:1 ~90
10 of Me Me DHQD 1:3 93
1 of DHQ* 10:1

O,N §
Me

« Conditions: 5 mol% ligand, 5 mol% K,0sO,(OH),, ' BuOCONH,, 1,3-dichloro-5,5-dimethylhydantoin, NaOH, "PrOH/H,O. ® Enantiomeric products
formed. < 10b 4% ee. “10c 17% ee. ¢ 11¢ 74% ee. / Chlorination of the aromatic ring occurred to give the 2-chloro-4,5-dimethoxyphenyl ether products.

¢ Not determined.

gave low enantioselectivity suggesting that the products did not
result from effective substrate—catalyst interaction.

An understanding of the reaction substrate—catalyst interac-
tions leading to this selectivity could be obtained by the inspection
of CPK models. The geometry of the ligand was based on the
reported X-ray crystal structure® while the geometry of the
imidotrioxoosmium group with diapical nitrogen substituents was
based on the results of 6-31G* structure calculations discussed
above.* The structure of the catalyst is given in Fig. 4.

Given the favored osmium-ligand geometry predicted by the
aforementioned modeling studies, it is proposed that selectivity
for f-amino regioisomer arises from a preferred mode of binding
in which the p-methoxyphenyl substituent®® undergoes stabilizing
aromatic-aromatic interactions with the face-to-face but offset
methoxyquinoline rings of the catalyst (Fig. 5). This places the
o- and B-alkene carbons in close proximity to the imido- and oxo-
osmium substituents, respectively, leading to the formation of the
B-amino regioisomers 11a—c (Scheme 1, 1, R' = CH,CH,OPMP,
R? = COOR?). The ester substituents lie in a relatively open region
of the catalyst over the phthalazine spacer; an increase in the size
of the ester substituent would be predicted to have little effect on
the selectivity of the AA reaction.

Fig. 4 Space-filling CPK model of the (DHQD),PHAL derived catalyst;
PHAL = phthalazine, QN = methoxyquinoline.

The results obtained on the ester substrates 9a—c¢ with AQN
ligands were very informative: the AA reaction of 9a (entries
1-2) resulted in a reversal in regioselectivity to afford the a-
amino isomer 10a with 5 : 1 regioselectivity and moderate
enantioselectivity. Increasing the size of the ester (R®) from methyl
to tert-butyl in substrates 9a—c led to a complete erosion of
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PMP ether

Me ester

Fig. 5 Space-filling model of the (DHQD),PHAL derived catalyst with
substrate 9a docked in the proposed binding conformation; QN =
methoxyquinoline unit, PMP = p-methoxyphenyl, o = alkene a-carbon,
B = alkene B-carbon.

selectivity for the o-amino isomers 11a—c as the size of the ester
substituent increased.

A rationalization of these changes in AA regioselectivity could
be obtained by inspection of CPK models of the AQN derived
catalyst (Fig. 6). In this instance structural data for the AQN-
derived ligands was not available so the geometry of ligand
was provided by analogy with the PHAL crystal structure.’®
Inspection of the CPK model of the (DHQ),AQN -catalyst
highlights two key differences. The catalyst contains an extended
aromatic spacer relative to the PHAL derived analogue. The
catalyst also has a small but significant increase in steric crowding
due to the replacement of the phthalazine nitrogens with the
anthraquinone C-H groups.

Fig.6 Space-filling model of the (DHQD),AQN derived catalyst; AQN =
anthraquinone unit, QN = methoxyquinoline unit.

The change in regioselectivity to favor the a-amino regioisomer
11a is consistent with a change in alkene binding mode wherein
the anthraquinone spacer of the catalyst interacts with the phenyl
ether of the substrate. This opposite mode of binding places
the places the o- and B-alkene carbons in close proximity to
the oxo- and imido-osmium substituents, respectively, leading to
the formation of the o-amino regioisomer (Scheme 1, 2, R' =
CH,CH,OPMP, R? = COOMe). This proposed mode of binding

is supported by the near complete erosion of selectivity for the
a-amino isomer as the size of the ester substituent (R®) increases
from Me to "Bu and ‘Bu in substrates 9a—c, reflecting an increase
in unfavourable steric interactions with the methoxyquinoline
region of the catalyst. Poor catalyst—substrate interaction for the
AA reaction of rert-butyl ester 9c is also reflected by the low
enantioselectivity (51% ee) of the a-amino product 11c.

In a second series of experiments, the effect of altering the
electronic properties of the aromatic ether was investigated
through substrates 9a, d, e. Substrates 9d and 9e gave excellent
regio- and enantioselectivity for the B-amino isomer with PHAL
ligands, indicative of a preferred mode of binding analogous to
that proposed for PMP ether 9a (Fig. 5), with the aromatic ether
stabilized by the methoxyquinoline rings.*

Both substrates 9d and 9e containing, in relative terms, the elec-
tron rich 3,4-dimethoxyphenyl and electron poor p-nitrophenyl
substituents, respectively, also gave improved regio- and enantio-
selectivity with AQN derived catalyst to afford a 7 : 1 and 7-
8 : 1 ratio in favor of the a-amino isomer.*** These results were
initially surprising but could be rationalized by on the basis of the
Hunter-Sanders model of n—= interactions.*” Both face-to-face
and edge-to-face interactions between the phenyl ether substituent
and the anthraquinone spacer appear geometrically feasible for
this system. For the case of face-to-face contacts, an increase in
attractive m—m interactions could be afforded irrespective of the
relative electron demand of the phenyl ether substituents, even,
somewhat counter-intuitively, for those between the more electron
deficient p-nitrophenyl substituent ring and anthraquinone units.*!
In contrast, attractive edge to face interactions based on elec-
trostatic effects appear less reasonable in this system due to
the m-deficient nature of the anthraquinone face unit and the
varying electron demand of the edge aromatic substituents.***
This proposition was confirmed by further work reported below
that supports a face to face orientation of the aromatic moieties
for these substrates.

Additional support for the two modes of binding was provided
by the results of AA reaction of substrate 9f. Incorporation of
2,6-dimethyl substitution changes the conformational preferences
of the aryl ether 9f.% The lowest energy conformation adopts
a near 90° twist of the alkyl aryl ether carbon-oxygen bond, in
contrast to the conformational preference of the 2,6-unsubstituted
substrate 9e (Scheme 3).*” This twist of the aromatic ether 9f would
be expected to disrupt the normal mode of binding to the PHAL
derived catalyst due to the increase in steric interference of the
now orthogonal aromatic ether with the methoxyquinoline rings.
In line with this expectation, the reaction of substrate 9f gave
only a 3 : 1 regioselectivity in favor of the f-amino regioisomer
10f, a significant reduction from the 30 : 1 selectivity observed
for the non-methylated counterpart 9e (Table 1, entries 8 and
10). In contrast, the dimethylated substrate 9f gave improved
regioselectivity (10 : 1) for the a-amino isomer using AQN ligands
(entries 8, 9 and 11). The proposed substrate—catalyst binding
mode is depicted in Fig. 7. Significantly, the dimethyl substitution
and twisting of the ring in substrate 9f suggest face-to-face
interaction between aryl ether and the extended aromatic spacer
of the AQN ligand: the methyl groups render edge-on aromatic
interaction unfavorable.

The trends in regioselectivity reported in this study are con-
sistent with a binding model in which the ligand possesses two
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9e, R* = p-nitrophenyl
9f, R* = 2,6-dimethyl-4-nitrophenyl
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Scheme 3 Conformational preferences (C2'—C1'-O-C5) of phenyl ethers
9e and 9f.

Fig. 7 Space-filling model of the (DHQD),AQN derived catalyst with
substrate 9f docked in the proposed binding conformation; QN =
methoxyquinoline unit, PNP = 2,6-dimethyl-4-nitrophenyl, o = alkene
a-carbon, 3 = alkene B-carbon.

binding domains. The PHAL ligands favor interaction of the aryl
ether (R*) with the methoxyquinoline rings leading to formation
of the f-amino product, whilst AQN ligands favor formation of
the a-amino product via preferential interaction of the aryl ether
with the extended AQN aromatic spacer. Application of this model
through rational modification of the alkene substituents in concert
with the appropriate ligand enables access to each of the four
possible AA products with excellent enantio- and regio-selectivity.
This study also provides insight into regiochemical preferences of
other substate classes such as cinnamates® and styrenes,” and will
assist in the design of future AA reaction processes.

Two amino sugar targets were selected to illustrate the utility
of an AA-based methodology: the 3-amino sugar N-Boc-L-
acosamine 12, and the 4-amino sugar methyl-2,4-dideoxy-4-
(N-Boc-ethylamino)-3-O-methyl-L-threo-pentopyranoside 13
(Scheme 4). Acosamine occurs in nature as both D- and L-
isomeric forms as the carbohydrate component of the antibiotics
actinoidin® (L-isomer) and N-acetylsporaviridin® (D-isomer),

e MeO
H e
HO, ~ o FGI BocHN (o}
- o/\/:\)']\
BocNH™ OH
. OH
N-Boc-L-acosamine 12 14

(DHQ),PHAL
AA

15, R® = OMe, R” = Me

R8
o
9¢, R® = NO,, R7 = OMe \Q\OWJ\W

H (DHQ),AQN

AA
Et
[ O,N
BocN OH O
O v OMe
MeO' OMe IEIHB
13 ent-10e oc

Scheme 4 Retrosynthetic analysis for 3- and 4-aminosugar targets.

and also a component of the chemotherapeutic agent 4-
epidoxorubicin (L-isomer).”® Acosamine also serves as a key
intermediate®! in the synthesis of amino sugar components of the
anthracycline antibiotics including daunomycin and adriamycin
(L-daunosamine)®> and from the pyranonaphthoquinone
medermycin (D-angolosamine).”® The 4-aminosugar 13 is an
unusual 4-amino sugar component of calicheamicin y,', a member
of the ene-diyne family of antibiotics.** The targets were chosen
to highlight the flexibility of the AA reaction in accessing different
regioisomers of the amino alcohol functionality.

The retrosynthetic analysis for the synthesis of these regioiso-
meric amino-sugar targets is given in Scheme 4. The 3-aminosugar
N-Boc-L-acosamine 12 can be derived from the acyclic precursor
14 through a series of functional group interconversions. From the
results of this work we anticipated that f-aminoketone precursor
14 could be derived from the a,f-unsaturated methyl ketone 15
through the agency of (DHQ),PHAL mediated AA reaction.
Though the application of o,B-unsaturated ketone substrates such
as 15 in the AA reaction was unprecedented, the observation that
this catalyst system showed good tolerance for the changes in
ester substitution with substrates 9a—c gave confidence that such
minor changes substrate would not unduly affect the proposed
AA chemistry. The 4-aminosugar 13 could be synthesised from
the previously described o-amino regioisomer 10e through the
stepwise introduction of the desired functionality.

Ketone 15 was prepared in two steps and 81% yield by
Mitsunobu etherification of p-methoxyphenol and 3-butenol,*
followed by cross metathesis of the resulting ether with methyl
vinyl ketone.® Initial AA reactions using (DHQ),PHAL ligands
and conventional conditions produced very low yields of the
desired product 14, and '"H NMR spectroscopy indicated a major
byproduct resulting from Michael addition of zerz-butyl carbamate
to the B-carbon of the unsaturated ketone 15. When the AA
reaction was buffered with 3 eq. NaHCO;,® a 61% yield of the
B-amino isomer 14 was produced with >15 : 1 regioselectivity
and 90% ee (Scheme 5). Similarly, when pseudoenantiomeric
(DHQD),PHAL ligand was used, a 63% yield of ent-14 was
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Scheme 5 Synthesis of N-Boc-L-acosamine 12.

BocHN

N-Boc-L-acosamine 12

produced with 6.5 : 1 regioselectivity for the f-amino isomer and
an enantiomeric excess of 93%.

Reduction of the ketone 14 under conditions of chelation
control®® afforded amino diol 16 in 70% yield (Scheme 5),
which was protected as the acetonide derivative. Confirmation of
the S-configuration of the newly-formed secondary alcohol was
obtained by '"H NMR with the 6.6 Hz coupling constant between
the protons of the acetonide ring, consistent with a cis relative
stereochemistry.’ Cleavage of the p-methoxyphenyl ether using
ammonium cerium(1v) nitrate (CAN) afforded terminal alcohol
17 in two steps and 70% yield from diol 16.” Oxidation of the
primary alcohol 17 to aldehyde 18 was achieved using TEMPO-
BAIB in 84% yield.® The final cyclisation step was performed
using acidic resin DOWEX 50W?* in aqueous dioxane to afford
N-Boc-L-acosamine 12 ([ap] = —61 (c 0.48, CH,Cl,)) in 6 steps
and 18% overall yield from methyl ketone 15. This route compares
favorably in terms of synthetic efficiency with previous syntheses
of acosamine 12,°%% and has the advantage of being equally
applicable to the synthesis of D-acosamine through a single change
of commercially available chiral ligand.

The 4-aminosugar 13%"~ is regioisomeric to acosamine and
incorporates alkyl substitution of the 3-hydroxyl and 4-amino
groups. Although the synthesis of this functionalised target was
ultimately frustrated, the attempted synthesis serves to highlight
the potential of AA methodology to access regioisomeric 4-amino
sugar precursors.

Methyl ester 9e, containing p-nitrophenyl ether, has been shown
to give selective formation of the correct a-amino regioisomer 10e
with AQN ligands in 75% yield, 7 : 1 regioselectivity and >90%
ee (Table 1). The B-hydroxyl group was methylated using freshly

OH © OMe O
/\/\)J\ Mel, Ag,0 :
PNPO <" “OMe PNPO " “OMe
ent10e  NHBoc 86% 19 NHBoc
LiBH, L 98%
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imidazole
OMe 2) KH, 18-c-6, OMe
: Etl :
PNPO” ""N0TIPS PNPO” "N"0on
= 86% :
21 _NBoc 20 NHBoc
Et
1) Hy, Pd/C,
Ac0 80%
2) CAN
OMe Dess-Martin OMe
= periodinane z
HO™ "> "oTIPs 07 > "0oTIPs
22 _NBoc 87% 23 _NBoc
Et Et

HCI, MeOH
56%
IIEt
BocN
1§
MeO™ OMe

13

Scheme 6 Attempted synthesis of 4-aminosugar 13.

prepared silver() oxide and methyl iodide to afford methoxy
compound 19 in 86% yield (Scheme 6).#* Reduction of methyl
ester 19 using lithium borohydride (98%) afforded the primary
alcohol 20.

Protection of primary alcohol 20 as the TIPS ether® was
followed by N-ethylation, initially performed using potassium
hydride, 18-crown-6 ether and iodoethane.®® Thin layer chro-
matography indicated partial conversion to a single product
21. However, the incomplete conversion prompted the addition
of further potassium hydride and iodoethane, after which the
formation of a byproduct became evident. Following purification,
a 53% yield of desired product 21 was isolated, but a 42% yield of
an N,O-diethylated compound was also produced, resulting from
cleavage of the TIPS ether and ethylation of the resulting pri-
mary alcohol. Attempts with replacement of potassium hydride—
18-crown-6 ether with various bases, including n-butyllithium,
sodium hexamethyldisilazide or triethyloxonium tetrafluoroborate
with butyllithium® were unsuccessful. On the assumption that
superoxide contaminants in the potassium hydride reagent might
be responsible for cleavage of the TIPS ether, purification of
the potassium hydride reagent was conducted by the method
of Macdonald and coworkers.®* Using this purified reagent, the
ethylation reaction proceeded smoothly to afford an 86% yield of
the N-ethyl compound 21.

Following this gratifying result, the next step was removal of
the p-nitrophenyl ether. This was achieved in two steps in a
modification of the procedure reported by Fukase.®® Conversion of
the nitro functionality to the amino derivative by hydrogenation in
ethyl acetate, followed by reaction with acetic anhydride afforded
the corresponding acetamide. Cleavage of the aromatic ether using
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ammonium cerium(1v) nitrate under sodium bicarbonate-buffered
conditions (to prevent cleavage of the TIPS ether) afforded
alcohol 22 in 80% yield, which was oxidized using Dess—Martin
periodinane® to afford the corresponding aldehyde 23 in 87%
yield, providing the fully protected 4-aminosugar derivative in
open chain form.

Unfortunately efforts to deprotect the TIPS ether 23 to afford
the cyclic product 13 proved highly problematic. Treatment of
aldehyde 23 with Dowex 50 W resin in both dioxane-water,
conditions analogous to the used for the formation of N-Boc-
L-acosamine 12, or methanol, afforded only traces of what were
tentatively identified as cyclic products. Treatment of aldehyde
23 with anhydrous methanolic hydrochloric acid at ambient
temperatures effected removal of both TIPS ether and N-Boc
protecting groups as indicated by "H NMR of the crude reaction
mixture. However this product proved intractable to purification
by chromatography on silica gel. Finally, treatment of aldehyde 23
with anhydrous methanolic hydrochloric at reduced temperature
followed quenching the reaction in situ with triethylamine afforded
a product (56%) that was tentatively identifed as a 2 : 1 mixture of
methyl glycosides 13 with retention of the N-Boc protecting group.
The formation of both the a- and B-anomeric methyl glycosides
was indicated by their respective anomeric proton signals ¢ 4.74
(dd, J = 3.4, 1.5 Hz), 435 (1H, d, J = 8.0 Hz). The identity
of the product was also supported by satisfactory LRMS and
HRMS data. Unfortunately this material was observed to change
during the acquisition of the overnight C NMR data and this
fact together limited access to stocks of the precursor aldehyde 23
rendered the complete characterization of this target impossible.
Although the identity of this final amino sugar derivative could not
be fully established, the chemistry illustrates the enantioselective
AA based approach towards the synthesis of related 4-amino sugar
targets.

Experimental

(2R,35)-3-tert-Butoxycarbonylamino-2-hydroxy-5-(4-methoxy-
phenoxy)pentanoic acid methyl ester ent-11a

General AA procedure 1 (substrate soluble in n-propanol): using
(DHQ),PHAL

To a stirring solution of terz-butyl carbamate (0.747 g, 6.38 mmol,
3.0 eq.) in n-propanol (5 ml) at room temperature was added
a solution of sodium hydroxide (0.254 g, 6.35 mmol, 3.0 eq.)
in water (15 ml). To this mixture was added 1,3-dichloro-5,5-
dimethylhydantoin (0.841 g, 4.27 mmol, 2.0 eq.), followed by
a solution of (DHQ),PHAL (82.9 mg, 0.106 mmol, 5 mol%)
in n-propanol (5 ml), then a solution of (2E)-5-(4-methoxy-
phenoxy)pent-2-enoic acid methyl ester 9a (0.503 g, 2.13 mmol) in
n-propanol (5 ml). To this mixture was added potassium osmate
dihydrate (39.0 mg, 0.106 mmol, 5 mol%). The resulting mixture
was stirred at room temperature for 21 h, then quenched with
sodium sulfite (2.19 g, 8.2 eq.), diluted with water (20 ml) and
extracted into ethyl acetate (3 x 25 ml). The combined organic
layers were dried, filtered and concentrated to afford a 20 : 1 mix-
ture of regioisomers 11 : 10. Purification by flash chromatography
(column 1: 5% methanol-dichloromethane, column 2: 25% ethyl
acetate—hexane) afforded pure ent-11a as a white solid (0.615 g,

78%, 97% ee (Chiralcel OD-H, 10% isopropyl alcohol-hexane:
ret. time 22.3 (minor—11a) 35.4 (major—ent-11a) min)); mp 68—
72 °C; [alp = —67 (¢ 1.8, CH,Cl,); R; 0.085 (25% ethyl acetate—
hexane); v,,,./cm ™' (thin film) 3369 (s, br, OH, NH), 1738 (s, C=0),
1713 (s, C=0); HRMS(EI) calc. for C;sH,;NO; 369.1788, found
369.1788; 04(400 MHz, CDCl;) 6.81-6.71 (4H, m, 4 ArH), 4.80
(1H, d, J 9.5, NH), 4.29 (1H, br t (obs), J 7.1, CH(NH)), 4.25
(1H, s, CH(OH)), 4.00 (2H, t, J 6.0, OCH,CH,), 3.79 (3H, s,
OCH,), 3.76 (3H, s, OCH,;), 3.35 (1H, br s, OH), 2.12-1.99 (2H,
m, OCH,CH)), 1.39 (9H, s, C(CH5;);); 6(100 MHz, CDCl;) 173.9,
155.4,153.9, 152.8, 115.7 (2C), 114.7 (2C), 79.7, 72.2, 65.6, 55.7,
52.8, 50.6, 31.9, 28.2 (3C); m/z(EI) 369 (M*, 83%), 296 ([M-
OC(CH;);]*, 41), 124 (100).

Further details of the experimental procedures and spectro-
scopic data in provided as ESL.¥

Conclusions

A combinaton of theoretical and experimental investigation has
been used to rationalise the different regiochemical outcomes
associated with the AA reaction of pent-2-enoic acid ester sub-
strates with either PHAL or AQN derived ligands. The synthesis
of different amino alcohol regioisomers can be performed with
high selectivity and the resulting products serve as useful building
blocks for the synthesis of 3- and 4- amino sugar derivatives.
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Experimental determination of the gas phase proton affinities of the conjugate
base anions of 2-iodoxybenzoic acid (IBX) and 2-iodosobenzoic acid (IBA)7I
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The gas phase anion proton affinities of the periodinane anions IBX~ and IBA~ were examined using
mass spectrometry-based experiments, and estimated as 1300 = 25 and 1390 + 10 kJ mol™!, respectively.
The experimental results were supported by theoretical calculations, which yielded proton affinities of
1336 and 1392 kJ mol~! for IBX~ and IBA~ respectively, at the B3LYP/aug-cc-PVDZ level of theory.

Introduction

Despite the widespread use of 2-iodoxybenzoic acid (IBX,
Scheme 1) as an oxidant in organic synthesis,! its pK, was
unknown until a recent experimental and theoretical study.? In
that work, theoretical calculations were also used to predict the
gas phase anion proton affinities [defined as the A,H of eqn
(1)] of the deprotonated forms of IBX (denoted IBX™), and its
reduced form, 2-iodosobenzoic acid (denoted IBA~, Scheme 1).
Very similar anion proton affinities were reported for both
species (1408 kJ mol~' and 1405 kJ mol™' respectively, at the
B3LYP/LANL2dz+p level).?

AH — A~ + H* proton affinity(A™) = A,H (1)
HO -0 OH o~
o 0 / /
I// \I// | |
\ \ \ \
@;{3 @E( ©:K<O ©:<O
(0] (0] (0] (0]
IBX IBX— IBA IBA—
Scheme 1 IBX, IBA and their conjugate base anions.

However, these results seem counterintuitive, as the anion
proton affinity of IBX™ is expected to be less than that of IBA~
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due to the resonance stabilization afforded by the additional
oxygen atom in the former (Scheme 1). For example, the series
of sulfur oxyanions follow the expected trends in gas phase acidity
with increasing resonance stabilization i.e. MeSO,(OH) (strongest
acid) > MeSO(OH) > MeS(OH) (weakest acid).?

These observations prompted closer investigation of the the-
oretical data in the previous work, which revealed an error in
the quoted B3LYP/LANL2dz+p proton affinity of IBX™ due to
incorrect addition of zero-point vibrational energy.? The reported
value should have been 1346 kJ mol~!, and not 1408 kJ mol~".
This revised value is in much closer agreement with expectations
i.e. the proton affinity of IBX~ (1346 kJ mol™") is lower than that
of IBA~ (1405 kJ mol™"), meaning that IBX is a stronger acid
than IBA. However, the earlier calculations cannot be considered
definitive, so it seemed critical to determine the proton affinities
of IBX™ and IBA~ experimentally, and to recalculate their proton
affinities at higher levels of theory in light of the new experi-
mental results. Here we report such studies. The experimental
measurements used a combination of mass spectrometry-based
experiments in a quadrupole ion-trap* involving ion-molecule
reactions and Cooks’ kinetic method.>® The latter experiments
involved examining the competitive fragmentation of a series
of proton-bound dimers containing either IBX~ or IBA™ and a
reference base of known proton affinity [eqn (2) and (3); Scheme 2].
For example, the relative anion proton affinities of IBX~ and A~
can be established by fragmentation of the proton-bound dimer
[IBX~---H*"---A7]" to determine the relative abundances of the
competitive dissociation pathways to form IBX~ and A~.>¢ Here
we employ the kinetic method in its simplest form, based on the
assumption that difference in entropy between the two competitive
dissociation channels is negligible. A more detailed study would
require the effect of collisional energies on branching ratios to be
examined in order to investigate this,® but this is difficult in the
ion-trap instrument and beyond the scope of the present work.

PA(A™) < PA(B)
——— A +BH (@
[AmH* B ——
L -~ AH+B @

PA(A™) > PA(B)

Scheme 2 Relative proton affinities by Cooks’ kinetic method.
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Results and discussion

The simplest way to determine the relative proton affinities of
the anions IBX~ and IBA~ is to examine the fragmentation
of their proton-bound dimer, i.e. [IBA™---H*-.-IBX"]", which
was readily formed upon electrospray ionization of an H,O-
CH;CN solution containing both IBX and IBA. Collision-induced
dissociation of the proton-bound dimer [IBX™---H*---IBA™]~
resulted in the observation of only IBX™, clearly highlighting that
IBA™ has a higher proton affinity than IBX~ (Fig. la, Scheme 2).

[IBX]~
279
100+
(a)
©
c
>
Q
2
o
& [IBX—-H*-IBA-]~
542
100 200 300 400 500 600
m/z
[CF,COQ0]~
113
100 1
(b) [IBAI
263
el
C
>
Q
<
©
4
227 [IBA(CF,COOH)]~
377
|
100 200 . 300 400
[IBX(CF,COOH)]~
393
1001 [IBX]~
279
(c)
el
o
>
Q
<
©
(4
100 200 300 400
m/z
Fig. 1 (a) Fragmentation of the proton-bound dimer

[IBA=...-H*---IBX"]" (m/z 542) give IBX~ (m/z 279). No IBA~
(m/z 263) was observed; (b) ion-molecule reaction of IBA~ (m/z
263) with CF;COOH to give CF;COO~ (m/z 113). The peak at m/z
227 is assigned to [(CF;COO)CF;COOH]~ formed in a secondary
association reaction between product CF;COO~ and CF;COOH; and
(c) ion—molecule reaction of IBX~ (m/z 279) with CF;COOH to give
[@IBX)CF;COOH]~ (m/z 393). No proton transfer to give CF;COO~
(m/z 113) was observed.

In order to establish quantitative anion proton affinities for
IBX™ and IBA~, we next examined their gas-phase reactivity with
compounds of known anion proton affinity. Since the previous
calculations had predicted anion proton affinities of 1346 kJ mol™!
and 1408 kJ mol™' for IBX~ and IBA~ respectively,” we examined
their ion—-molecule reactions with the strong acid trifluoroacetic
acid, PA(CF;CO,™) = 1355 £ 12 kJ mol~',® which lies between

these values. Fig. 1b and c show the ion—molecule reactions of mass
selected IBX™ and IBA~ with trifluoroacetic acid. While IBX~ does
not react by proton transfer [instead undergoing only a clustering
reaction, Fig. 1c, eqn (4)], IBA~ reacts by proton transfer to
form CF;CO,” and neutral IBA [Fig. 1b, eqn (5)]. While the
observation of clustering for IBX™ does not provide a strict upper
limit for the proton affinity of IBX™, the complete lack of proton
transfer is consistent with PA(IBX™) < PA(CF;CO,"), which
is further supported by additional experimental data presented
below. This establishes the following anion proton affinity order:
IBA- > CF;CO, (1355 £ 12 kJ mol™") > IBX~. These results
are consistent with the CID data on the proton-bound dimer
[IBA~-..H*...IBX ] discussed above, which indicated IBA~
was a stronger base than IBX~ (i.e. higher proton affinity). They
are also consistent with the revised theoretical predictions from
the previous work.?

IBX~ + CF,CO,H — [IBX~(CF,CO,H)]- @)

IBA- + CF,CO,H — IBAH + CF,CO," 5)

Cooks’ kinetic method was employed in order to narrow
down the anion proton affinities of IBX~ and IBA~ further.>*
A series of proton-bound dimers were generated by electrospray
of IBX or IBA together with reference compounds with known
anion proton affinities (Table 1).*> The resulting proton-bound
dimers were subjected to CID and the relative yields of product
anions were determined to provide insight into the relative proton
affinity of the two species. For example, if the fragmentation of
[IBX~---H"---A"]" gave only IBX", then the proton affinity of
IBX" is less than that of A~. Alternatively, if only A~ is observed,
then the proton affinity of IBX™ is higher than that of A~.

The results of the CID spectra on a range of proton-bound
dimers are summarized in Table 1, and relevant spectra are
included in the Supplementary Informationi. In a few cases
dehydration of the proton bound dimer was observed to be in
competition with dissociation (e.g. HSO,~ with IBX~ and H,PO,~
with IBX~ and IBA™, see Supplementary Informationi) but these

Table 1 Results from Cooks’ kinetic method experiments for dissociation
of proton bound dimers between IBX~ or IBA~ and reference bases (A™) of
known anion proton affinity.“Branching ratios are reported as In(A~/B")
where A~ corresponds to the intensity of the reference base peak and B~
corresponds to the intensity of either IBX~ or IBA~*

Acid, AH PA (A) In(A-/IBX")  In(A /IBA")
CF.,S0,(OH) 1278 £ 9 >5 n/a
H.SO, 1282413 5 n/a
2,4-(NO,),CH,0H 1323+ 9 —4.7 n/a
C,F,CO,H 1347 £ 9 —14 >5
CF,CO,H 1355412 <=5 >5
»-(NO,)C,H,OH 1372+ 9 <5 >5
H,PO, 1383+£21 <—5 3.7
(CF,),COH 1387 £9 n/a 2.5
0-(NO,)C,H,CO,H 1388+ 9 n/a 1.4
p-CN-C H,OH 1390 £ 9 n/a ~0.7
p-CHO-C,H,OH 1393 £9 n/a -26
m-(NO,)C,H,OH 1399 £+ 9 n/a <=5
C,H.CO,H 1423+ 9 n/a <5

“ Anion proton affinities (kJ mol™') are from ref. 3. ® Mass spectra are
included in the supporting informationj.
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side reactions are not expected to alter interpretation of the
experimental results.

The experiments indicate that the proton affinity of IBX™ is
in the range of 1280-1320 kJ mol™!, and that of IBA~ of 1385-
1395 kJ mol~'. The proton affinity range for IBX~ was difficult to
narrow down further experimentally due to the absence of suitable
reference bases of appropriate proton affinity and/or difficulties
in forming the required proton bound dimers. For example, we
have attempted to form proton bound dimer complexes with
2,4,6-trinitrophenol (anion proton affinity = 1298 + 9 kJ mol™")
and with HI (1315 £ 1 kJ mol™"), but were not successful. In
addition, the results for proton bound dimers of IBX~ with 2,4-
(NO,),C¢H;0™ and C;F,CO,™ do not exhibit smooth changes in
branching ratios with proton affinity (Table 1). This discrepancy
might be due to limitations in the assumption of negligible differ-
ences in entropy between the competing dissociation channels.**
However, the results for IBX™ with 2,4-(NO,),C,H;O™ are clearly
consistent with PA(IBX") < PA(2,4-(NO,),C¢H;07), and so an
upper limit of ~ 1320 kJ mol~' is adopted for PA(IBX").

The experimental ranges described above suggest estimates for
the proton affinity of IBX~ as 1300 £ 25 kJ mol~' and for IBA~ as
1390 4 10 kJ mol~'. These estimates are in reasonable agreement
with the theoretical predictions from the previous study of 1346
and 1406 kJ mol~', respectively.?

The new experimental data prompted additional theoretical
calculations, which are summarized in Table 2 and detailed in
the supporting informationi.” Gas-phase proton affinities were
calculated for IBX™ and IBA~ at the B3LYP level using a number
of different basis sets.

In addition, calculations were also carried out for the test
molecule 10, for which the proton affinity has been experimen-
tally determined as 1480 + 8 kJ mol~'.* As expected, calculations
on the test molecule IO~ indicated that the use of diffuse functions
is necessary for reasonable agreement between experiment and
theory (Table 2).

Both IBX™ and IBA~ have multiple oxygen sites at which pro-
tonation might conceivably occur (Scheme 1), and the calculated
proton affinity of each of the possible protonation sites at the
B3LYP/aug-cc-PVDZ level is shown in Fig. 2. The calculations
predicted the oxygen frans to the carboxylate group to be the most
basic site for both species, and the calculated values presented
in Table 2 refer to this site. The LANL2DZ**++ and aug-cc-
PVDZ calculations (both involving diffuse functions) give good
agreement with experimental proton affinities for both 10~ and
IBA~. For IBX™, the calculated values using the LANL2DZ**++
and aug-cc-PVDZ basis sets are both slightly higher than the

Table 2 Calculated gas-phase anion proton affinities (kJ mol~") for IBX ",
IBA~ and the test molecule IO~. Experimental data are included for
comparison

Basis Set 10~ IBX~ IBA-
LANL2DZ* 1530 1346 1406¢
LANL2DZ**++ 1489 1322 1383
cc-PVDZ 1568 1384 1445
aug-cc-PVDZ¢ 1476 1336 1392
Experiment 1480 + 8° 1300 £ 25 1395+ 15

“ From previous work, see ref. 2. Experimental data from ref. 3. ¢ Cartesian
coordinates and energies are included in the supporting informationi.
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Fig. 2 Calculated structures of the conjugate base anions of IBX
(upper) and IBA (lower). Calculated proton affinities (in kJ mol™', at
the B3LYP/aug-cc-pVDZ level) for each of the oxygen sites are shown.

experimental range, but still in reasonable agreement with the
experimental data.

Conclusions

In conclusion, the first experimental investigations into the proton
affinities of IBX™ and IBA~ indicated proton affinities of 1300 £+
25 kJ mol™' and 1390 + 10 kJ mol~', respectively. Calculated
proton affinities are consistent with the experimental data, with
predicted values of 1336 and 1392 kJ mol™!, respectively, at the
B3LYP/aug-cc-PVDV level. Both theory and experiment suggest
that the proton affinity of IBX~ is at least 60 kJ mol~' lower
than that of IBA™, as expected based on the increased resonance
stabilization in the former.

Future experiments will examine the gas-phase reactivity of
IBX~ with a range of neutral reagents relevant to its condensed
phase applications. For example, preliminary experiments indicate
that IBX™ is unreactive towards methanol, perhaps due to the
absence of the I-OH moiety in the deprotonated form that has
been implicated in the reaction of neutral IBX with alcohols.*

The recent flurry of developmental work into new periodinane
oxidation systems, and specifically IBX," for tuning desirable
physical properties such as solubility, reactivity or functional
group compatibility for synthetic applications, makes physico-
chemical investigations like those reported here valuable aids to
the intelligent design of synthetic reagents.

Experimental
Mass spectrometry

Experiments were carried out using a commercially available
quadrupole ion trap mass spectrometer equipped with an electro-
spray ionization source (Finnigan-MAT model LCQ, San Jose,
CA, USA). Solutions of IBX and IBA were made in 1 : 1
H,0O-CH;CN solution. For ion-molecule reactions, the IBX or
IBA was introduced into the gas phase by electrospray and
the trifluoroacetic acid was injected directly into the QIT via
the ion-molecule reaction line, as described previously.* Cooks’
kinetic method experiments were performed by mixing solutions
of IBX or IBA with acids of known anion proton affinity, and
then subjected to electrospray ionization.” The mixed proton
bound dimers were mass selected and subjected to collision
induced dissociation with the helium bath gas. Specific collisional
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activation conditions were: normalized collision energy 16%, mass
selection window 3 m1/z units.

Theoretical calculations

Calculations were performed using the Gaussian03 program.’
Calculations were carried out using the aug-cc-PVDZ all-electron
basis set for H, C and O and the aug-cc-PVDZ-pp basis set and
associated pseudopotentials for I, and basis sets were obtained
from the EMSL Basis Set Exchange.® Geometry optimizations
were performed using density-functional theory with the Becke
3-parameter Lee—Yang—Parr hybrid functional (B3LYP).
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n—7 Stacking interactions between electron deficient naphthalenediimides (NDI) and electron-rich
porphyrins (POR) leading to charge transfer are shown to be prevalent in linked NDI-POR and
POR-NDI-POR structures. For flexibly-linked systems, intramolecular interactions lead to S-shaped
foldamers in solution, whereas intermolecular association is predominant in more rigid systems. The
foldamer structures can be interrupted by competing aromatic solvents, by six-coordination of
metallated porphyrin derivatives, by protonation of the free base porphyrin in non-metallated

structures, and in facially sterically hindered porphyrins.

Introduction

Naphthalene diimides and porphyrins have been used extensively
both as structural and functional components in supramolecular
chemistry. In particular, the electron acceptor qualities and the aro-
matic nature of N,N’-disubstituted 1,4,5,8-naphthalenediimides
(NDI)! make them ideal candidates for use as building blocks
where face-to-face charge transfer stabilisation with a suitable
electron-rich aromatic donor component results in structurally
defined assemblies, which can in turn be used in the templated
construction of supramolecular systems. These include rotaxanes
and catenanes,™ including neutral, bi-stable redox- and cation-
driven rotaxanes® and cation-templated pseudorotaxanes.®” Self-
stacking of the planar aromatic NDI molecules has also been the
major factor in self-assembled helical nanotubes.® The reversible
nature of the intermolecular forces involved in the stacking motif
has also been used to advantage in a combinatorial approach to
supramolecular assembly.’

A study of intermolecular stacking of porphyrins has a long his-
tory, and porphyrin self-aggregation has become a well recognised
phenomenon in both aqueous and organic solvents.™

The combination of porphyrins with naphthodiimides and other
related diimides (including smaller pyromellitimides and larger
perylenediimides) has produced a wide variety of supramolecules
in both covalently and non-covalently’ linked systems. The
donor—acceptor nature of the resulting arrays has been utilised
to considerable effect in the production of dynamic*'® and
controllable’ systems, both in solution and immobilised on
polymer supports.'®

The m-stacking characteristics of NDI have been utilised to
advantage in the study of non-natural foldamers and aedamers.
These are of particular current interest because of their applicabil-
ity in emulating the dynamic structural characteristics of natural
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6773-2368,; Tel: 612-6773-2767

T Electronic supplementary information (ESI) available: 'H NMR spectra
and associated numbering schemes for major compounds discussed in the
text; selected variable temperature NMR spectra; van’t Hoff plot of 3 with
DN38C10. See DOI: 10.1039/b804267¢

polymer systems such as proteins and DNA." Although many
foldamers are based on well-defined relatively rigid systems,*
flexible examples are less common.* The NDI-DAN (DiAlkoxy-
Naphthalene) motif has been the subject of a detailed study in
the solution-state folding of dimers, trimers, and higher oligomers
of linked naphthalenediimides and dialkoxynaphthalenes.?> For
example DAN-NDI-DAN trimers have been shown to adopt
either intercalative, pleated or elongated structures, depending on
their primary structure, solvent and temperature.

Previously, we have described the synthesis of porphyrin-based
catenanes™ and rotaxanes' whose templated assembly relied on
a presumed NDI-POR interaction. Subsequently,'® we reported
the reversible, thermodynamically-controlled self-assembly of a
series of rotaxanes, pseudorotaxanes and catenanes utilising
both crown-ether-naphthalenediimide host-guest interactions,
and metalloporphyrin—pyridyl coordination. For structures that
comprise a porphyrin linked covalently by polyoxyethylene chains
to a naphthalene diimide, which in turn is linked to a substituted
pyridine 1a, we specifically noted that there was clear evidence
of intramolecular interactions between the porphyrin and the
naphthalene diimide moieties as depicted in structure 1a.

Amongst other evidence, the interactions between porphyrin
and diimide was characterised by upfield shifts in the 'H NMR
spectrum of both the diimide and the inner porphyrin NH protons
as a result of the mutual shielding of the aromatic rings in a
face-to-face conformation. This implies an inherent and strong
T— interaction, possibly involving a charge-transfer, between the
electron-poor diimide subunit and the electron-rich porphyrin.

In this paper, we investigate the generality of this POR-NDI
porphyrin—diimide interaction, and explore how it can be utilised
in the formation of foldamers for specific multi-functional systems
that incorporate these units.

Results and discussion
Synthesis

Since the POR-NDI interaction appeared to be significant and
general, we devised a series of structures that would enable a
more detailed study of the phenomenon. In the first instance,
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the pyridine-terminated porphyrin diimide 1a (Fig. 1), previously
reported by us,'® provided an opportunity to investigate the
effects of intramolecular coordination on the stacking of the
aromatic units. Subsequently, to ascertain if the pyridine unit is
a factor in the stacking interaction, we synthesised a structural
modification of 1a in which the pyridine unit is replaced by a simple
ester, 3 (Fig. 3). At the same time, we changed the attachment
of the linking polyoxoethylene chain to an amide at the para
position of the meso aromatic group of the porphyrin, 2 (Fig. 3),
which effectively requires a longer span of the linker to achieve
an intramolecularly stacked structure. Further, to promote the
possibility of intramolecular foldamers, the ethyl esters of 2 and
3 were replaced with a second porphyrin in each case, resulting in
10 and 11 (Fig. 8). Replacement of the amide linkages of 10 with
a less constrained secondary amine linker in 12 (Fig. 8) completed
the bis-porphyrin series. The non-porphyrinic analogues 15 and 16
(Fig. 10) with varying m-acidity of the aromatic groups, provided
a test of the prerequisite of the porphyrin unit in the stacking
motif. Finally, shorter chain homologues of 3 and 11, viz. 18 and
17 (Fig. 11), with diethyleneoxy linkages in place of the longer
tetraethylenoxy chains, provided the possibility of more tightly
constrained foldamers.

1b: M =2Zn

Fig. 1

The synthetic route of these derivatives was based on similar
strategies used for the production of rotaxane structures previously
reported by us.”® The ethyl esters 2 and 3 (Fig 3) and their
corresponding bis-porphyrin analogues 10 and 11 (Fig. 8) were
produced in a single reaction by an EDC condensation of
the corresponding porphyrins 14 and 13 (Fig. 8) with the bis
monosuccinate ester 4 (Fig. 3) of the dihydroxy polyoxoethylene
naphthodiimide 5 (Fig. 6). In each case, the presence of ethanol
in the reaction mixture gave directly separable mixtures of 2
and 10, or 3 and 11. A similar strategy produced the shorter-
chain derivatives 17 and 18 (Fig. 11). The secondary amine
derived structure 12 (Fig. 8) was produced by condensation of
5 with 4-carboxybenzaldehyde, subsequent titanium tetrachloride
catalysed formation of the Schiff base with the zinc derivative of
porphyrin 14 and in situ reduction with cyanoborohydride.

Conformational studies

Pyridine-terminated diimide porphyrin 1a. Typically, the pro-
ton resonances in their '"H NMR spectra of various alkyl
and polyethylene glycol-substituted naphthodiimide open-chain
derivatives appear around 8.7 ppm; for naphthodiimide-derived
catenanes where the diimide unit is threaded through a
1,5-dinaphtho-38-crown-10 (DN38C10) macrocyclic unit, this

resonance is normally shifted upfield by shielding from the crown
aromatics to around 8.2-8.3 ppm.>” By contrast, the diimide
resonance of la appears at 7.2 ppm, and shifts upfield with
decreasing temperature, but is concentration-independent. This
is consistent with an intramolecular folded structure as depicted
in la.

Zinc was inserted into the diimide-fused porphyrin producing
1b (Fig. 1), to establish whether this might disrupt the porphyrin—
diimide interaction: the terminal pyridine of 1b was expected
to coordinate intramolecularly to the zinc porphyrin and thus
interrupt the porphyrin—diimide interaction. However, proton
NMR analysis of the compound showed diimide upfield shifts
indicative of a porphyrin-diimide interaction being maintained,
in addition to the terminal pyridyl-zinc coordination. This
suggests the structure shown in Fig. 2, with the long tetraethylene
glycol-derived linker groups allowing both the porphyrin—diimide
interaction on one face of the porphyrin and the pyridine-zinc
coordination on the other.

Fig. 2 Above: the folding effect expectedi for the zinc metallated
derivative 1b, incorporating both pyridine-zinc coordination and di-
imide—porphyrin interaction. Two of the linker ethyleneoxy groups from
each side of the diimide sub-unit have been omitted for clarity. Below:
the expected conformation of 1e¢, the ruthenium(ir) metallated derivative
of la. The terminal pyridine coordinates to the central ruthenium()
ion, while the carbonyl ligand on the alternate porphyrin face prevents
diimide—porphyrin stacking interactions.

The simple modification of la, by utilising a six-coordinate
ruthenium(ir) with its carbonyl ligand as the central porphyrin
metal ion in the place of zinc, was expected to prevent such

1 This depiction is suggested, and is not an energy minimised structure.
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a folding effect, as the carbonyl would block the face of the
porphyrin opposite to the pyridyl coordinating face. Proton NMR
analysis of the resulting structure 1¢ (Fig. 2), previously reported
by us,’® showed the diimide peak in its unshielded (6 8.7) posi-
tion, suggesting successful prevention of the porphyrin—diimide
interaction and the structural conformation shown in Fig. 1.

Mono-porphyrin linked diimides. In the case of the mono-
porphyrin diimide long chain units 2 and 3 (Fig. 3) with ethyl
esters replacing the pyridine unit of 1a, the NMR spectra revealed

0 O # N\ _J° o]
R o0 V= Wt~OLg R
0 : ° o
% N/ g
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OEt 2
g OEt 3
\ 7
~NH N~
N M &
OH OH 4

Fig. 3

the presence of intramolecular POR-NDI interactions similar to
those seen in 1a (ESI, Fig. S1 and S27). In these cases, because of
the molecular asymmetry, the diimide proton signals now appear
as AB quartets, butat 7.76-7.88 ppm for 2and 7.19-7.29 ppm for 3,
still significantly shielded compared to typical unassociated ‘free’
diimides; the porphyrin core NH protons were also still shielded
at —3.38 ppm for 2 and —3.84 ppm for 3.

Since these porphyrin mono-stoppered derivatives are capable
of threading through a DN38C10 macrocycle, the formation
of the resultant pseudorotaxane should be accompanied by a
release of the folded structure to accommodate the macrocycle.
Indeed, the spectrum of a 1 : 1 mixture of 3 and DN38C10 in
deuterochloroform showed peaks for both bound and unbound
species over a range of low temperatures where the system was in
slow exchange (<270 K).§ In this case, the NDI proton signal was
observable in both its unbound (~7.2 ppm) and bound (~8.2 ppm)
positions. The bound position was identical to that for the
pseudorotaxane formed from the non-porphyrinic dicarboxylic
acid precursor 4 and DN38C10, and this peak grew at the expense
of that for the unbound (but folded) species at 7.2 ppm. This
is consistent with the formation of the pseudorotaxane structure
[DN38C10.3] (Fig. 4) in which the encircling crown ether now
precludes the foldamer conformation, as expected.

From this data, the binding strength of the DN38C10 complex
with 3 was calculated to be 3.98 x 10> M~! at 243 K. This compares
to the K, of the complex between 4 and DN38C10 at the same
temperature of 3.52 x 10° M~!, and indicates that while DN38C10
binds to 3 less strongly, it adopts a similar open conformation
when bound. A van’t Hoff plot of this system gave a non-linear
relationship between R In K and 1/7 (see ESI, Fig. S37), as did
the [DN38C10.1a] system, which is indicative of a conformational
or other change accompanying the binding process (i.e. in these
cases, an unravelling of the foldamer).q

§ At higher temperatures, in the fast exchange regime, only a temperature-
dependent time-averaged peak is seen for the diimide resonance.

€ The reason for the weaker complexation is unclear, as intuitively one
might expect a stronger interaction with the porphyrin-stoppered adduct,
as this has the possibility of an alternative site for a n-stacked complex,
now between the DN38C10 aromatics and the porphyrin ring. We had
previously reported’® a non-linear van’t Hoff plot for the system involving
DN38C10 and 1c¢ in the formation of a pseudo-catenane, with a K, of
140 M™" at 273 K, and a non-zero heat capacity term AC, as a result of
an unfolding required for the formation of the pseudo-catenane. This is
similar to the results seen for the free base derivative 1a.

[DN38C10.3]

Fig. 4
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The porphyrin—-diimide orientation in these systems is expected
to be similar to the calculated structure shown in Fig. 5, with
the diimide lying face-to-face with the porphyrin to optimise the
n—7 interactions between the two aromatics. The space-filling
model also shown in Fig. 5 illustrates that the diimide appears
to have an ideal size and shape to match the cavity afforded by
the meso-aromatics on the porphyrin face. It is likely that it is a
combination of the n—m interactions and the snug fitting nature
of the POR-NDI porphyrin—diimide interaction that makes it
so significant, and if so, then it is expected that relatively stable
complexes should be maintained intermolecularly for un-linked
porphyrins and diimides.

(a)

Fig.5 Depiction of the calculated* diimide-porphyrin interaction in 1a:
top view, with the diimide lying above the porphyrin face (top); and
space-filling depiction (bottom). Two of the linker ethyleneoxy groups
were omitted from the linked side of the diimide sub-unit and only an
ethyl group was included on the other (free) side of the diimide to simplify
the calculation.

Intermolecular systems. This was validated by the fact that
an equimolar mixture of tetratolyl porphyrin 6 with naphthalene
diimide 5* (Fig. 6) in CDCIl; produced diimide and porphyrin
N-H proton NMR upfield shifts similar to 1a, indicating an

* AM1 semiempirical energy minimisation calculation performed using
the MacSPARTAN program. The porphyrin with its meso-substituted
aromatics was minimised separately first, then this component of the
structure was locked, while the diimide thread component was allowed
to move. The resultant structure shown is the calculated lowest energy
position for the diimide.

intermolecular interaction. The association constant for 5 with 6
was calculated as 15.6 == 1.2 M~ from NMR titration experiments.

It is expected that a conformation as depicted in Fig. 5 would
be destabilised by any porphyrin with sterically demanding groups
on each of its faces. Thus, a series of porphyrins, including 6, 7, 8
and 9 (Fig. 6) were analysed using NMR methods. 9, with its bulky
methoxy ortho substituents, was specifically designed to block any
close approach of the diimide and porphyrin. The other porphyrins
contained either two or four meso- aromatics with para or meta
substituents.

When individually mixed with 5 in CDCl;, 6, 7 and 8 each
exhibited significant diimide shifts, indicative of the expected
diimide—porphyrin interaction. However, the bulky methoxy ortho
substituted porphyrin 9 showed only an unshielded diimide peak at
0 8.7, suggesting a blocking of the diimide—porphyrin interaction
through steric hindrance. These results were duplicated using a
pyromellitimide thread in place of the naphthalene diimide, with
the same series of porphyrins.

UV analysis confirmed this result: difference absorption spec-
tra were measured between the porphyrin—diimide systems and
equimolar solutions of the respective porphyrin (Fig. 7). Since the
diimide 5 exhibits no absorption above 400 nm, any peaks observed
must arise from new absorbances caused by the interaction
between the diimide and porphyrin, specifically charge-transfer
bands. The mixtures of 5 with 6, and 5 with 7 exhibited a new
band that can be attributed to a charge transfer absorption at
432 nm, while the corresponding band for the mixture of 5
with 8 appeared at 426 nm. The sterically-hindered porphyrin
9 showed no charge transfer absorbance in the examined spectral
region. These results are consistent with the corresponding NMR
findings that 9, with its sterically-hindering ortho substitution, is
prevented from forming a stable complex. Similar charge-transfer
absorption results were found using pyromellitimide in place of
the naphthalene diimide thread.

This journal is © The Royal Society of Chemistry 2008
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Fig.7 UV-vis spectra in CHC; of: 5, 6, 7, 8 and 9 (top); and difference
spectra of equimolar mixtures of 5 with: 6, 7, 8 and 9 (bottom), measured
against the respective porphyrin component.

Bis-linked porphyrin diimide foldamers. This inherent capacity
for face-to-face m-stacking between facially unhindered meso-
substituted porphyrins and naphthodiimides is also evident in
other linked systems which can adopt folded conformations in
solution, similar to that seen in 1, 2, and 3.

This can be seen for example in 'H NMR spectra of the three
bis-porphyrin adducts 10, 11 and 12 (Fig. 8), all of which showed
significant upfield shifts of the diimide proton resonances (7.42,
6.93 and 7.11 ppm in CDCI; for 10, 11 and 12, respectively),
indicative of a solution conformation involving a shielding of the
diimide unit, either by an inter- or intra-molecular interaction;
an S-shaped foldamer POR-NDI-POR as depicted in Fig. 8 is
suggested (see ESI, Fig. S4, S5, S67).

Complementary shifts of the inner NH protons of the porphyrin
(A6 —0.50, —0.68 and —0.59 ppm respectively in each case,
compared to the unattached porphyrin precursors 13 or 14) are
consistent with such a foldamer conformation with face-to-face
stacking of the diimide and porphyrin units. The folding of the
polyoxyethylene chains inherent in the S-shaped foldamer was also
apparent by NOESY correlations between the protons adjacent
to the diimide N, and the succinyl ester group protons in 11.

Concentration-invariance of the spectrum is consistent with a
foldamer, rather than possible alternative intermolecular stacking.
At higher temperatures, the diimide and inner porphyrin NH
resonances gradually shift downfield in tandem, as n—= stacking is
diminished (Ad +0.28 between 303 K and 328 K for 10 in CDCl,);
there is minimal change in other resonances (see ESI, Fig. S77).
Similar temperature dependence was observed for the ester-linked
11 and the amine-linked 12.

Compound

-Sﬂ(\iﬂ@é’ 10

f{\j\pg 1

0
O
H 12
Sea
o]
HO
O 2 O Q
13 14
Fig. 8

For the meta-linked derivative 11, the mutual shielding of the
porphyrin and diimide units is even more pronounced than in the
para-substituted amide analogue 10. The diimide protons of 11
are upfield shifted by —1.80 ppm, compared to —1.31 ppm for 10,
and the porphyrin NH’s are also more shielded (Ad —0.68 ppm
compared to —0.50 ppm). In this case, because of the absence
of the plane of symmetry through the porphyrin unit, the ortho-
protons of the 3,5-di-terz-butyl groups on the meso-substituents
appeared as closely coupled separated resonances. Significantly,
only one of these resonances showed ROESY correlations with
the diimide protons, obviously the ortho-protons on the face of
the porphyrin proximal to the diimide in the foldamer structure.

Further evidence for the S-shaped foldamer conformation
was derived from metallation of the porphyrin. Thus, in the
corresponding zinc derivative of 10 it was confirmed that there
was little effect on the diimide-porphyrin interaction in the
non-coordinating CDClI, solvent. Indeed, the diimide resonance
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now appeared at even higher field (0 7.19 ppm), indicating an
enhanced interaction. This may be purely electronic in origin (less
electronegative zinc derivative compared to free base), or perhaps
due to an augmentation by appropriate coordination of the zinc
ion to one of the O atoms in the polyether chain. Shifts in many of
the polyether methylene resonances favour the latter. Nevertheless,
since zinc porphyrins readily form 5-coordinate complexes in
the presence of nitrogenous bases, the addition of pyridine may
cause unfolding of the bis-adduct by displacing the diimide; on
the other hand, axial coordination at the “outside” faces of the
zinc porphyrins would have little effect on the diimide—porphyrin
stacking, as depicted in Fig. 9B.

D

Fig. 9 Depiction of the folded and extended conformations in the
bis-porphyrin diimide derivatives 10, 11, and 12 as deduced from NMR
measurements. The dashed lines indicate co-facial t—r interactions.

Thus, on increasing addition of pyridine to a CDCI; solution
of Zn10, as well as small expected shifts in some of the porphyrin
resonances, broadened zinc-coordinated pyridine resonances ap-
peared, in a pattern and position typical of pyridine-coordinated
zinc porphyrins (for these complexes, ligand exchange is fast on
the NMR chemical shift timescale, so the ligand resonances are
broadened and shifted upfield and gradually move downfield
with increasing pyridine addition). After two mole equivalents
of pyridine per zinc porphyrin, the diimide resonance had moved
slightly downfield to a limiting position of 7.45 ppm, still well short
of the value of 8.7 ppm expected for a non-interacting, unfolded
conformation. At the same time, the previously shifted polyether
methylene signals now moved back to their approximate position
as in 10, consistent with a replacement of the presumed polyether
oxygen coordination to the zinc by the stronger pyridine ligand
(see ESI, Fig. S8%). This is then compatible with a structure with
“outside” coordination of the pyridine, as indicated in Fig. 9B.

Further evidence for the POR-NDI-POR foldamer structure
resulting from n—7 interactions was provided by the 'H NMR
spectrum of 10 in benzene-dg. In this solvent, the pyrrolic NH
protons were now shifted downfield to —2.74 ppm (Ad +0.45 ppm
relative to the spectrum in CDClL;) (see ESI, Fig. S9t). This is a
similar chemical shift to that for the previously reported®® [2]ro-
taxane comprising 10 threaded through the dinaphtho-38-crown-
10 macrocycle, [DN38C10.10]. In this rotaxane, the NDI unit is
sandwiched between the aromatic groups of the crown ether, which
effectively prevents any POR-NDI interactions. By analogy then,
in this case, this is consistent with an unfolded conformation
with the POR-NDI interactions replaced by benzene-NDI n—n
stacking, as indicated in Fig. 9C.

The benzene-diimide interactions in this solvent also impose an
enhanced upfield shift on the naphthodiimide protons, which now
appear at 6.85 ppm. The fact that these protons are shifted further
upfield than in CDCI; can be rationalised by (i) a more effective
overlap of the smaller benzene n-system compared to larger, more
diffuse, and peripherally crowded porphyrin rings; and (ii) an
equilibrium effect shifted towards more complete intermolecular
complexation as a result of the larger effective molarity of the
n-donor constituent in the neat ds-benzene solvent.

Although zinc insertion into the porphyrin did not interfere
with the S-shaped POR-NDI-POR foldamer conformation, pro-
tonation of the free base porphyrin was effective in destroying
the stabilising interactions, leading to unfolding. This was clearly
seen by the downfield shift of the diimide proton signal in the
NMR spectrum of 10 in CDCI; containing trifluoroacetic acid, to
8.72 ppm, a chemical shift typical of ‘free’ naphthodiimides in the
absence of inter- or intra-molecular n-stacking effects (see ESI,
Fig. S10t). Protonation of free base porphyrins is accompanied
by a ruffling of the planar structure,”® which apparently in this
case is sufficient to introduce steric constraints to any stacked
conformations of the porphyrin and diimide aromatic systems.
In this instance, the NH protons in the porphyrin core were no
longer diagnostic, as they appeared upfield shifted as expected
for a protonated porphyrin, as were the B-pyrrolic and other
porphyrinic aromatic resonances.

The n-stacking interactions responsible for the foldamer struc-
ture in the POR-NDI-POR systems are not maintained if the
porphyrin units are replaced by smaller aromatic groups. The non-
porphyrinic analogues 15 and 16 (Fig. 10) where the porphyrin has

0 0 Q 0 o
R\g/\)ko/\’éo\/iN O N’(\/O*}a/\o)]\/\[O(R

o} o}
R Compound
S ) 15
ON
-§-O~%;>—No2 16
Fig. 10
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been replaced by either p-tolyl or 2,4-dinitrophenyl groups show
no evidence of shielding of the naphthodiimide proton signals
in solution, and they appear in the ‘normal’ range, viz. 8.67
and 8.72 ppm, respectively, indicative of an extended, unfolded
conformation.

The folded conformation is also maintained with the shorter
dioxyethylene linked derivatives 17 and 18 (Fig. 11), as evidenced
by: the upfield shifts of both diimide (Ad —2.09 and —1.88 ppm
respectively) and porphyrin NH (Ad —0.79 and —1.41 ppm, respec-
tively) resonances in their NMR spectra; a NOESY correlation
between the diimide and the downfield shifted (deshielded by the
diimide) ortho, protons of the meso aromatic groups, as well as
the B-pyrrolic protons; and an enhanced deshielding (compared
to the longer chain derivative 11) of the methylene signals in the
dioxyethylene chains as a result of stronger deshielding by the
diimide and porphyrin rings in this more tightly folded structure.

R Compound

17

Et 18

Fig. 11

On the other hand, it is obvious that the more rigidly con-
strained bis-porphyrin diimide 19 (Fig. 12), which has previously
been incorporated as the thread component of a [2]rotaxane,'
cannot form the S-shaped foldamer structure of the more flexible
systems described above. Nevertheless, the diimide resonances
of this molecule appear upfield from the ‘normal’ range at
7.45 ppm, with the porphyrin NH’s also somewhat upfield at
—2.95 ppm.

However, in this case, the shifts are concentration-dependent,
indicating an inter-molecular stacking pattern. NOESY

R
19
) _é O $ O
Fig. 12

correlations between the propynyl methylene and the B-methyl
and ethyl resonances in more concentrated solutions are further
evidence of an intermolecular stacking between diimide and
porphyrin units, as the relatively constrained geometry of 19 would
render intramolecular correlations unlikely. This interaction is not
possible in the rotaxane consisting of 19 as the thread unit through
a DN38C10 macrocycle, [DN38C10.19], as we have reported
previously,"” and the NMR shifts are as expected for these types
of rotaxanes.

Experimental

In the following descriptions, NMR assignments follow the
numbering schemes indicated for the respective compounds in
the ESL.

2-(2-(2-(2-(2-(5,10,15-Tris((3,5-di-tert-butyl)phenyl)-20-(4-(3-car-
boxypropionamido)phenyl)porphyrinyloxy)ethoxy)ethoxy)ethoxy)-
ethyl)-7-(2-(2-(2-(2-(3-ethoxycarbonyloxy)propionyloxy)ethoxy)-
ethoxy)ethoxy)ethyl)benzo[/mn]-(3,8)phenanthroline-1,3,6,8-
tetraone 2 and 2,7-bis-(2-(2-(2-(2-(5,10,15-tris((3,5-di-tert-
butyl)phenyl)-20-(4-(3-carboxypropionamido)phenyl)-
porphyrinyloxy)ethoxy)ethoxy)ethoxy)ethyl)benzo[/mn]-
(3,8)phenanthroline-1,3,6,8-tetraone 10

To a solution of 2,7-bis-(2-(2-(2-(2-(3-carboxypropionyloxy)eth-
oxy)ethoxy)ethoxy)ethyl)benzo[/mn]-(3,8)phenanthroline-1,3,6,8-
tetraone 4 (25 mg, 3.05 x 10~ mol) in freshly distilled CHCl,
(14 mL) containing EtOH (15 ul) were sequentially added
EDC (14.6 mg, 7.63 x 107° mol), 1-hydroxybenzotriazole,
HOBT (16.5 mg, 1.22 x 10~* mol) and 5,10,15-tris((3,5-di-zerz-
butyl)phenyl)-20-(4-aminophenyl)porphyrin®* (62 mg, 6.41 x
10~ mol). Dry Et;N (14 pl, 1.01 x 10~* mol) was then added
and the reaction was stirred for 7 d (N,, dark). Excess solvent
was removed in vacuo, and the crude mixture was washed with
dilute HC1 (2 M), water, saturated NaHCO;, water (3x) and
taken up in DCM. The organic layer was then dried (Na,SO,)
and evaporated in vacuo. Purification was carried out using
preparative TLC silica plates with 5% MeOH-DCM as the eluant
to afford unreacted starting porphyrin (14 mg, 22.5% recovered),
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bis-stoppered porphyrin thread 10, and mono-stoppered thread
2:

10 (11.8 mg, 14%) as a purple solid (from MeOH-CHCl,;); mp
184-187°C; m/z (ES-MS) (C,74H,0N1,Oj6): [M + 2H]** 1358.774
(calc. 1358.771); '"H NMR (300 MHz, CDCl;) ¢ 8.87 (16H, m,
H2, 3, 7, 8, 12, 13, 17, 18), 8.17 (4H, d, J 6, H22), 8.17-8.15
(2H, hidden, H23), 8.12 (12H, ms, ortho), 7.90 (4H, d, J 9,
H21), 7.79 (6H, ms, para), 7.42 (4H, s, ND), 4.30 (4H, t, J 6,
H26), 4.05 (4H, t, J 6, H33), 3.70 (4H, t, J 6, H27), 3.60 (12H,
m, H28-30), 3.52 (8H, m, H31-32), 2.85 (4H, d, J 6, H34),
2.76 (4H, d, J 6, H35), 1.53 (108H, s, t-butyl), —3.19 (4H, s,
H25).

2 (2.7 mg, 5%) as a purple solid (from MeOH-CHCI;); mp
100-104°C; m/z (ESI-MS) (C,sH,»;N;0,;): [M + HJ* 1794.923
(calc. 1794.937); '"H NMR (300 MHz, CDCl;) ¢ 8.85-8.80 (8H,
m, H2, 3, 7, 8, 12, 13, 17, 18), 8.26 (1H, br, H23), 8.20 (2H, d,
J 9, H22), 8.14-8.12 (6H, m, ortho), 7.95 (2H, d, J 9, H21), 7.88
(2H, d, J 8, ND2), 7.79-7.77 (3H, m, para), 7.76 (2H, d, J 8§,
NDI1), 4.38 (2H, t, J 5, H26), 4.23 (2H, t, J 6, H33), 4.17-4.11
(4H, m, H45, 46), 4.09 (2H, t, J 7, H38), 3.78 (2H, t, J 5, H27),
3.70-3.64 (10H, m, H28-32), 3.59-3.49 (12H, m, H39-44), 2.89
(2H, t, J 6, H34), 2.85 (2H, t, J 6, H35), 2.58-2.56 (4H, m, H36,
37), 1.54 (54H, s, t-butyl), 1.23 (3H, t, J 6, H47), —3.38 (2H, s,
H25).

2-(2-(2-(2-(2-(5,10,15-Tris((3,5-di-zert-butyl)phenyl)-20-(3-(3-car-
boxypropionoyl)phenyl)porphyrinyloxy)ethoxy)ethoxy)ethoxy)-
ethyl)-7-(2-(2-(2-(2-(3-ethoxycarbonyloxy)propionyloxy)ethoxy)-
ethoxy)ethoxy)ethyl)benzo|/mn]-(3,8)phenanthroline-1,3,6,8-
tetraone 3 and 2,7-bis-(2-(2-(2-(2-(5,10,15-tris((3,5-di-tert-
butyl)phenyl)-20-(3-(3-carboxypropionoyl)phenyl)porphyrinyloxy)-
ethoxy)ethoxy)ethoxy)ethyl)benzo[/mn]-(3,8)phenanthroline-
1,3,6,8-tetraone 11

This was synthesised by a method similar to that described above
for 2, wusing 2,7-bis-(2-(2-(2-(2-(3-carboxypropionyloxy)eth-
oxy)ethoxy)ethoxy)ethyl)benzo[lmn]-(3,8)phenanthroline-1,3,6,8-
tetraone (23 mg, 2.81 x 10~ mol), dry CHCI; (13 mL), EtOH
(15 pl) dry Et;N (13 pl), EDC (13.5 mg, 7.04 x 10~ mol),
HOBT (7.6 mg, 5.62 x 10~ mol) and 5,10,15-ris((3,5-di-
tert-butyl)phenyl)-20-(3-hydroxyphenyl)porphyrin*®* (60 mg,
6.20 x 107> mol). The crude product was purified by silica column
chromatography (1% MeOH-CHCI;) to give unreacted porphyrin
(10.5 mg, 17.5%), the bis-porphyrin thread unit 11 and 3:

11 as a purple solid (from MeOH-CHCI;) (17.2 mg, 23%); mp
182-184 °C; m/z (ESI-MS) (C,7,H,0sN,O15): [M + 2H]** 1359.759
(calc. 1359.755); '"H NMR (300 MHz, CDCl;) 6 8.86-8.81 (16H,
m, H2, 3,7, 8, 12, 13, 17, 18), 8.34 (6H, s, ortho,), 8.23 (2H, d, J
3, H21), 7.94 (2H, d, J 6, H22), 7.92 (6H, s, ortho,), 7.80 (6H, s,
para), 7.67 (2H, t, J 6, H23), 7.52 (2H, d, J 6, H24), 6.93 (4H, s,
ND), 4.22 (4H, t, J 6, H26), 4.00 (4H, t, J 6, H33), 3.61 (4H, t, J
6, H27), 3.48 (12H, m, H28-30), 3.43 (8H, m, H31-32), 3.01 (4H,
t, J 6, H35), 2.84 (4H, t, J 6, H34), 1.60 (54H, s, t-butyl,;), 1.48
(54H, s, t-butyl,), —3.40 (4H, s, H25).

3 (3.3 mg, 6.6%) as a purple solid (from MeOH-CHCI;); mp
95-99 °C; m/z (ES-MS) (C,sH5sNsOy5): [M + Na]* 1817.904
(calc. 1817.903), [M + HJ]* 1795.922 (caled. 1795.921); '"H NMR
(300 MHz, CDCl;) ¢ 8.85-8.79 (8H, m, H2, 3, 7, 8, 12, 13, 17,
18), 8.53 (3H, s, ortho,), 8.41 (1H, s, H21), 7.83 (1H, d, J 6, H22),

7.82 (3H, s, orthos,), 7.79 3H, s, para), 7.65 (1H, t, J 6, H23), 7.50
(1H, d, J 6, H24), 7.29 (2H, d, J 9, ND,), 7.19 2H, d, J 6, ND,),
4.15 2H, t, J 6, H26), 4.11 2H, t, J 6, H33), 4.08 (4H, m, H45,
46), 4.01 (2H, t, J 6, H38), 3.59 (2H, t, J 6, H27), 3.53 (10H, m,
H28-32), 3.50-3.46 (12H, m, H39-44), 3.08 (2H, t, J 6, H35), 2.91
(2H, t, J 6, H34), 2.59 (4H, t, J 3, H36, 37), 1.66 (27H, s, t-butyl,),
1.46 (27H, s, t-butyl,), 1.24 (3H, t, J 6, H47), —3.84 (2H, s, H25).

2,7-Bis(2-(2-(2-(2-(4-formylphenylcarboxy)-ethoxy)-ethoxy)-
ethoxy)-ethyl)benzo|/mmn]-|3,8]phenanthroline-1,3,6,8-tetraone 20

This was synthesised by an analogous method to that used for
2, using dihydroxydiimide thread 5 (0.101 g, 1.64 x 10~* mol),
4-carboxybenzaldehyde (0.079 g, 5.26 x 10~* mol), dry DCM
(10 mL), dry Et;N (76 ul, 5.71 x 10~* mol), EDC (0.160 g, 8.35 x
10~* mol), HOBT (0.088 g, 6.51 x 10~* mol) and stirring for 7 d.
Upon removal of excess solvent, a yellow oil (144 mg, 99.5%) was
obtained, which was sufficiently pure for further reaction. (ESI-
MS) (C4sHyN,O\6): [M + Na]* 905.276 (caled. 905.275); '"H NMR
(300 MHz, CDCl;) 6 10.02 (2H, s, H48), 8.65 (4H, s, ND), 8.13
(4H, d, J 9, H34), 7.88 (4H, d, J 9, H35), 4.43-4.36 (8H, m, H26,
33), 3.80 (8H, m, H27, 28), 3.65-3.64 (4H, m, H30), 3.63-3.56
(12H, m, H29, 31, 32).

5,10,15-Tris((3,5-di-zert-butyl)phenyl)-20-(4-
aminophenyl)porphyrinato)zinc(ir) 21

Zinc was inserted into the free-base amino phenyl porphyrin using
the standard method (Zn(OAc),-DCM-MeOH) to give 21 as a
reddish purple solid (73 mg 98%); mp 299-302 °C; 'H NMR
(300 MHz, CDCl;) 0 8.96-8.91 (6H, m, H3, 7, 8, 12, 13, 17), 8.78
(2H, d, J 5, H2, 18), 8.11 (2H, d, J 2, ortho), 8.06 (4H, d, J 2,
ortho), 7.76 (1H, t, J 2, para), 7.72 (2H, t, J 2, para), 7.62 (2H, d,
J 8, H21), 5.63 (2H, br, H22), 1.50 (27H, s, t-butyl), 1.41 (27H, s,
t-butyl), —1.35 (1H, br, H23).

2,7-Bis(2-(2-(2-(2-(4-(5-(phen-4-y1)10,15,20-tris((3,5-di-tert-
butyl)phenyl)porphyrinyl)-aminophenyl-4-benzylcarboxy)-ethoxy)-
ethoxy)-ethoxy)-ethyl)benzo[/mn]-|3,8]phenanthroline-1,3,6,8-
tetraone 12

Following the modified method outlined by Barney et al,”* to
a solution of naphthodiimide dialdehyde 20 (21.4 mg, 2.43 x
107> mol), dry DCM (50 mL), and dry Et;N (10 ul, 7.17 x 107> mol)
was added NaBH;CN (4.6 mg, 7.29 x 10~° mol). The solution
immediately went bright red, which was strongly indicative of
charge transfer complex formation. The mixture was equilibrated
for 60 min at RT after which time zinc amino phenyl porphyrin
21 (50 mg, 4.86 x 10~ mol) and a solution of TiCl, in DCM
(12.50 pl, 1.25 x 10~° mol) were added. The reaction was then
stirred for 18 h before it was quenched with a THF solution of
NaBH;CN and the stirring was continued for a further 6 h. The
reaction mixture was then washed with 5 M NaOH, water (3x)
and dried (Na,SO,). Excess solvent was removed in vacuo. Multiple
purifications on preparative TLC silica plates (2% MeOH-DCM)
afforded the free-base derivative of amino phenyl porphyrin 21
(14 mg, 29.0% recovered), bis adduct 12 (5.8 mg, 4.3%), and the
corresponding mono-porphyrin adduct (16.8 mg, 14%).

12 (from CHCL-MeOH) mp 211-215 °C; m/z (ES-MS)
(CisoHyuN1,0,): [M + LiJ* 2789 (caled. 2788.56), [M + 2HJ*

This journal is © The Royal Society of Chemistry 2008
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1392.793 (caled. 1392.792); 'H NMR (300 MHz, CDCL,) 6 8.87—
8.80 (16H, m, H2, 3, 7, 8, 12, 13, 17, 18), 8.12 (12H, s, ortho),
8.08 (4H, d, J 9, H34), 8.02 (4H, d, J 9, H21), 7.78 (6H, s,
para), 7.57 (4H, d, J 9, H35), 7.11 (4H, s, ND), 6.93 (4H, d,
J 9, H22), 4.60 (4H, s, H46), 4.49 (2H, br, H23), 4.44 (4H, t,
J 6, H26), 4.01 (4H, t, J 6, H33), 3.79 (4H, t, J 6, H27), 3.63
(4H, t, J 3, H30), 3.58 (4H, t, J 3, H31), 3.52 (8H, m, H28,
29), 3.44 (4H, t, J 6, H32), 1.53 (108H, s, t-butyl), —3.28 (4H, s,
H25).

2,7-Bis(2-(2-(2-(2-(4-(phen-4-yl)methyl)carboxamido-
propionyloxy)-ethoxy)-ethoxy)-ethoxy)-ethyl)benzo[/rmn]-
|3,8]phenanthroline-1,3,6,8-tetraone 15

This was synthesised by a similar procedure to that used for 2,
using the dicarboxylic acid thread (28 mg, 3.42 x 10~ mol), EDC
(16.3 mg, 8.55 x 10~° mol), HOBT (18.5 mg, 1.37 x 10~* mol),
4-toluidine (7.3 mg, 6.84 x 10~ mol) and dry DCM (23 mL).
The mixture was stirred at RT for 3 d. Purification was carried
out on a preparative TLC silica plate using 5% MeOH-DCM as
the eluant to obtain 15 as a yellow oil (8.5 mg, 25%); "H NMR
(300 MHz, CDCl;) J 8.67 (4H, s, ND), 7.77 (2H, br, H23), 7.30
(4H, d, J 8, He), 6.98 (4H, d, J 8, Hb), 4.42 (4H, t, J 5, H26),
4.19 (4H, t, J 5, H33), 3.83 (4H, t, J 5, H27), 3.69-3.50 (20H, m,
H28-32),2.73 (4H, d, J 6, H35),2.62 (4H, d, J 6, H34), 2.22 (6H, s,
Ha).

2,7-Bis(2-(2-(2-(2-(4-(dinitrophen-2,4-y1)10,15,20-tris((3,5-di-zert-
butyl)phenyl)porphyrinyl)carboxypropionyloxy)-ethoxy)-ethoxy)-
ethoxy)-ethyl)benzo[/mn]-|3,8]phenanthroline-1,3,6,8-tetraone 16

To dicarboxylic acid thread unit (50 mg, 6.11 x 10~ mol) and
2,4-dinitrophenol (22 mg, 12.20 x 10~ mol) in 8§ mL of dry DCM
was added dicyclohexylcarbodiimide (DCC) (0.032 g, 15.28 x
10~° mol) and the mixture was stirred overnight at RT (under N,,
dark). The crude mixture was then washed with ice cold water,
partitioned with DCM and dried (Na,SO,). Excess solvent was
removed in vacuo. The residue was dissolved in DCM and run
through a short plug of silica using 10% MeOH-DCM as the
eluant to isolate the by-product urea derivative. A final purification
was carried out on a preparative TLC silica plate using 5% MeOH-
DCM as the eluant to obtain 16 as a yellow oil (23.9 mg, 34%);
"H NMR (300 MHz, CDCl;) 6 8.92 (2H, s, Hx), 8.72 (4H, s, ND),
8.51 (2H, d, J 3, Hy), 7.54 2H, d, J 9, Hz), 4.42 (4H, t, J 5, H26),
423 (4H, t, J 5, H33), 3.82 (4H, t, J 5, H27), 3.67-3.56 (20H,
m, H28, 29, 30, 31, 32), 2.98 (4H, t, J 2, H35), 2.79 (4H, t, J 2,
H34).

2,7-Bis(2-(2-(3-carboxypropionyloxy)-ethoxy)-ethyl)benzo|/mn]-
|3,8]phenanthroline-1,3,6,8-tetraone 22

A  mixture of 2,7-bis(2-(2-hydroxyethoxy)-ethyl)benzo[/mn]-
[3,8]phenanthroline-1,3,6,8-tetraone (104 mg, 0.24 mmol), 4-
(N,N-dimethylamino)pyridine DMAP (2.9 mg, 23.5 umol,
10% mol), dry CHCI; (16 mL), Et;N (70.8 mg), succinic anhydride
(0.278 g, 2.8 mmol) and THF (3 mL) was stirred for 3 d. The
solvent was removed in vacuo, the residue taken up in DCM, and
washed with HCI (dil. aq), water, and dried (Na,SO,). Removal
of excess solvent gave 21 as a pinkish yellow solid (150 mg,
quantitative); mp 156-159 °C; m/z (ES-MS) (C;,H3N,0,,): [M +

Nal* 665.161 (caled. 665.159); 'H NMR (300 MHz, CDCL)J 8.76
(4H, s, ND), 4.48 (4H, t, J 5, H26), 4.18 (4H, t, J 6, H29), 3.89
(4H, t, J 5, H27), 3.72 (4H, t, J 4, H28), 2.30 (8H, s, H34, 35).

2,7-Bis(2-(2-(3,5-(phen-3-y1)10,15,20-tris((3,5-di-zerz-butyl)phe-
nyl)porphyrinyl)carboxypropionyloxy)-ethoxy)-ethyl)benzo[/mn]-
[3,8]phenanthroline-1,3,6,8-tetraone 17 and 2-((2-(2-(3,5-(phen-
3-yD)10,15,20-tris((3,5-di-zerz-butyl)phenyl)porphyrinyl)carboxy-
propionyloxy))-7-[(2-(2-(3-carboxypropionyloxy)]-ethoxy)-
ethyl)benzo[/mn]-|3,8]phenanthroline-1,3,6,8-tetraone 18

Synthesised as for 2, using the dicarboxylic acid axle 22 (15 mg,
2.35 x 107° mol), freshly distilled CHCl; (12 mL), EtOH (15 uL),
dry Et;N (19.6 mg, 1.94 x 10~*), EDC (39.6 mg, 2.07 x 10~* mol),
HOBT (13.0 mg, 0.96 x 10~* mol) and hydroxy phenyl porphyrin
(50 mg, 5.16 x 10~° mol). After 3 d (N,, dark), excess EDC
was added and the reaction was then stirred for a further 1 d.
An initial purification was carried out on preparative TLC silica
plates using 50% petroleum spirit—-CHCI; as the eluant before a
final purification was carried out (preparative TLC silica plates)
using 30% petroleum spirit—-CHCI; as the eluant to obtain the bis
porphyrin stoppered adduct 17 and mono porphyrin stoppered
adduct 18.

17 as a purple solid (from MeOH-CHCI,) (15.0 mg, 25%); mp
238-241 °C; m/z (ES-MS) (C,H 5, N,0y,): [M + 2HJ* 1271.703
(caled. 1271.699); '"H NMR (300 MHz, CDCl;) ¢ 8.84 (16H, m,
H2, 3, 7, 8, 12, 13, 17, 18), 8.41 (6H, s, ortho,) and (2H, peak
hidden underneath, H21), 7.89 (6H, s, ortho,), 7.89-7.85 (2H, d,
H22), 7.79 (6H, m, para), 7.64 (2H, t, H23), 7.48 (2H, d, H24),
6.67 (4H, s, ND), 4.12 (4H, t, J 6, H26), 3.96 (4H, t, J 6, H29),
3.57 (4H, t, J 6, H27), 3.38 (4H, t, J 6, H28), 2.98 (4H, t, J 6,
H35),2.78 (4H, t, J 6, H34), 1.62 (54H, s, t-butyl;), 1.47 (54H, s,
t-butyl,), —3.51 (4H, s, H25).

18 as a purple solid (from MeOH-CHCI,) (29.0 mg, 75%); mp
136141 °C; m/z (ES-MS) (Co0H,10)NsOy,): [M + Na]* 1641.801
(caled. 1641.798), [M + H]* 1619.811 (calcd. 1619.816); '"H NMR
(300 MHz, CDCl;) § 8.84-8.82 (8H, m, H2, 3, 7, 8, 12, 13, 17,
18), 8.73-8.70 (3H, m, ortho,), 7.80-7.78 (3H, m, ortho,), 7.76—
7.73 (3H, m, para), 7.71 (1H, s, H21), 7.64-7.58 (2H, m, H22, 23),
7.49 (1H, d, J 9, H24), 6.94 (2H, d, J 8, ND,), 6.86 (2H, d, J 8,
ND,), 4.19 (2H, t, J 9, H26), 4.09-3.99 (8H, m, H29, 38, 41, 46),
3.60-3.56 (4H, m, H27, 40), 3.46 (2H, d, J 9, H39), 3.38 2H, d, J
9,H28),3.10 (2H, d, J 9, H35),2.85(2H, d, J 9, H34), 2.47 (4H, s,
H36, 37), 1.74 (27H, s, t-butyl,), 1.44 (27H, s, t-butyl,), 1.20 (3H,
t, J 6, H47), —4.13 (2H, s, H25).

Conclusions

Charge-transfer interactions resulting from n—r stacking of naph-
thodiimides with meso-substituted porphyrins are significant in
both intra- and inter-molecular systems. In the absence of more
strongly competitive influences, such as aromatic solvents or steric
interference through either coordinated ligands in metallopor-
phyrins, or facially encumbered porphyrins, these interactions
are maintained in solution, and are enhanced at lower tem-
peratures. In flexibly linked porphyrin—naphthodiimide (POR-
NDI-POR) systems, these interactions lead to distinct S-shaped
foldamers, whereas more rigid systems exhibit intermolecular
stacking, which is concentration and temperature dependent.
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These interactions can be used to advantage in the design and
construction of supramolecular systems containing these entities,
either as a template motif in their assembly, or as a recognition
element in the final system. They have considerable potential
in supramolecular assemblies involving porphyrins, especially
dynamic and controllable systems that utilise the rich photo- and
electro-chemistry available in the diversity of metalloporphyrins.
Neutral and charged systems incorporating rotaxanes, catenanes,
nanotubes and helicates can be designed using this motif, in both
thermodynamically- and kinetically-controlled self-assembly. For
viable working devices, their attachment to surfaces and interfaces
has already been demonstrated, and will no doubt be the subject
of ongoing research.
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Various polyhydroxy piperidine azasugars have been synthesized from precursors 18a and 18b,

obtained in both enantiomeric forms from D-ribose. Out of these polyhydroxy piperidine azasugars, 22,

39 and 20 were found to be potent as well as selective inhibitors of a-glucosidase with K; values ranging
as low as 1.07 uM, 16.4 uM, and 88.2 uM, respectively. Replacement of the hydroxy methylene moiety
of 19 (K; 33% at 1 mM) by an amino methylene moiety (32, K; 36.8 uM) showed a remarkable increase
in the activity (almost 30 times). Furthermore, increasing the lipophilicity of 33 by N-alkylation with a
dodecyl group (36) showed a three-fold enhancement in the activity (K; 217 uM to K; 72.3 uM).

Introduction

Since the time glycosidases/glycosyl transferases' were identified
as key carbohydrate processing enzymes, interest in developing
carbohydrate mimics as inhibitors has intensified, because many of
them show promising chemotherapeutic potential in the treatment
of various diseases such as viral infection,? cancer,® AIDS,*
and diabetes.® In this context, iminosugars® and carbasugars’
have emerged as important compound classes of specific and
competitive inhibitors.

A large number of sugar analogues having a nitrogen atom
in place of the oxygen atom in the ring, such as nojirimycin (1),
deoxynojirimycin (2) and fagomine (3), (Fig. 1) are reported® to be
glycosidase inhibitors. Similarly, another class of sugar analogues
in which the nitrogen atom is placed at the anomeric carbon, such
as isofagomine® (4), isogalactofagomine®™ (5), isofucofagomine®®
(6), 5-hydroxy isofagomine® (7) and their derivatives,” have also
emerged as potent glycosidase inhibitors as they are believed
to mimic the oxocarbenium ion transition state.’ Polyhydroxy
piperidines (8-10), isolated by Kusano' et al. as an active
component of the extract of the plant Eupatorium fortunei used
in folk medicine for various diseases and synthesized by Ganem™
et al. (8-11), have been shown to be potent glycosidase inhibitors."

Although there are a few good strategies®® known for the
synthesis of these inhibitors, they lack generality for diversity
oriented syntheses. Since previously we had developed scaffold
12 in both enantiomeric forms starting from the corresponding
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structure analysis for compounds 18a and 18b, general procedure for
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of the hydroxyl moiety to the amine, and experimental procedures for
compounds 16a, 17, 18a, 21, 38. See DOI: 10.1039/b804278k
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Fig.1 Various potent glycosidase inhibitors.

tartaric acids, utilizing a photoinduced electron transfer (PET)
cyclization as the strategy” (Fig. 2), in order to synthesize
isofagomine (a mimic of D-glucose) and other piperidinols (8,
10 and 11), we envisaged extending the scope of this strategy to
discover more potent and specific enzyme inhibitors.'¢

Towards this endeavor, we envisioned that starting with D-ribose
(Scheme 1) and through selective protection and installation of the
acetylenic moiety, it might be possible to obtain two enantiomeric
synthons (A and B) that would allow the synthesis of other
azasugars such as 5 (galacto type), 6 and 9 (fuco type) and other
structural analogues of them. We have explored this aspect in detail
and would like to discuss the findings in this article, along with
enzyme inhibition studies.

Results and Discussion

Initially, we directed our efforts towards synthesizing synthon A
as a proposed precursor for compounds 6 and 9. Towards this

This journal is © The Royal Society of Chemistry 2008
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end, the acetonide protected D-ribose (obtained by refluxing D-
ribose with acetone in the presence of a few drops of conc. H,SO,)
(Scheme 2), upon NaBH, reduction followed by sodium periodate
cleavage of the resultant diol produced lactol 13 in 70% yield."” The
masked carbonyl group of 13 was converted to the corresponding
acetylenic moiety by the gradual addition of Bestmann—Ohira
reagent’® to obtain 14 in 70% yield." The free hydroxyl moiety of
14 was subsequently transformed into mesylate 15 in quantitative
yield, which upon refluxing (96 h) with trimethylsilylmethyl
benzylamine (BnNHCH,TMS) in the presence of anhydrous
K,CO; gave 16a in 80% yield. Compound 16a, upon photoin-
duced electron transfer (PET) mediated cyclization,' carried out

OH

HO,,
_Ref 17
- __a>< .
HO'

13 X =0H14
D-Ribose
X = OMs 15
Va
0 ™S
X [ LR
w N @ —
o g o N,
16a 17

Scheme2 Reagents and conditions: (a) (MeO),P(O)C(N,)COMe, K,CO;,
MeOH, 65 °C, 6 h, 70%; (b) MeSO,Cl, Et;N, DCM, 0 °C to rt, 5 h,
100%; (c¢) BhANHCH, TMS, TBAI (cat.), K,CO;, CH;CN, reflux, 96 h, 80%;
(d) v, DCN, 2-PrOH, 1 h, 60%; (e) OsO,, NMO (50% aq. solution),
t-BuOH, rt, 24 h, 90%.

by irradiating a dilute solution of 16a (2.9 mmol) and 1.4-
dicyanonaphthalene (0.9 mmol) in iso-propanol (200 mL) in a
pyrex vessel, using a 450 W Hanovia medium pressure lamp as
the light source, produced cyclized product 17 in 60% yield. In
the "H NMR of 17, the coupling constant between protons Hs,
and H,, was noticed to be unexpectedly higher in magnitude (J =
9.22 Hz) than expected for the original cis- relationship, indicating
a possible inversion. As it was difficult to prove, beyond doubt, the
stereochemistry of 17 at this stage, we dihydroxylated the olefinic
double bond by using OsO, in --BuOH, producing 18a as a single
diastereomer in 90% yield (crystalline solid, m.p.152-154 °C).

X-Ray* (Fig. 3) analysis of 18a established the rrans-
stereochemistry between H;, and H,,. The spectral data and
optical rotation ([a]}y +24.2 (c 0.6, MeOH)) of 18a also matched
those of the compound previously prepared by us starting from
L-tartaric acid.'**

Fig.3 ORTEP diagram of 18a.?° Ellipsoids are drawn at 50% probability.

These observations led us to speculate that the possible step for
inversion could be the reaction of lactol 13 with the Bestmann-—
Ohira reagent. Careful literature®! scrutiny revealed a precedence
for such an epimerization. This observed inversion could be
attributed to the greater thermodynamic stability of the trans-
over the cis- structure.

Although this unexpected result was disappointing, nevertheless
the current protocol appeared to be more attractive for the
synthesis of 18a (6 steps) than the earlier one, reported* by us
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starting with tartaric acid (11 steps). As the synthesis of other
analogues from 18a and the exploration of their enzyme inhibitory
activity against various other enzymes was forthcoming from our
group, we decided to continue with the existing protocol and
synthesized azasugars such as 22, 20 by following simple synthetic
steps'* as shown in Scheme 3. The major diastereomers of 21,
formed by the sodium borohydride reduction of the corresponding
ketone, were separated after the N-debenzylation during the
synthesis of 22, whereas the corresponding acetate 23 was used
to obtain pure diastereomer for the preparation of 25.

OH

OH

>

HO X
a b
- NBn.HCI <—— _
HO
19
[+
OH X
X=OH 21
HO d 0 e
-
>< X=0Ac 23
NH.HCI o N< f
HO" Bn X=OH 21
22 = 8.HCI 21 dr 9:1
\ '
OH
h HO,
25 =24HC| <«———
" NBn
HO'
24

Scheme 3 Reagents and conditions: (a) HCl, MeOH, rt, 4 h, 100%;
(b) (i) Pd(OH), on C, H, (1 atm.), EtOH, rt, 10 h; (ii) HCI, MeOH, rt, 4 h,
100% over 2 steps; (c) (i) NalO,, EtOH : H,O (4 : 1), rt, 0.5 h; (ii) NaBH,,
MeOH, 0 °C to rt, 24 h, 85% over 2 steps, dr 9 : 1; (d) (i) Pd(OH), on C,
H, (1 atm.), EtOH, rt, 10 h; (ii) HCI, MeOH, rt, 4 h, 85% over 2 steps;
(e) AcCl, Py, DCM, 30 h, rt; 80%; (f) K,CO;, MeOH, rt, 12 h, 90%;
(g) HCI, MeOH, rt, 4 h, 90%; (h) HCI, MeOH, rt, 15 min, 100%.

C-3 amine analogue azasugars

In order to create a different class of azasugars having another
basic site¥** for binding to the enzyme, we thought of trans-
forming the hydroxy moiety at C; of 8 as well as the hydroxy
methylene group at C; of 19 and 20 into the corresponding amine
functionality (Schemes 4 and 5). Mesylate 26, obtained from 21
(Scheme 4), was purified by column chromatography to obtain
the major diastereomer. Replacement of the mesylate with azide
by using LiN;, followed by reduction of the crude azide with
LAH, furnished 27 as the free amine in 60% yield. Reductive
N-debenzylation followed by acetonide deprotection of 27 gave 28
in quantitative yield.

A similar sequence of reactions was also carried out to prepare
amine analogues 32 and 33 from the corresponding diol 18a,
through the synthetic intermediates 29, 30 and 31 (Scheme 5).

Furthermore, in order to increase the lipophilicity of 33 and also
to evaluate the role it plays in the enzyme inhibition, we attached
a long hydrocarbon chain to its primary amine functionality
(Scheme 6).

OMs
D0
—_—
N
O\ \Bn
26
NH2 NH,HCI
On~ c HO\__~
e N N
o ~an o NH.HCI
7 28

Scheme 4 Reagents and conditions: (a) MeSO,Cl, Py, 0 °C to rt, 6 h, 85%;
(b) (i) LiN;, DMF, 110 °C, 20 h; (ii) LAH, THF, 12 h, 60% over 2 steps;
(c) (i) PdA(OH), on C, H, (1 atm.), EtOH, rt, 10 h; (ii) HCI, MeOH, rt, 4 h,
100% over 2 steps.

X = OMs 29
X =Nz 30

X =NH, 31

Scheme 5 Reagents and conditions: (a) MeSO,Cl, Et;N, DCM, 0 °C to rt,
6 h, 90%; (b) LiN;, DMF, 110 °C, 20 h, 90%; (c) LAH, THF, 12 h, 90%;
(d) HCI, MeOH, rt, 4 h, 100%; (e) (i) PA(OH), on C, H, (1 atm.), EtOH,
rt, 10 h; (it) HCI, MeOH, rt, 4 h, 100% over 2 steps.

NHC12Hz5 NHC1,Has NHC1,Ha5.HCI

Scheme 6 Reagents and conditions: (a) C;,H,sBr, K,CO;, CH;CN : THF
(3: 1), rt to reflux, 6 h, 70%; (b) HCI, MeOH, rt, 4 h, 70%; (c) (i) Pd(OH),
on C, H, (1 atm.), EtOH, rt, 10 h; (ii)) HCI, MeOH, rt, 15 min, 100% over
2 steps.

The alkylation was carried out by refluxing 31 with dodecyl
bromide in the presence of K,CO; in CH;CN : THF (3: 1) to
obtain 34 in 70% yield. Acetonide deprotection of 34 yielded 35 in
70% yield, which upon N-debenzylation and salt formation gave
36 in quantitative yield.
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Synthesis of enantiomers 39, 40 and 41

As discussed in Scheme 1, the same reaction sequence (as shown
in Schemes 7 and 8) was repeated to obtain the enantiomers of
the above azasugars. Starting from synthon 37 (prepared from
D-ribose itself),® the corresponding diol 38 was obtained by
using Bestmann—Ohira reagent' in 55% yield. As usual in this
case, epimerization was observed at C;, during the course of the
reaction. The diastereomeric ratio was found to be 16 : 1 (deter-
mined from the "H NMR); the major one being the epimerized
product.?* Sodium periodate cleavage of the diol moiety of 38
gave the corresponding aldehyde, which was converted directly
to 16b by reductive amination®® with BANHCH,TMS in 50%
yield. Following similar steps as described above, the enantiomeric
compound 18b was obtained (Scheme 7).

OTBDMS OH
O,
Ref. 23 >< o 2 Ou, OH
Ret. 22 . -
X
o)
OH Y

D-ribose
A
37 38
4
b Oun, TMS
— X —
o] N
Bn
16b

Scheme 7 Reagents and conditions: (a) (MeO),P(O)C(N,)COMe, K,CO;,
MeOH, 65 °C, 6 h, 55%; (b) (i) NalO,, EtOH : H,O (4 : 1), rt, 0.5 h;
(ii) Na(OAc);BH, EDC, BaANHCH,TMS, rt, 24 h, 50% over 2 steps.

The X-ray* analysis of 18b further confirmed the epimerization
during the acetylenylation step (Fig. 4).

Identical reaction sequences as described earlier led us to
synthesize 39, 40 and 41 from 18b (Scheme 8).

Enzyme inhibition studies

The inhibitory activities of all the final molecules 19, 20, 39,
40, 25, 22, 28, 32, 33, 41, 36 were tested against various

HO.r,,_

- —
NBn.HCl ~—=——
HO

41=-ent 32

HO NH.HCI

40 =ent 20

Scheme 8 Synthesis of 39, 40 and 41.

Fig.4 ORTEP diagram of 18b.?° Ellipsoids are drawn at 50% probability.

enzymes and the results are summarized in Table 1. None of the
compounds (except 22) showed any significant activity against
both a- and B-galactosidase as well as mannosidases (from jack
beans). However, all the compounds showed inhibitory activity
against a-glucosidase. Compounds 20, 39, 22, 32, 36 were found
to be anomer specific and inhibited a-glucosidase strongly, with K;
values (in pM) of 88.2, 16.4, 1.07, 36.8, 72.3, respectively, whereas
there wasn’t any significant inhibition of the corresponding -
glucosidase. Compounds 25, 28, 33 and 36 proved to be selective
inhibitors of a-glucosidase. This reflects the fact that the current
framework has the potential to inhibit this class of enzyme, and
the results can be explored further and analyzed for further
increases in inhibition and to gain an understanding of the

Table 1 Inhibition* (K; in pM) of glycosidases by inhibitors

Enzymes (source)

B-Gal. (Aspergillus o-Gal. (green B-Man. o-Man. (jack o-Man. (Aspergillus
Inhibitor oryzaie) coffee beans) (snail) beans) B-Glu. (almond) o-Glu. (yeast) fischeri)
19 967 NI 20%" NI NI 339 NI
20 NI NI 27%* NI NI 88.2 217
39 NI NI NI NI NI 16.4 414
40 NI NI NI NI 1066 4295 NI
25 6% 890 NI 23%¢ NI 210 50%°
22 504 85 578 991 456 1.07 325
28 NI NI NI NI NI 153 35%°
32 NI NI NI 10%* 20%* 36.8 37.3
33 NI NI NI 14%° NI 217 930
41 NI NI NI 17%* 34%* 471.3 NI
36 NI NI NI NI NI 72.3 35%*

“ NI, no inhibition up to 1 mM. ® Percent inhibition at | mM level.
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mechanistic pathway. The introduction of a second basic site
in the form of amine functionality proved to be fruitful since
the amine analogue 32 (K; 36.8 uM and 37.3 uM) proved to be
approximately 30 times more potent against both a-glucosidase
and o-mannosidase (A. fischeri) than its hydroxy analogue 19 (K
33%, and no inhibition at 1 mM). However, there was a slight
reduction in the activity of the N-debenzylated analogue (20 vs
33) against both the enzymes and also a decrease in the activity
against a-mannosidase (A4. fischeri) when comparing 36 with 20.
Increasing the lipophilicity, was also fruitful as the alkylated
product 36 was not only selective for a-glucosidase but also showed
more activity (3 times) than its non alkylated form 33 (K; 217 uM to
K;72.3 uM). Compound 22 proved to be a very potent inhibitor, in
particular, for a-glucosidases (K; 1.07 uM) but also exhibited some
inhibition properties for all the other enzymes tested. In addition,
compounds 39 and 32 also displayed good activities (K; 41.4 uM
and 37.3 uM) against the o-mannosidase that was indigenously
isolated from Aspergillus fischeri.

Conclusion

In conclusion we have developed a versatile strategy for the
synthesis of polyhydroxy azasugars, which we have shown to be
selective inhibitors of a-glucosidase. The utility of this protocol
lies in being diversity oriented yet simple in nature. The reaction
sequence for the various azasugars remains almost similar and
thus doesn’t require a variety of reactions to be tried. The triol 22
showed moderate to good activities against the various enzymes
tested. The new amine analogue azasugars showed promising
activity, introducing another area of research to be explored.

Experimental
General experimental methods

Unless mentioned, all reactions were performed under an ar-
gon atmosphere. All commercially available reagents were used
without further purification unless otherwise noted. Enzymes
were purchased from commercial sources. Tetrahydrofuran was
freshly distilled from benzophenone ketyl radical under argon
prior to use. Column chromatography was performed with silica
gel (100-200 and 230-400 mesh). The combined organic layers
were dried over NaSQ,. Solvents were evaporated under reduced
pressure. All yields given refer to isolated yields. Melting points
are reported uncorrected. Optical rotations were measured on a
precision automated polarimeter. NMR spectra were recorded
on 200, 400, and 500 MHz spectrometers. Chemical shifts are
reported in ppm. Coupling constants (J values) are reported in
Hertz. ®C peak multiplicity assignments were made based on
DEPT data. IR spectra were recorded on a FT-IR spectrometer.
MS experiments were performed on a low resolution magnetic
sector mass spectrometer. GC analysis was performed on a Varian
CP 3800 GC using a CP-Sil 5CB column. The optical density
measurements were carried out on a Varian CARY-50 BIO UV-
vis spectrophotometer.

General procedure for the enzyme inhibition assays

Inhibition assays to determine the inhibitory potencies of the
azasugars were carried out by spectrophotometrically measuring

the residual hydrolytic activities of the glycosidases on the
corresponding p-nitrophenyl glycosides in the presence of the
azasugars. The absorbance of the resulting solution was read at
405 nm.

((4S,55)-5-Ethynyl-2,2-dimethyl-1,3-dioxolan-4-yl)methanol (14)

To a stirring mixture of 13 (10.0 g, 62.5 mmol) and anhydrous
K,CO; (11.37 g, 81.25 mmol) in dry MeOH (240 mL) at 65 °C was
added a solution of Bestmann—Ohira reagent (15.6 g, 81.25 mmol)
indry MeOH (80 mL) dropwise over a period of 6 h under an argon
atmosphere. After neutralization with acetic acid, the solvent was
removed in vacuo, water was added and the mixture extracted
with ethyl acetate (2 x 100 mL). The combined organic extracts
were dried over anhydrous Na,SO,, concentrated under reduced
pressure and purified by column chromatography (pet. ether—ethyl
acetate, 4 : 1) to obtain 14 (6.82 g, 70%) as a colorless liquid.
[al] —8.6 (¢ 1.0, MeOH); lit."* [a]¥ —7.3 (¢ 2.0, MeOH); anal.
caled for CgH,,0,: C, 61.52; H, 7.74; found: C, 61.79; H, 7.84; IR
(neat) v, /cm™', 3452, 3284, 2121, 848, 665; '"H NMR (200 MHz,
CDCl;, D,O exchange), 6 1.42 (s, 3H), 1.48 (s, 3H), 2.53 (d, 1H,
J = 2.15 Hz), 3.64 (dd, 1H, J = 12.25, 3.67 Hz), 3.87 (dd, 1H,
J =12.25,3.03 Hz), 4.16 (ddd, 1H, J = 7.58, 3.67, 3.03 Hz), 4.56
(dd, 1H, J = 7.57, 2.15 Hz); *C NMR (50 MHz, CDCl;), 6 25.7
(CHj;), 26.4 (CH,), 60.4 (CH,), 66 (CH), 74.7 (CH), 80.5 (C), 81.7
(CH), 110.4 (C); mass: m/z (%), 179 (M* + Na, 100), 157 (M* +
H, 32), 139 (57).

((4S,55)-5-Ethynyl-2,2-dimethyl-1,3-dioxolan-4-yl)methyl
methanesulfonate (15)

To a stirring solution of 14 (7.0 g, 44.87 mmol) and triethylamine
(6.87 mL, 49.35 mmol) in dry DCM (100 mL) under an ar-
gon atmosphere was added methanesulfonyl chloride (3.82 mL,
49.35 mmol) dropwise at 0 °C. The reaction mixture was allowed
to warm to room temp. and stirred for 5 hours. Water was added
and the mixture extracted with DCM (2 x 100 mL). The organic
layer was given a brine wash, dried over anhydrous Na,SO,,
concentrated in vacuo and chromatographed (pet. ether—EtOAc,
4:1), to give 15 (10.49 g) as a yellow liquid in quantitative yield.
[a]¥ —29.36 (¢ 0.6, CHCl;); anal. caled for CyH,,0;S; C, 46.14; H,
6.02; S, 13.69; found: C, 46.24; H, 5.90; S, 13.66; IR v,,,/cm™" in
CHCl,, 3282, 2123, 1359, 1219; '"H NMR (200 MHz, CDCl,), 6
1.42 (s, 3H), 1.49 (s, 3H), 2.58 (d, 1H, J = 2.02 Hz), 3.06 (s, 3H),
4.25-4.44 (m, 3H), 4.54 (dd, 1H, J = 6.82, 2.02 Hz); *C NMR
(100 MHz, CDCl,), ¢ 26.0 (CH;), 26.6 (CH,), 37.6 (CH;), 66.5
(CH), 67.1 (CH,), 75.5 (CH), 79.1(CH), 79.7(C), 111.5 (C); mass:
m/z (%), 234 (M*, 8), 217 (71), 186 (64), 123 (100).

(35.,4R,55)-1-Benzyl-3-(hydroxymethyl)piperidine-3,4,5-triol
hydrochloride (19)

Diol 18a (0.025 g, 0.085 mmol), upon acetonide cleavage, afforded
pure 19 (0.024 g) quantitatively as a white solid. [a]Z —2.90 (c
1.05, MeOH), ent [a]y +3.73 (¢ 0.75, MeOH); anal. calcd for
C;H,CINO,: C, 53.89; H, 6.96; N, 4.83; found: C, 53.69; H, 6.86
N, 4.97; "H NMR (400 MHz, D,0), 3.19 (d, 1H, J = 12.80 Hz),
3.30(d, 1H, J = 12.80 Hz), 3.44 (d, 1H, J = 13.05 Hz), 3.52-3.56
(m, 2H), 3.69 (d, 1H, J = 12.04 Hz), 3.88 (s, I1H), 4.16 (d, 1H, J =
3.26 Hz), 4.45 (d, 1H, J = 13.05 Hz), 4.51 (d, 1H, J = 13.05 Hz),
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7.57-7.60 (m, SH); *C NMR (100 MHz, D,0), § 53.06 (CH.),
53.13 (CH.), 60.8 (CH,), 64.1 (CH.), 65.4 (CH), 67.8 (CH), 72.8
(C), 127.6 (C), 129.3 (CH), 130.4 (CH), 131.7 (CH); mass: m/z
(%), 255 (33), 254 (100), 236 (13).

(3S,4R,55)-3-(Hydroxymethyl)piperidine-3,4,5-triol hydrochloride
(20$)

Diol 18a (0.02 g, 0.068 mmol), upon N-debenzylation and
acetonide cleavage, afforded pure 20 (0.013 g) quantitatively as
a white solid. [a]® —16.98 (¢ 0.5, MeOH), ent [a]% +15.47 (c 0.65,
MeOH); lit."*** [a]Z —12.1 (¢ 0.15, EtOH), ent [a]Z +11.0 (¢ 0.2,
EtOH); anal. calcd for C,H,,CINO,: C, 36.10; H, 7.07; N, 7.02;
found: C, 36.23; H, 7.27; N, 7.21; 'H NMR (400 MHz, D,0), ¢
3.15(d, IH, J =13.14 Hz), 3.25(d, 1H, J = 5.56 Hz), 3.32 (d, 1H,
J =5.18 Hz), 3.43 (dd, 1H, J = 13.39, 2.91 Hz), 3.62 (d, 1H, J =
11.87 Hz), 3.71 (d, 1H, J = 11.88 Hz), 3.85 (d, I1H, J = 4.68 Hz),
4.11 (dd, 1H, J = 7.39, 4.11 Hz). *C NMR (100 MHz, D,0), ¢
45.3 (CH,), 46.2 (CH,), 63.7 (CH,), 66.7 (CH), 68.0 (CH), 71.7
(C); mass: m/z (%), 164 (100), 146 (26), 128 (16).

(35,55)-Piperidine-3,4,5-triol hydrochloride (22)

Alcohol 21 (0.05 g, 0.19 mmol), upon N-debenzylation, column
purification of the diastereomer (230 : 400 mesh, DCM-MeOH,
95 : 5) and acetonide cleavage, gave 22 (0.027 g, 85% yield) as a
white viscous liquid. [a]7 +15 (¢ 0.3, MeOH); lit.”* [a]? +16 (¢ 0.5,
MeOH); anal. caled for CsH,,CINO;: C, 35.41; H, 7.13; N, 8.26;
found: C, 35.23; H, 7.27; N, 8.21; '"H NMR (400 MHz, D,0),
0 3.04 (dd, 1H, J = 12.80, 8.28 Hz), 3.28 (dd, 1H, J = 13.05,
2.76 Hz), 3.37 (dd, 1H, J = 13.05, 6.02 Hz), 3.49 (dd, 1H, J =
12.80,4.01 Hz), 3.86 (dd, 1H, J =7.78, 3.01 Hz), 4.18 (dt, 1H, J =
8.03, 4.01 Hz), 4.30-4.33 (m, 1H); *C NMR (100 MHz, D,0), ¢
45.5 (CH,), 46.0 (CH,), 64.7 (CH), 65.0 (CH), 70.8 (CH); mass:
m/z (%), 132 (100), 107 (45).

(3aS,7S,7aR)-5-Benzyl-2,2-dimethyl-hexahydro-[1,3]dioxolo[4,5-
c]pyridin-7-yl acetate (23)

To a solution of alcohol 21 (0.1 g, 0.38 mmol) and pyridine
(0.036 ml, 0.45 mmol) in dry DCM (2 mL) under an argon
atmosphere, was added acetyl chloride (0.027 ml, 0.38 mmol) and
the reaction mixture was allowed to stir at room temperature for
30 h. After adding a few drops of water, it was extracted with
DCM (2 x 5SmL). The combined organic extracts were dried
over anhydrous Na,SO,, concentrated under reduced pressure
and purified by flash column chromatography (silica 230-400, pet.
ether—ethyl acetate, 7 : 3), to give 23 (0.092 g, 80%) as a colorless
liquid. [a]}} +60.54 (¢ 1.85, CHCl,); anal. calcd for C;H,;NO,: C,
66.86; H, 7.59; N, 4.59; found: C, 66.53; H, 7.89 N, 4.23; IR (neat)
Uman/cm™, 1741, 1217, 756; '"H NMR (200 MHz, CDCl,), 6 1.42
(s, 6H), 2.13 (s, 3H), 2.27 (t, 1H, J = 9.85 Hz), 2.38 (dd, 1H, J =
13.13, 1.90 Hz), 3.08 (d, 1H, J = 13.39 Hz), 3.26-3.38 (m, 2H),
3.70 (s, 2H), 4.05 (dt, 1H, J = 9.72, 3.91 Hz), 5.34 (dd, 1H, J =
4.74, 2.46 Hz) 7.21-7.37 (m, 5H); "C NMR (50 MHz, CDCl,), 6
21.0 (CHj;), 26.4 (CH,), 26.8 (CHj;), 53.9 (CH,), 54.6 (CH,), 61.5
(CH,), 67.4 (CH), 71.4 (CH), 79.6 (CH), 110.5 (C), 127.3 (CH),
128.3 (CH), 128.9 (CH), 137.2 (C), 170.5 (C); mass: m/z (%), 328
(M* + Na, 75), 306 (M* + H, 100), 266 (64), 229 (95).

(35,55)-1-Benzylpiperidine-3,4,5-triol (24)

Diastereomerically pure 21 (0.022 g, 0.083 mmol), upon acetonide
cleavage, basic work up and column purification (DCM-MeOH,
92.5:7.5), gave 24 as a white solid (0.016 g, 90%). [a]5 +26.66 (c
0.3, MeOH); anal. calcd for C,,H;NO;: C, 64.55; H, 7.67; N, 6.27;
found: C, 64.44; H, 7.87; N, 6.37; '"H NMR (400 MHz, CDCl,,
D,0 exchange), ¢ 2.04-2.08 (m, 1H), 2.35 (d, 1H, J = 11.80 Hz),
291 (d, IH, J =9.03 Hz), 2.99 (d, 1H, J = 8.03 Hz), 3.36 (d, 1H,
J =5.02 Hz), 3.61 (s, 2H), 3.79 (dt, 1H, J = 8.78, 4.77 Hz), 3.91
(s, 1H), 7.28-7.36 (m, 5H); “C NMR (100 MHz, CDCl;), J 56.5
(CH,), 56.8 (CH,), 61.9 (CH,), 68.3 (CH), 69.5 (CH), 127.5 (CH),
128.5 (CH), 129.1 (CH), 137.3 (C); mass: m/z (%), 246 (M* + Na,
42), 224 (M* + H, 100).

(3aS,7S,7aR)-5-Benzyl-2,2-dimethyl-hexahydro-[1,3]dioxolo[4,5-
c]pyridin-7-yl methanesulfonate (26)

Alcohol 21 (0.1 g, 0.38 mmol), upon mesylation and column
purification of the diastercomers (pet. ether—ethyl acetate, 4 :
1) gave 26 (0.11 g, 85%) as a colorless liquid. [a]¥ +46.66 (c
0.45, CHCL); IR (neat) v,./cm™', 1361, 738; anal. calcd for
C,sH,sNOsS: C, 56.29; H, 6.79; N, 4.10; S, 9.39; found: C, 56.18;
H, 6.75; N, 4.58; S, 9.36; '"H NMR (200 MHz, CDCl;), ¢ 1.41
(s, 3H), 1.43 (s, 3H), 2.32 (t, IH, J = 10.11 Hz), 2.52 (d, 1H,
J = 13.64 Hz), 3.09, (s, 3H), 3.19-3.38 (m, 3H), 3.76 (s, 2H), 4.04
(dt, 1H, J = 9.86, 3.92 Hz), 5.13 (dd, 1H, J = 4.36, 2.34 Hz),
7.26-7.37 (m, 5H); *C NMR (125 MHz, CDCl,), § 26.3 (CH,),
26.8 (CH;), 38.9 (CH,;), 54.2 (CH,), 55.0 (CH,), 61.2 (CH,), 71.1
(CH), 75.1 (CH), 79.2 (CH), 110.9 (C), 127.4 (CH), 128.4 (CH),
128.8 (CH), 137 (C); mass: m/z (%), 342 (M* + H, 93), 224
(100).

(3aS,7R,7aS)-5-Benzyl-2,2-dimethyl-hexahydro-[1,3]dioxolo[4,5-
c|pyridin-7-amine (27)

Mesylate 26 (0.05 g, 0.14 mmol) was converted to azide, which
upon LAH reduction afforded amine 27 as a yellow liquid (0.023 g,
60%). [a]Z +14.29 (¢ 1.4, CHCL); IR (neat) v, /cm™, 3390,
2343, 736; anal. calcd for C;H,N,O,: C, 68.67; H, 8.45; N,
10.68; found: C, 68.52; H, 8.35; N, 10.77; '"H NMR (400 MHz,
CDCl;, D,O exchange), 0 1.44 (s, 3H), 1.45 (s, 3H), 1.89 (dd,
1H, J = 11.29, 9.28 Hz), 2.22 (t, 1H, J = 10.04 Hz), 2.97 (dd,
1H, J = 11.34, 3.66 Hz), 3.04-3.14 (m, 2H), 3.21 (dd, 1H, J =
9.66, 3.89 Hz), 3.56-3.63 (m, 1H), 3.66 (s, 2H), 7.25-7.35 (m,
5H); ¥C NMR (100 MHz, CDCl;), 6 26.7 (CH;), 26.8 (CH,),
50.2 (CH), 54.3 (CH,), 59.4 (CH,), 61.7 (CH,), 75.4 (CH), 85.8
(CH), 110.6 (C), 127.3 (CH), 128.3 (CH), 128.9 (CH), 137.8 (C);
mass: m/z (%), 285 (M* + Na, 5), 263 (M* + H, 100), 205
(44).

(35,45,5R)-5-Aminopiperidine-3,4-diol dihydrochloride (28)

Amine 27 (0.02 g, 0.075 mmol), upon N-debenzylation and
acetonide cleavage, afforded pure diamine hydrochloride salt 28
(0.015 g) quantitatively as a white viscous liquid. [a]; —1.05 (c
0.95, MeOH); anal. caled for C;H,CI,N,0O,: C, 29.28; H, 6.88; N,
13.66; found: C, 29.38; H, 6.56; N, 13.56; '"H NMR (400 MHz,
D,0), ¢ 3.11 (dd, 1H, J = 12.80, 10.29 Hz), 3.35 (dd, 1H, J =
10.67, 12.93 Hz), 3.58-3.67 (m, 2H), 3.80-3.85 (m, 2H), 3.93-3.99
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(m, 1H); C NMR (100 MHz, D,0), 6 42.8 (CH.), 46.1 (CH.,),
48.7 (CH), 66.8 (CH), 70.9 (CH); mass: m/z (%), 133 (100), 116
(81), 102 (20).

((3a8,7S8,7aS)-5-Benzyl-7-hydroxy-2,2-dimethyl-hexahydro-
[1,3]dioxolo[4,5-c]pyridin-7-yl)methyl methanesulfonate (29)

Diol 18a (0.2 g, 0.68 mmol) was converted to mesylate 29 (0.23 g,
90%) as a white solid. Mp 100-102 °C. [a]¥ +46.52 (¢ 0.35, CHCl,),
ent [a]? —43.47 (¢ 1.40, CHCL,); IR (in CHCL) v, /cm™, 2933,
1359, 1228; "H NMR (200 MHz, CDCl,, D,O exchange), 0 1.41
(s, 3H), 1.42 (s, 3H), 2.03 (d, 1H, J = 11.87 Hz), 2.25 (dd, 1H, J =
9.72, 9.61 Hz), 2.95 (s, 3H), 3.00 (dd, 1H, J = 11.88, 1.01 Hz),
3.22(ddd, 1H, J =9.60, 3.92, 1.14 Hz), 3.49 (d, 1H, J = 9.60 Hz),
3.59 (dd, 1H, J = 9.6, 3.91 Hz), 3.65 (s, 1H), 3.67 (s, 1H), 4.49
(d, 1H, J = 10.49 Hz), 4.57 (d, 1H, J = 10.23 Hz), 7.21-7.37 (m,
5H); *C NMR (50 MHz, CDCl,), § 26.45 (CHs;), 26.5 (CHs;), 37.2
(CH,;), 54.6 (CH,), 57.9 (CH,), 61.3 (CH,), 69.2 (CH,), 71.1 (C),
73.1 (CH), 84.5 (CH), 111.1 (C), 127.4 (CH), 128.4 (CH), 128.8
(CH), 137.5 (C); mass: m/z (%), 394 (M* + Na, 75), 372 (M* + H,
42), 236 (59%), 229 (100).

(3aS8,7S,7a8)-7-(Azidomethyl)-5-benzyl-2,2-dimethyl-hexahydro-
[1,3]dioxolo[4,5-c]pyridin-7-ol (30)

Mesylate 29 (0.1 g, 0.27 mmol) was converted to azide 30 (0.077 g,
90%) as a colorless liquid. [a]} +41.86 (c 0.35, CHCL,), ent [a]}y
—38.41 (¢ 1.55, CHCl;); anal. caled for C,sH,,N,O;: C, 60.36;
H, 6.97; N, 17.60; found: C, 60.56; H, 7.04; N, 17.83; IR (neat)
Umax/cm~', 2925, 2360, 2102; '"H NMR (200 MHz, CDCl;), ¢
1.35 (s, 3H), 1.36 (s, 3H), 1.94 (d, 1H, J = 11.75 Hz), 2.15 (dd,
1H, J = 9.85, 9.60 Hz), 2.42 (s, 1H), 2.85 (dd, 1H, J = 11.75,
1.06 Hz), 3.13 (ddd, 1H, J = 9.73, 4.04, 1.27 Hz), 3.39 (d, 1H,
J =9.60 Hz), 3.50 (dd, 1H, J = 9.60, 3.92 Hz), 3.59 (s, 2H), 3.66
(s, 1H), 3.72 (d, 1H, J = 12.26 Hz), 7.13-7.31 (m, 5H); "C NMR
(50 MHz, CDCl,), 6 26.45 (CHj;), 26.5 (CH;), 52.9 (CH,), 54.5
(CH,), 59.0 (CH,), 61.3 (CH,), 71.8 (C), 73.2 (CH), 84.6 (CH),
110.9 (C), 127.4 (CH), 128.3 (CH), 128.6 (CH), 137.5 (C); mass:
m/z (%), 341 (M* + Na, 56),319 (M* + H, 61), 301 (33), 279 (100),
229 (63).

(3aS,7R,7aS)-7-(Aminomethyl)-5-benzyl-2,2-dimethyl-hexahydro-
[1,3]dioxolo[4,5-c]pyridin-7-ol (31)

LAH reduction of 30 (0.1 g, 0.31 mmol) gave the corresponding
amine compound as a white crystalline solid 31 (0.08 g, 90%). Mp
165-168 °C (from EtOAc—pet. ether); [a]® +46.67 (¢ 0.3, CHCL,),
ent [a]® —44.33 (¢ 0.55, CHCL); anal. caled for C;sH,N,O;: C,
65.73; H, 8.27; N, 9.58; found: C, 65.63; H, 8.15; N, 9.70; '"H NMR
(400 MHz, CDCl,), 0 1.44 (s, 3H), 1.45 (s, 3H), 2.16-2.21 (m, 2H),
2.90 (d, IH, J = 12.05 Hz), 3.16-3.21 (m, 2H), 3.40 (d, IH, J =
13.05Hz), 3.52 (d, 1H, J =9.53 Hz), 3.60-3.70 (m, 3H), 3.72-3.93
(bs, 3H), 7.26-7.34 (m, 5H); *C NMR (50 MHz, CDCl;), ¢ 26.6
(CH,), 42.4 (CH,), 54.5 (CH,), 60.1 (CH,), 61.3 (CH,), 70.0 (C),
73.3 (CH), 85.4 (CH), 110.5 (C), 127.2 (CH), 128.3 (CH), 128.6
(CH), 138 (C); mass: m/z (%), 315 (M* + Na, 6), 293 (M* + H,
86), 235 (100), 179 (13).

(3R,4R.5S5)-3-(Aminomethyl)-1-benzylpiperidine-3,4,5-triol
dihydrochloride (32)

Amino alcohol 31 (0.025 g, 0.085 mmol), upon acetonide cleavage,
afforded pure 32 (0.024 g) quantitatively as a white solid. [a]?
—3.00 (¢ 1.00, MeOH), ent [a]Z +4.00 (¢ 1.00, MeOH); anal. calcd
for C,;H,,CL,N,O;: C, 48.01; H, 6.82; N, 8.61; found: C, 48.11;
H, 6.52; N, 8.41; '"H NMR (400 MHz, D,0),J 3.07 (d, 1H, J =
13.30 Hz), 3.31-3.41 (m, 3H), 3.49-3.59 (m, 2H), 3.90 (s, 1H), 4.25
(s, 1H), 4.50 (d, 1H, J = 13.30 Hz), 4.55 (d, 1H, J = 13.30 Hz),
7.60 (s, SH); *C NMR (100 MHz, D,0), ¢ 43.4 (CH,), 52.5 (CH.),
53.5(CH,), 61.0 (CH,), 65.3 (CH), 67.1 (CH), 70.4 (C), 127.4 (C),
129.4 (CH), 130.6 (CH), 131.8 (CH); mass: m/z (%), 254 (28), 253
(100), 206 (12).

(3R, 4R.5S5)-3-(Aminomethyl)piperidine-3,4,5-triol dihydrochloride
(33

31 (0.02 g, 0.068 mmol), upon N-debenzylation and acetonide
cleavage, afforded pure 33 (0.016 g) quantitatively as a white solid.
[al} —8.27 (¢ 1.45, MeOH); anal. caled for CsH,;,CLLN,O;: C,
30.65; H, 6.86; N, 11.92; found: C, 30.66; H, 6.52; N, 11.72; 'H
NMR (400 MHz, D,0), ¢ 3.14 (d, 1H, J = 13.55 Hz), 3.33 (d,
1H, J = 13.05 Hz), 3.37 (s, 1H), 3.41 (d, 1H, J = 2.51 Hz), 3.43
(d, 1H, J = 3.01 Hz) 3.52 (dd, 1H, J = 13.55, 2.51 Hz), 3.94 (d,
1H, J =4.01 Hz), 4.22-4.25 (m, 1H); *C NMR (100 MHz, D,0),
0 43.4 (CH,), 44.6 (CH,), 46.3 (CH,), 66.3 (CH), 66.7 (CH), 69.3
(C); mass: m/z (%), 229 (98), 213 (59), 163 (100).

(3aS,7R,7aR)-5-Benzyl-7-((dodecylamino)methyl)-2,2-dimethyl-
hexahydro-[1,3]dioxolo[4,5-c]pyridin-7-ol (34)

To a stirring solution of 31 (0.05 g, 0.17 mmol) in dry CH;CN
and THF (3 : 1), (2 mL), was added dodecyl bromide and stirring
continued for 3 h at rt. K,CO; (0.047 g, 0.34 mmol) was added
and the mixture refluxed for 3 h. Water was added and the mixture
was extracted with ethyl acetate (2 x 5 mL), dried over Na,SO,,
concentrated and purified by column chromatography (pet. ether—
ethyl acetate, 8 : 2), to give 34 (0.055 g, 70%) as a yellow liquid.
[al¥ +26.66 (¢ 0.45, CHCL); '"H NMR (400 MHz, CDCl;, D,O
exchange), J 0.89 (t, 3H, J = 6.78 Hz), 1.26 (bs, 20H), 1.42-1.43
(m, 8H), 2.10 (d, 1H, J = 11.80 Hz), 2.21 (t, 1H, J = 9.79 Hz),
2.61 (t, 1H, J =7.03 Hz), 2.69 (d, 1H, J = 11.80 Hz), 2.88 (d, 1H,
J=12.23Hz), 3.06 (d, 1H, J = 12.30 Hz), 3.19 (dd, 1H, J =9.29,
3.89 Hz), 3.49 (d, 1H, J = 9.29 Hz), 3.57 (d, 1H, J = 13.05 Hz),
3.65 (s, 1H), 7.25-7.33 (m, 5H); *C NMR (100 MHz, CDCl,),
0 14.1 (CH,), 22.7 (CH,), 26.6 (CH;), 26.7 (CHs;), 27.0 (CH,),
29.3 (CH,), 29.4 (CH,), 29.6 (CH,),29.7 (CH,), 31.9 (CH,), 50.2
(CH,), 50.3 (CH,), 54.9 (CH,), 61.0 (CH,), 61.5 (CH,), 69.4 (C),
73.4 (CH), 85.4 (CH), 110.5 (C), 127.3 (CH), 128.3 (CH), 128.7
(CH), 138.1 (C); mass: m/z (%), 461 (M* + H, 100), 403 (34),
229 (12).

(3R,4R,55)-1-Benzyl-3-((dodecylamino)methyl)piperidine-3,4,5-
triol (35)

Acetonide deprotection of 34 (0.05 g, 0.108 mmol), basification
and column purification (silica gel, DCM-MeOH, 9 : 1) gave 35
as a yellow liquid (0.032 g, 70%). [a]y +15.10 (¢ 0.55, CHCL,);
anal. caled for C,sH4N,Os5: C, 71.39; H, 10.54; N, 6.66; found:
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C, 71.55; H, 10.65; N, 6.75; '"H NMR (400 MHz, CDCl;, D,O
exchange), 0 0.88 (t, 3H, J = 6.78 Hz), 1.25 (bs, 20H), 1.69 (s, 2H),
2.23(d, IH, J = 11.54 Hz), 2.65 (d, 1H, J = 11.04 Hz), 2.84 (d,
1H, J = 12.80 Hz), 2.91-2.95 (m, 2H), 3.45-3.55 (m, 3H), 3.65
(d, 1H, J = 7.78 Hz), 3.72-3.80 (m, 1H), 7.23-7.31 (m, 5H); “C
NMR (100 MHz, CDCl,), § 14.1 (CHj;), 22.7 (CH,), 25.6 (CH,),
26.7 (CH,), 29.2 (CH,), 29.4 (CH,), 29.6 (CH,), 29.6 (CH,), 29.7
(CH,), 31.9(CH,), 49.1 (CH,), 52.4 (CH,), 61.7 (CH,), 69.4 (CH),
70.9 (C), 127.4 (CH), 128.4 (CH), 129 (CH), 137.6 (C).

(BR,4R,5S5)-3-((Dodecylamino)methyl)piperidine-3,4,5-triol
dihydrochloride (36)

N-Debenzylation of 35 (0.025 g, 0.059 mmol) followed by diamine
hydrochloride salt formation gave 36 (0.023 g, quantitative)
as a white solid. [a]¥ +7.27 (¢ 0.55, MeOH); anal. calced for
CsH,CLN,O;: C, 53.59; H, 9.99; N, 6.94; found: C, 53.79; H,
10.09; N, 6.84; "H NMR (400 MHz, D,0), J 0.90 (s, 3H), 1.32 (bs,
20H), 1.78 (s, 2H), 3.15 (s, 2H), 3.36-3.52 (m, 4H), 3.96 (s, 1H),
4.23 (s, IH); "C NMR (100 MHz, D,0), 6 13.6 (CH;), 22.2 (CH,),
25.1 (CH,), 26.0 (CH,), 28.5 (CH,), 28.8 (CH,), 29.1 (CH,), 31.5
(CH,), 44.6 (CH,), 46.4 (CH,), 49 (CH,), 51.1 (CH,), 66.3 (CH),
66.8 (CH), 69.5 (C); mass: m/z (%), 345 (39), 331 (100).

N-Benzyl-((4R,5R)-5-ethynyl-2,2-dimethyl-1,3-dioxolan-4-yl)-/NV-
((trimethylsilyl)methyl)methanamine (16b)

To a solution of 38 (5.0 g, 26.89 mmol) in ethanol-water (100 mL,
4 : 1), was added sodium periodate (6.9 g, 32.25 mmol) gradually.
The white suspension was stirred for 0.5 h at room temperature and
filtered. The filtrate was concentrated and the white pasty mass was
extracted with ethyl acetate (2 x 100 mL). The combined organic
extracts were dried over anhydrous Na,SO, and the solvent was
removed under reduced pressure. To a solution of this aldehyde
in EDC (ethylene dichloride, 90 mL), was added BhNHCH,TMS
(6.25 g, 32.25 mmol) and Na(OAc);BH (7.98 g, 37.63 mmol) under
an argon atmosphere and stirred for 24 h. The reaction mixture was
quenched with aq. saturated NaHCO; solution while stirring for
0.5 h then extracted with DCM. The solvent was removed under
reduced pressure and the crude product was purified by column
chromatography (pet. ether—ethyl acetate, 95 : 5) to furnish 16b
(4.45 g, 50% over two steps). [a]¥ +0.72 (¢ 1.35, CHCL,); lit."*
[a]¥ +1.2 (¢ 21.2, CHCL), ent [a]] —0.73 (¢ 0.5, CHCL); lit'"* [a]¥
—0.7 (¢ 11.0, CHCl,); anal. calcd for C,,H,,NO,Si: C, 68.83; H,
8.82; N, 4.22; found: C, 68.63; H, 8.60; N, 4.38; IR v,,,/cm™', in
CHCI, 3307, 1674, 757; "H NMR (200 MHz, CDCl,), 6 0.00 (s,
9H), 1.29 (s, 3H), 1.39 (s, 3H), 1.95 (d, 1H, J = 14.66 Hz), 2.08 (d,
1H, J = 14.65 Hz), 2.43 (d, 1H, J = 2.02 Hz), 2.51-2.56 (m, 2H),
3.42(d, 1H, J = 13.64 Hz), 3.64 (d, 1H, J = 13.51 Hz), 4.14-4.23
(m, 1H), 4.30 (dd, 1H, J = 7.33, 2.03 Hz), 7.12-7.30 (m, 5H); *C
NMR (50 MHz, CDCl;), 6 —1.4 (CHs;), 25.8 (CHs;), 26.8 (CH,),
46.9 (CH,), 58.1 (CH,), 62.7 (CH,), 68.6 (CH), 74.3 (CH), 80.4
(CH), 81.3 (C), 110.0 (C), 126.7 (CH), 127.9 (CH), 128.7 (CH),
139.3 (C); mass: m/z (%), 332 (M* + H, 100), 284 (22), 246 (19),
238 (33).
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The tricyclic core of lycoposerramine S has been synthesised in 10 steps from a symmetrical
cyclohexadiene precursor by way of a desymmetrising free-radical cyclisation and iodocyclisation.

Introduction

The fawcettimine class of lycopodium alkaloids’ is a structurally-
fascinating group of compounds which includes fawcettimine (1)
itself along with various other alkaloids including lycoposer-
ramines S* (2) and A* (3) (Fig. 1). These compounds all feature
a 6-5 carbobicyclic core with a fused azonane ring (existing
preferentially as the hemiaminol in the parent compound 1).
Lycoposerramine S also bridges the C5 and C13 positions with
a pyrrolidine ring, while lycoposerramine A is the only natural
product to date which incorporates an oxadiazolidinone ring. All
of the compounds possess a quaternary stereogenic centre in the
carbobicyclic core. These compounds are therefore formidable
synthetic targets. Fawcettimine has been synthesised twice as
the racemate,* most notably by Heathcock in a landmark 1986
synthesis, and only very recently has the first enantioselective total
synthesis been reported.’

HN

N
Me

1, fawcettimine 2, lycoposerramine S

0]
NMe

3, lycoposerramine A

Fig. 1 Fawcettimine and lycoposerramine alkaloids.

These compounds are structurally-related to magellanine and
paniculatine, which have been synthesised a number of times.®
However, to date the only synthetic work on this structural group’

School of Chemistry, Cardiff University, Main College Building, Park Place,
Cardiff, UK CF10 3AT. E-mail: elliottmc@cardiff.ac.uk; Fax: +44 (0)29
20874030; Tel: +44 (0)29 20874686

T Dedicated to Professor Andreas Pfaltz on the occasion of his 60th
birthday.

1 Electronic supplementary information (ESI) available: Copies of proton
and carbon NMR spectra of new compounds. See DOI: 10.1039/b804664f

of lycoposerramine alkaloids is the conversion of serratinine into
lycoposerramine B reported by Takayama and co-workers.®

Results and discussion

We have recently reported that desymmetrisation reactions of
cyclohexa-1,4-dienes® provide convenient access to 6-5 fused
ring systems containing quaternary stereogenic centres, and have
demonstrated the application of free-radical® and halocyclisation
methodology'' in this context. Other related work includes the
application of chiral sulfoxides to this process,'* and also a novel
Prins-pinacol sequence.’® We felt that this methodology would
provide an ideal approach to the lycoposerramine alkaloids.
Lycoposerramine S should be accessible by electrophile-initiated
cyclisation of a compound of general structure 4, which should in
turn be accessible from compound 5. This compound should be
accessible with good stereocontrol by free-radical cyclisation of a
precursor 6, directed by the hydroxy group. This compound could
be prepared from known cyclohexadiene 7 (Scheme 1)."* We now

HN

Me

2, lycoposerramine S 4

H
H WOH ~OH
— —— Me
Me

COzMe

Scheme 1 Retrosynthetic analysis of lycoposerramine S.
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report the successful realisation of this strategy for a target lacking
the azonane ring.

Compound 7 was prepared in two steps from toluic acid ac-
cording to the previously-published procedure.* Deprotonation of
this compound and addition of epichlorohydrin was immediately
followed by sodium borohydride reduction to give a 1 : 1 mixture
of diastereoisomers from which diol 8 was isolated in 37% overall
yield. Given the inexpensive nature of the starting material, this
diastereoisomer separation early in the sequence is preferable
to a multistep sequence to introduce the requisite methyl group
stereoselectively. Regioselective protection of the primary alcohol
was then followed by a diastereoselective free-radical cyclisation
to give the desired stereoisomer 11 as the major component of a
separable 2 : 1 mixture (Scheme 2).

CO,Me

i) LDA, THF then
epichlorohydrin
i) NaBH,4, EtOH

8 (37%)

9 (31%)

imidazole

TBDPSCI, CH,Cl,
81%

TBDPSO™

nOe l BuzSnH

/—\H AIBN, PhH

H WOH
5 :
Me

o
s

OTBDPS OTBDPS

11 (52%) 12 (23%)

Scheme 2 Synthesis of the carbobicyclic core.

Stereochemical assignment of compounds 8 and 9 was not pos-
sible. The methyl stereochemistry in compound 11 was confirmed
by the NOE enhancement between H5 and one of the methylene
protons adjacent to the hydroxy group. The only one of these
protons in either stereoisomer which would produce such an NOE
is H3P as shown on structure 11. A similar NOE was used to assign
the natural product stereochemistry.

Stereoselectivity of the free-radical cyclisation

The modest level of diastereocontrol in the free-radical cyclisation
of compound 10 warrants comment. In an earlier study, Curran
reported the cyclisation of compound 13 to give compound 14,
with a methyl group directing the stereochemistry, with 94 : 6
diastereoselectivity at the same temperature (Scheme 3).%

Me
MeO,C s
I Bu;SnH, AIBN MeO,C
s,
M
e benzene, reflux “ih
82%
13 14 (94:6d.r)

Scheme 3 Related cyclisation from the work of Curran.'

Clearly the difference between these two approaches is the
free-radical precursor, which should not dramatically affect the
stereoselectivity, and the nature of the directing group—hydroxy
versus methyl. In model studies, we were able to show that
increasing the size of the directing-group by introducing a bulky
protecting group onto the oxygen does increase the level of
stereoselectivity, but not to the levels observed by Curran, and
then only at the expense of yield (Scheme 4).

OTBS

TBSO Cl' BuzSnH, AIBN

OTBS

TBSO” %
benzene, reflux

Con
46% H

15 16 (4.8:1 d.r)

Scheme 4 Free-radical cyclisation of a double-protected substrate.

It is therefore clear that the lower stereoselectivity results from
electronic as well as steric factors. We considered the various
methods by which we might improve the stereochemistry of
this step. A diastereoselectivity of 2 : 1 at 80 °C corresponds
to an energy difference of approximately 2 kJ mol™ between
diastereomeric transition states. Lowering the temperature of the
cyclisation to —78 °C is calculated to give 3.5 : 1 selectivity, or
a maximum possible yield of 77%. This would inevitably require
exchange of the chloride for a more effective radical precursor such
as iodide, and so the overall efficiency of the process is unlikely to
be substantially higher than the present 52%. Since the 1-iodo-2-
hydroxy substrate which this would require is likely to be prone
to loss of HI to form the corresponding epoxide, this strategy
would require protection of the secondary alcohol, necessitating
a further two synthetic manipulations. As we have already seen,
introduction of a protecting group onto the secondary alcohol is
detrimental to the yield of the cyclisation step.

Upon consideration then, we feel that the brevity of the present
approach offsets any disappointment which we might feel at the
modest levels of diastereocontrol.

The stereochemical assignment of the free-radical cyclisation
was initially made by analogy with cyclisation reactions reported
by ourselves' and by Curran.’® This was eventually confirmed by
completion of the tricyclic core of the natural product (vide infra).

2612 | Org. Biomol. Chem., 2008, 6, 2611-2618

This journal is © The Royal Society of Chemistry 2008





Completion of the tricyclic core of lycoposerramine S

From this point, displacement of the secondary alcohol under
Mitsunobu conditions'® was followed by deprotection to give
primary amine 18 (Scheme 5). It should be noted that formation
of the 4-toluenesulfonate ester from compound 11 under standard
conditions (TsCl, Et;N, DMAP, CH,Cl, and NaH, THF then
TsCl) failed.

WOH NPhth
Phthalimide, DIAD
Me — Me
PPh3, CH,Cl,
72%
OTBDPS OTBDPS
11 17
N2H4'H20,
EtOH
94%
NH,
Me
OTBDPS
18

Scheme 5 Introduction of nitrogen.

Attempts to prepare compound 24 by direct aminomer-
curation'” of compound 18 gave only recovery of starting material.
Nosyl amide 19 was therefore prepared from compound 18.
This underwent smooth iodocyclisation®® to give compound 20
(Scheme 6). We were unable to remove the iodine and nosyl groups
from this compound, and therefore reverted to the more robust
tosyl group. Iodocyclisation was once again effective, producing
compound 22 in good yield. The best conditions for removal of
the iodine used tri-n-butyltin hydride-AIBN in benzene. This was
then followed by sodium naphthalenide-mediated removal of the
tosyl group to give compound 24 in an encouraging 82% yield
over the two steps (Scheme 7). This compound contains the fully
functionalised tricyclic core of lycoposerramine S. An attempt to
shorten this sequence using the direct hydroamination reported

NH, NHNs
Me 4-NsCl EtsN e
CH,Cl,
otBDPs 8% OTBDPS
18 19
I, MeCN
91%
NsN
Me
|
OTBDPS
20

Scheme 6 Iodocyclisation to form the pyrrolidine ring.

NH, NHTs

Me TsCl, EtzN Me
——
CH2C|2
OTBDPS 84% OTBDPS
18 21
l,, MeCN
69%
TsN
TsN BusSnH, AIBN e
Me I —
PhH
100% OTBDPS
OTBDPS
23 22
Na naphthalenide
THF
82%
HN
Me
OTBDPS
24

Scheme 7 Completion of the tricyclic core of lycoposerramine S.

by Komeyama et al. failed, although there was some indication
of product formation by TLC analysis in the early part of the
reaction. It seems possible that the TBDPS protecting group is
incompatible with the reaction conditions, although no products
were isolated.

The structure of compound 24 was confirmed by a range of
NMR methods (COSY, NOESY, HSQC), and also by comparison
with the NMR data of lycoposerramine S. Selected data are
presented in Table 1.

Table 1 Comparison of NMR data of compound 24 with lycoposer-
ramine S

2, lycoposerramine S 24
Lycoposerramine S (2) Compound 24
Cc4 50.5 (CH) 449 (CH,)
Cs 60.2 56.0
C6 35.6 38.2
Cc7 35.0 34.1
C8 33.0 333
Cl2 49.5 49.8
C13 59.0 55.2
Cl4 33.7 34.6
CI15 20.7 19.7
Cl6 22.1 21.9

This journal is © The Royal Society of Chemistry 2008
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Conclusions

In summary, compound 24 has been prepared in a 12 step
sequence from toluic acid. Studies towards the completion of
lycoposerramine S are underway and will be reported in due
course.

Experimental section
General experimental points

Melting points were determined on a Gallenkamp melting point
apparatus and are uncorrected. Infrared spectra were recorded
on a Perkin Elmer 1600 FTIR spectrophotometer. Mass spectra
were recorded on a Fisons VG Platform II spectrometer and
on a Micromass Q-TOF Micro spectrometer. NMR spectra
were recorded on a Bruker DPX 400 spectrometer operating at
400 MHz for 'H and at 100 MHz for “C at 25 °C, or on a
Bruker Avance 500 spectrometer operating at 500 MHz for 'H and
125 MHz for “C at 25 °C. All chemical shifts are reported in ppm
downfield from TMS. Coupling constants (J) are reported in Hz.
Multiplicity in "H-NMR is reported as singlet (s), doublet (d),
double doublet (dd), double triplet (dt), double quartet (dq), triplet
(t), and multiplet (m). Multiplicity in *C NMR was obtained using
the DEPT pulse sequence. Flash chromatography was performed
using Matrex silica 60 35-70 micron.

1,4-cis-1-(3-Chloro-2-hydroxypropyl)-1-hydroxymethyl-4-methyl-
cyclohexa-2,5-diene (8) and 1,4-trans-1-(3-chloro-2-hydroxypro-
pyl)-1-hydroxymethyl-4-methylcyclohexa-2,5-diene  (9). n-BuLi
(22.2 mL, 1.6 M in hexanes, 1.1 equiv.) was added to a cooled
(=78 °C) solution of diisopropylamine (5.0 mL, 35.5 mmol, 1.1
equiv.) in THF (30 mL) and the resulting solution allowed to
warm to room temperature. After re-cooling to —78 °C, methyl
4-methylcyclohexa-2,5-diene-1-carboxylate (4.91 g, 32.3 mmol)
was added dropwise. After stirring for 30 min, epichlorohydrin
(3.3 mL, 42 mmol, 1.3 equiv.) was added and the reaction allowed
to warm to 5 °C over 3 h. Saturated aqueous NH,Cl (75 mL)
was added and after stirring for a few minutes the organic layer
was separated and the aqueous layer extracted with Et,O (2 x
30 mL). The combined organic extracts were dried over Na,SO,
and concentrated in vacuo to afford the crude intermediate
lactone (7.72 g) as an orange oil. This lactone was dissolved
in ethanol (200 mL) and NaBH, (2.45 g, 64.6 mmol, 2 equiv.)
added in one portion. The exothermic reaction was allowed to
subside and stirring continued for 1 h before quenching with
glacial acetic acid (3 mL). The solvent was removed in vacuo
and the residue partitioned between saturated aqueous NaHCO;
(200 mL) and ethyl acetate (100 mL). The organic layer was
separated and the aqueous layer extracted with ethyl acetate
(2 x 75 mL). The combined organic extracts were dried over
Na,SO, and concentrated in vacuo. The residue was purified by
chromatography on SiO, (50% Et,O in petroleum ether) to give
compound 8 (2.57 g, 37%) followed by the compound 9 (2.15 g,
31%), both as colourless oils.

Compound 8. Colourless oil (Found: MH* — CH;0H,
184.0667. C,;H;;ClO requires M, 184.0655); v,,., (neat)/cm™"' 3364,
2958, 2869, 1516, 1429, 1047, 803 and 743; Jy (400 MHz; CDCl,)
5.89 (1 H, ddd, J 10.2, 3.1, 1.9, one of CHCH=CH), 5.87 (1 H,
ddd, J 10.2, 3.1, 1.9, one of CHCH=CH), 5.58 (1 H, app. dt, J

10.2, 2.1, one of CHCH=CH), 5.39 (1 H, app. dt, J 10.2, 2.1, one
of CHCH=CH), 3.94 (1 H, m, CHOH), 3.53 (1 H, dd, J 11.1,
4.1, one of CH,Cl), 3.45 (1 H, dd, J 11.1, 6.5, one of CH,Cl), 3.36
(1 H, app. broad d, J 11.4, one of CH,0OH), 3.34 (1 H, app. broad
d, J 11.4, one of CH,OH), 2.83 (1 H, d, J 3.1, CHOH), 2.81-2.73
(1 H, m, CHCH,), 2.11 (1 H, t, J 5.8, CH,OH), 1.64 (1 H, dd, J
14.3, 8.1, one of CH,CHOH), 1.55 (1 H, dd, J 14.3, 3.4, one of
CH,CHOH) and 1.08 (3 H, d, J 7.3, CH,); . (100 MHz; CDCl;)
134.3 (CH), 134.0 (CH), 128.3 (CH), 128.1 (CH), 69.9 (CH,), 69.0
(CH), 50.2 (CH,), 42.2 (C), 41.8 (CH,), 30.9 (CH) and 22.3 (CH,;);
m/z (TOF ES+) 184 (M — CH;0H, 17%) and 167 (100).

Compound 9. Colourless oil (Found: MH* — CH,;OH,
184.0655. C,;H,;ClO requires M, 184.0655); v, (neat)/cm="' 3412,
2957, 1516, 1454, 1048, 805 and 748; oy (400 MHz; CDCl,)
5.94-5.86 (2 H, m, CHCH=CH), 5.61-5.55 (1 H, m, one of
CHCH=CH), 5.42-5.37 (1 H, m, one of CHCH=CH), 3.94 (1 H,
app. ddt, J 8.0, 6.4, 3.8, CHOH), 3.55 (1 H, dd, J 11.1, 4.1, one
of CH,Cl), 3.45 (1 H, dd, J 11.1, 6.4, one of CH,Cl), 3.37 (2 H,
app. s, CH,OH), 2.83-2.73 (1 H, m, MeCH), 2.70 (1 H, broad s,
OH), 2.01 (1 H, broad s, OH), 1.64 (1 H, dd, J 14.3, 8.0, one of
CH,CHOH), 1.54 (1 H, dd, J 14.3, 3.5, one of CH,CHOH) and
1.09 (3H,d, J 7.3, CH;); 6. (100 MHz; CDCl;) 134.4 (CH), 134.0
(CH), 128.2 (CH), 128.1 (CH), 70.2 (CH,), 69.0 (CH), 50.2 (CH,),
42.2 (CH,), 41.6 (C), 30.8 (CH) and 21.9 (CH;); m/z (TOF ES+)
184 (M — CH;O0H, 21%) and 167 (100).

1,4-cis-1-(3-Chloro-2-hydroxypropyl)-1-(zert-butyldiphenylsilyl-
oxymethyl)-4-methylcyclohexa-2,5-diene (10). Imidazole (1.68 g,
26.2 mmol, 2.2 equiv.) and TBDPSCI (3.4 mL, 13.1 mmol, 1.1
equiv.) were added to a solution of diol 8 (2.57 g, 11.9 mmol)
in CH,Cl, (20 mL). After stirring overnight, the reaction was
quenched with saturated aqueous NH,Cl1 (30 mL) and the organic
layer separated. The aqueous layer was extracted with CH,Cl,
(2 x 15 mL) and the combined organic extracts dried over
Na,SO, and concentrated in vacuo. The residue was purified
by chromatography on SiO, (10% Et,O in petroleum ether) to
give the title compound (4.35 g, 81%) as a colourless viscous oil
(Found: MH*, 455.2190. C,;H;,ClO,Si requires M, 455.2173); vy
(neat)/cm™" 3420, 3072, 2931, 2858, 1590, 1516, 1470, 1428, 1390,
1362, 1303, 1261 and 1111; 6, (400 MHz; CDCl;) 7.66-7.63 (4 H,
m, aromatic CH), 7.45-7.35 (6 H, m, aromatic CH), 5.83-5.77
(2 H, m, CHCH=CH), 5.69 (1 H, app. dt, J 10.0, 1.9, one of
CHCH=CH), 5.49 (1 H, app. dt, J 10.0, 1.9, one of CHCH=CH)),
3.97-3.91 (1 H, m, CHOH), 3.55 (1 H, dd, J 11.0, 4.2, one of
CH,Cl), 3.48 (1 H, dd, J 11.0, 6.3, one of CH,Cl), 3.44 (1 H, d, J
10.3, one of CH,0), 3.42 (1 H, d, J 10.3, one of CH,0), 2.80-2.73
(1 H, m, CHCH,;), 2.60-2.50 (1 H, broad s, OH), 1.80-1.72 (2 H,
m, CH,CH(OH)), 1.06 (9 H, s, (CH;);C) and 1.02 (3 H,d, J 7.3,
CH,;); ¢ (125 MHz; CDCl;) 135.7 (4 x CH), 133.3 (C), 133.3
(C) 132.7 (CH), 132.4 (CH), 129.7 (2 x CH), 129.4 (CH), 128.6
(CH), 127.6 (4 x CH), 72.5 (CH,), 69.6 (CH), 50.2 (CH,), 42.0
(CH,), 41.7 (C), 31.1 (CH), 26.9 (CH5;), 22.0 (CH;) and 19.4 (C);
m/z (TOF ES+) 457 (26%), 455 (MH*, 100), 280 (12) and 199
(10).

(2RS,3aRS,55R,7aRS)-7a~((tert-Butyldiphenylsilyloxy)methyl)-
5-methyl-2,3,3a,4,5,7a-hexahydro-1H-inden-2-o0l an and
(2S5R,3aR S ,5SR,7aRS)-7a-((tert-butyldiphenylsilyloxy)methyl)-5-
methyl-2,3,3a,4,5,7a-hexahydro-1H-inden-2-o0l (12). A solution
of chloride 10 (2.43 g, 5.35 mmol) in benzene (40 mL) was heated

2614 | Org. Biomol. Chem., 2008, 6, 2611-2618

This journal is © The Royal Society of Chemistry 2008





to reflux and solutions of AIBN (88 mg, 0.54 mmol, 0.1 equiv.)
and Bu;SnH (1.7 mL, 6.42 mmol, 1.2 equiv.), each in benzene
(5 mL), were added over 10 h by syringe pump. After a total of
18 h reflux, the solution was concentrated in vacuo and purified by
silica gel chromatography (5% to 10% ethyl acetate in petroleum
ether) to give compound 11 (1.16 g, 52%) followed by compound
12 (0.51 g, 23%) as colourless oils.

Compound 11. Colourless oil (Found: MH*, 421.2605.
C,;H;,0,Si requires M, 421.2563); v,y (neat)/cm=' 3361, 3071,
2952,1657,1464,1428,1391, 1110, 822, 743 and 703; 6y, (400 MHz;
CDCl,) 7.70-7.65 (4 H, m, aromatic CH), 7.47-7.36 (6 H, m,
aromatic CH), 5.45 (1 H, app. broad d, J 10.1, CHCH=CH), 5.26
(1 H, app. broad dd, J 10.1, 2.4, CHCH=CH), 4.19 (1 H, app. tt,
J 4.6,2.2, CHOH), 3.40 (2 H, app. s, CH,0), 2.63-2.54 (1 H, m,
CH,CHCH,), 2.16-2.08 (1 H, m, MeCH), 1.95 (1 H, app. dt, J
14.0, 2.1, one of CH,CHO), 1.81-1.64 (4 H, m, one of MeCHCH,
and three of CH,CHO), 1.18 (1 H, ddd, J 13.3, 11.1, 4.6, one of
MeCHCH,), 1.08 (9 H, s, C(CH;);) and 0.93 (3 H, d, J 7.0, CH;);
dc (100 MHz; CDCl;) 135.7 (2 x CH), 135.7 (2 x CH), 133.0 (C),
132.9 (C), 132.9 (CH), 131.5 (CH), 129.8 (2 x CH), 127.7 (4 x
CH), 71.4 (CH), 69.0 (CH,), 45.8 (C), 45.7 (CH,), 39.7 (CH,),
35.4 (CH), 31.2 (CH,), 26.9 ((CH;);C), 25.3 (CH), 21.5 (CH;)
and 19.2 ((CH;);C); m/z (TOF ES+) 422 (18) and 421 (MH",
100%).

Compound 12. Colourless oil (Found: MH*, 421.2570.
C,,H3,0,Si requires M, 421.2563); v, (neat)/cm=' 3360, 3030,
2943, 1649, 1590, 1461, 1425, 1390, 1108, 820, 744 and 697,
ou (400 MHz; CDCl,) 7.67-7.62 (4 H, m, aromatic CH), 7.45—
7.35 (6 H, m, aromatic CH), 5.57 (1 H, app. broad d, J 10.1,
CHCH=CH), 549 (1 H, dd, J 10.1, 1.8, CHCH=CH), 4.26-
419 (1 H, m, CHOH), 341 (1 H, d, J 9.8, CH,0), 3.38
(1 H,d, J9.8, CH,0), 2.26-2.13 (4 H, m, MeCH, CH,CHCH,
and two of CH,CHO), 1.70-1.55 (2 H, m, one of MeCHCH,
and one of CH,CHO), 1.51 (1 H, dd, J 13.4, 4.4, one of
CH,CHO), 1.25-1.14 (1 H, m, one of MeCHCH,), 1.06 (9 H, s,
C(CH;);) and 0.97 (3 H, d, J 7.0, CH,); Jc (100 MHz; CDCl;)
1357 (2 x CH), 135.6 (2 x CH), 133.7 (CH), 133.6 (C),
133.6 (C), 132.8 (CH), 129.6 (CH), 129.6 (CH), 127.6 (4 x
CH), 72.4 (CH), 69.0 (CH,), 46.6 (C), 44.6 (CH,), 40.0 (CH,),
36.8 (CH), 31.2 (CH,), 26.9 ((CH,);C), 25.5 (CH), 21.3 (CH;)
and 19.4 ((CH;);C); m/z (TOF ES+) 422 (19) and 421 (MH",
100%).

3-[2-(tert-Butyldimethylsilanyloxy)-3-chloropropyl]-3-(zert-butyl-
dimethylsilanyloxymethyl)-cyclohexa-1,4-diene (15). ¢-Butyl-
dimethylsilyl trifluoromethane sulfonate (0.48 ml, 2.07 mmol, 4.4
equiv.) was added to a solution of 1-chloro-3-(1-hydroxymethyl-
cyclohexa-2,5-dienyl)-propan-2-ol'* (95 mg, 0.47 mmol) in dry
CH,Cl, (15 ml). 2,6-Lutidine (0.33 ml, 2.8 mmol, 6.0 equiv.) was
added and the resulting mixture was stirred at room temperature
and under a nitrogen atmosphere for 3 days. Aqueous 2 M
HCI solution (10 ml) was added and the organic material was
extracted into CH,Cl, (3 x 15 ml). The combined extracts were
dried over MgSO, and concentrated in vacuo to afford brown
oil. Purification by flash chromatography (eluting with ethyl
acetate—hexane 0.5 : 9.5) afforded the title compound (185 mg,
91%) as a colourless oil; vy, (CH,Cl,)/cm™" 2956, 2885, 2856,
1472, 1256, 1094, 940, 837, 775; oy (400 MHz; CDCl;) 5.84-5.78
(2 H, m, 2 x CH=CH-CH,), 5.53 (1 H, app. dq, J 10.3, 2.0,

one of CH=CH-CH,), 5.41 (1 H, app. dq, J 10.3, 2.1 one of
CH=CH-CH,), 3.84-3.77 (1 H, m, CH-O), 3.59 (1 H, dd, J
11.1, 3.2, one of CH,-Cl), 3.38 (1 H, dd, J 11.1, 6.1, one of
CH,-Cl), 3.29 (2 H, app. s, CH,-0), 2.66-2.61 (2 H, m, ring
CH,), 1.79 (1 H, dd, J 14.4, 3.8, one of CH,-C,), 1.72 (1 H,
dd, J 14.4, 8.1, one of CH,—C,), 0.88 (9 H, s, SiC,(CHj,)s), 0.86
(9 H, s, Si-C,(CH;);), 0.07 (3 H, s, one of CH-O-SiCHj), 0.05
(3 H, s, one of CH-O-SiCH;), 0.00 (6 H, s, CH,~O-Si(CH;),);
dc (100 MHz; CDCl;) 130.6 (alkene CH), 130.1 (alkene CH),
125.8 (alkene CH), 125.3 (alkene CH), 71.7 (CH,-Cl), 70.8
(CH-0O), 50.6 (CH,-0O), 42.5 (CH,-C,), 41.1 (ring C,), 26.7
(ring CH,), 259 (2 x SiC(CH;);), 18.3 (Si-C,(CH,),), 18.1
(Si-C,(CH;);), —4.3 (Si-CHj;), —4.5 (Si-CHj;), —5.4 (Si-CHs),
—5.5(Si-CH,).

(2RS,3aRS ,7aRS)-2~(tert-Butyldimethylsilanoxy)-7 a-(tert-butyl-
dimethylsilanoxymethyl)-2,3,3a,4,5,7a-hexahydro-1 H-indene (16).
AIBN (85 mg, 0.52 mmol, 1.5 equiv.) was added to a solution
of compound 15 (148 mg, 0.34 mmol, 1.0 equiv.) in dry benzene
(15 ml). After heating the mixture to reflux, tributyltin hydride
(0.14 ml, 0.52 mmol, 1.5 equiv.) was added and the resulting
mixture was refluxed for 30 hours. The solvent was removed
under reduced pressure to afford the crude product as a yellow oil
(mixture of two isomers major : minor ratio 4.8 : 1.0). Purification
by flash column chromatography over silica gel containing KF
10% w/w (eluting with ethyl acetate-hexane 0.6 : 9.4) afforded
the title compound as a mixture of the two diastereoisomers
(63 mg, 46%) as a pale yellow oil; v,,, (neat)/cm=' 2928, 2856,
1464, 1255, 1094, 836, 774; o (400 MHz; CDCl;) 5.69-5.60 (2 H,
m, CH=CH-CH,, of both major and minor isomers), 5.44-5.36
(2 H, m, CH=CH-CH, of each isomer), 4.18 (1 H, app. quintet, J
5.6, CH-O of major isomer), 4.16-4.08 (1 H, m, CH-O of minor
isomer), 3.43 and 3.40 (2 H, AB quartet, J 9.5, CH,-O of major
isomer), 3.26-3.23 (2 H, AB quartet, J 9.8, CH,-O of minor
isomer), 2.24 (1 H, app. tt, J 8.4, 4.1, ring junction CH of major
isomer), 2.13-2.04 (1 H, m, ring junction CH of minor isomer),
2.01-1.78 (4 H, m, CH, one of each isomer), 1.73-1.38 (12 H,
m, 3 x CH, of each isomer), 0.90 (9 H, s, 3 x CH; of minor
isomer), 0.87 (9 H, s, 3 x CH; of minor isomer), 0.87 (9 H, s, 3 x
CH; of major isomer), 0.85 (9 H, s, 3 x CHj; of major isomer),
0.05 (3 H, s, one of CH;-Si of minor isomer), 0.00 (18 H, s, 4 x
CH,-Si of major isomer and 2 x CH;-Si of minor isomer), —0.05
(3 H, s, one of CH;-Si of minor isomer); o (100 MHz; CDCl;)
133.7 (alkene CH of major isomer), 133.3 (alkene CH of minor
isomer), 126.5 (alkene CH of major isomer), 125.5 (alkene CH
of minor isomer), 72.3 (CH-O of major isomer), 72.0 (CH-O
of minor isomer), 70.2 (CH,-O of major isomer), 68.7 (CH,~-O
of minor isomer), 46.2 (ring junction C, of major isomer), 45.4
(ring junction C, of minor isomer), 45.1 (CH, of major isomer),
44.3 (CH, of minor isomer), 39.7 (CH, of minor isomer), 39.5
(CH, of major isomer), 36.3 (ring junction CH of major isomer),
35.5 (ring junction CH of minor isomer), 25.9 (Si-C,(CHj;); of
both isomers), 25.8 (Si-C,(CHj;); of major isomer), 23.7 (CH, of
major isomer), 22.8 (CH, of minor isomer), 21.2 (CH, of minor
isomer), 20.8 (CH, of major isomer), 18.4 (Si-C,(CHj;); of major
isomer), 18.3 (Si-C,(CH;); of minor isomer), 18.2 (Si-C,(CH;);
of both isomers), 13.7 (Si-C,(CH;); of minor isomer), —4.7
(CH;-Si), —4.7 (2 x CH;-Si), —5.4 (CH;-Si), —5.4 (CH;-Si),
—5.4 (CH;-Si), —5.5 (CH;-Si), —5.5 (CH;-Si).
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2-((2SR,3aRS,5SR,7aRS)-7a-((tert-Butyldiphenylsilyloxy)-
methyl)-5-methyl-2,3,3a,4,5,7a-hexahydro-1 H-inden-2-
yD)isoindoline-1,3-dione (17)

Triphenylphosphine (660 mg, 2.52 mmol, 1.5 equiv.) and phthal-
imide (370 mg, 2.52 mmol, 1.5 equiv.) were added to a solution
of alcohol 11 (705 mg, 1.68 mmol) in CH,Cl, (15 mL). After the
phosphine had dissolved, diisopropyl azodicarboxylate (0.49 mL,
2.52 mmol, 1.5 equiv.) was added dropwise. The resulting yellow-
orange solution was stirred for 20 min, concentrated in vacuo and
chromatographed on silica (10% Et,O in petroleum ether) to give
the title compound (665 mg, 72%) as a colourless oil (Found: MH*,
550.2775. C3sH4,NO;Si requires M, 550.2777); Vo (neat)/cm™!
3071, 3011, 2954, 2855, 1770, 1713, 1468, 1372 and 1105;
(400 MHz; CDCl;) 7.80 (2 H, app. dd, J 5.5, 3.0, aromatic CH),
7.71-7.66 (6 H, m, aromatic CH), 7.46-7.37 (6 H, m, aromatic
CH), 5.60 (1 H, app. broad d, J 10.1, CHCH=CH), 5.48 (1 H,
dd, J 10.1, 1.8, CHCH=CH), 4.65 (1 H, app. dtd, J 11.5,9.7, 6.7,
CHN), 3.45 (2 H, app. s, CH,0), 2.53 (1 H, app. q, J 11.7, one
of CHCH,CHN), 2.32-2.19 (3 H, m, MeCH, CH,CHCH, and
one of CH,CHN), 2.10 (1 H, dd, J 12.6, 10.3, one of CH,CHN),
1.79 (1 H, app. dt, J 12.0, 6.2, one of CHCH,CHN), 1.71 (1 H,
app. dt, J 13.4, 3.5, one of MeCHCH,), 1.27-1.22 (1 H, m, one of
MeCHCH,), 1.10 (9 H, s, C(CH;);) and 0.98 (3 H, d, J 7.0, CH,);
dc (125 MHz; CDCl;) 168.4 (2 x C=0), 135.7 (4 x CH), 133.7
(2 x CH), 133.6 (2 x ©), 132.1 (2 x C©), 132.0 (CH), 132.0 (CH),
129.6 (2 x CH), 127.6 (4 x CH), 122.9 (2 x CH), 69.5 (CH,), 48.9
(CH), 45.7 (C), 37.5 (CH,), 37.4 (CH), 33.1 (CH,), 31.4 (CH,),
26.9 (CH;), 25.8 (CH), 21.4 (CH;) and 19.4 (C); m/z(TOF ES+)
551 (20%), 550 (MH*, 100) and 294 (14).

(2SR,3aRS,5SR,7aRS)-7a-((tert-Butyldiphenylsilyloxy)methyl)-
5-methyl-2,3,3a,4,5,7a-hexahydro-1 H-inden-2-amine  (18). Hy-
drazine hydrate (0.42 mL, 8.60 mmol, 4.5 equiv.) was added
to a solution of phthalimide 17 (1.05 g, 1.91 mmol) in EtOH
(15 mL) and the mixture heated to reflux. After 20 min,
the resulting suspension was cooled and diluted with Et,O
(30 mL) with efficient stirring. The precipitate was removed by
filtration and the filter cake washed with Et,O. The filtrate was
concentrated in vacuo to give the title compound (0.75 g, 94%)
as an essentially-pure colourless oil (Found: MH*, 420.2733.
C,;H;NOSi requires M, 420.2723); v, (CDCly)/cm™' 3364,
3070, 3002, 2930, 2856, 1459, 1428, 1110 and 703; J; (400 MHz;
CDCl;) 7.68-7.63 (4 H, m, aromatic CH), 7.45-7.35 (6 H, m,
aromatic CH), 5.47 (1 H, app. broad d, J 10.1, CHCH=CH),
5.41 (1 H, dd, J 10.1, 1.5, CHCH=CH), 3.39 (1 H, d, J 9.7, one
of CH,0), 3.37 (1 H, d, J 9.7, one of CH,0), 3.31-3.22 (1 H, m,
CHN), 2.26 (1 H, dd, J 13.0, 8.1, one of CH,CHN), 2.22-2.09
(2 H, m, MeCH and CH,CHCH,), 1.94 (1 H, app. dt, J 12.5, 6.5,
one of CHCH,CHN), 1.71 (2 H, broad s, NH,), 1.64-1.57 (1 H,
m, one of MeCHCH,), 1.37 (1 H, app. td, J 11.9, 9.5, one of
CHCH,CHN), 1.21-1.13 (1 H, m, one of MeCHCH,), 1.15(1 H,
dd, J 13.0, 7.9, one of CH,CHN), 1.05 (9 H, s, C(CH,);) and 0.95
(3H,d, J 7.0, CH;); dc (100 MHz; CDCl;) 135.7 (2 x CH), 135.7
(2 x CH), 133.7 (C), 133.7 (©), 132.8 (CH), 132.0 (CH), 129.5
(2 x CH), 127.6 (4 x CH), 69.5 (CH,), 51.0 (CH), 46.2 (C), 45.8
(CH,), 40.9 (CH,), 37.9 (CH), 31.4 (CH,), 26.9 (CH,), 25.6 (CH),
21.5 (CH;) and 19.4 (C); m/z (TOF ES+) 461 (MH*-CH;CN,
36%) and 420 (MH", 100).

N-((2SR,3aRS,55R,7aRS)-7a-((tert-Butyldiphenylsilyloxy)me-
thyl)-5-methyl-2,3,3a,4,5,7a-hexahydro-1 H-inden-2-yl)-4-nitroben-
zenesulfonamide (19). Triethylamine (0.37 mL, 2.69 mmol, 1.5
equiv.) was added to a solution of amine 18 (0.75 g, 1.79 mmol)
in CH,Cl, (10 mL). 4-Nitrobenzenesulfonyl chloride (0.52 g,
2.33 mmol, 1.3 equiv.) was added and the resulting solution
stirred overnight. The solution was then concentrated in vacuo and
purified by chromatography on silica (10% to 20% ethyl acetate in
petroleum ether) to give the title compound (1.01 g, 93%) as a pale
yellow oil (Found: MH*, 605.2538. Cs;;H, N,O;SSi requires M,
605.2505); Ve (CH,CL)/cm™' 3282, 2956, 2857, 1531, 1349,
1165, 1093, 738, 704 and 614; 6, (400 MHz; CDCIl;) 8.32 (2 H, d,
J 8.8, aromatic CH), 8.02 (2 H, d, J 8.8, aromatic CH), 7.61-7.55
(4 H, m, aromatic CH), 7.47-7.33 (6 H, m, aromatic CH), 5.51
(1 H, app. broad d, J 10.0, CHCH=CH), 5.29 (1 H, dd, J 10.0,
1.6, CHCH=CH), 4.81 (1 H, d, J 8.9, NH), 3.80-3.69 (1 H, m,
CHN), 3.32 (1 H, d, J 9.9, one of CH,0), 3.31 (1 H, d, J 9.9,
one of CH,0), 2.15 (2 H, m, CH,CHCH, and one of CH,CHN),
2.10-1.98 (2 H, m, MeCH and one of CHCH,CHN), 1.56 (1 H,
app. dt, J 13.6, 3.6, one of MeCHCH,), 1.40 (1 H, app. dt, J
11.8, 8.4, one of CHCH,CHN), 1.19 (1 H, dd, J 13.3, 6.2, one of
CH,CHN), 1.13-1.05 (1 H, m, one of MeCHCH,), 1.02 (9 H, s,
C(CH;);) and 0.93 (3 H, d, J 7.1, CH;); 6. (100 MHz; CDCl;)
149.9 (©), 146.9 (C), 135.6 (2 x CH), 135.5 (2 x CH), 133.8 (CH),
133.3(C), 133.2(C), 131.6 (CH), 129.7 (2 x CH), 128.2 (2 x CH),
127.7 (4 x CH), 124.3 (2 x CH), 68.4 (CH,), 52.9 (CH), 46.1 (C),
42.5 (CH,), 37.8 (CH,), 36.7 (CH), 30.4 (CH,), 26.8 (CHs;), 25.4
(CH), 21.2 (CH;) and 19.3 (C); m/z (TOF ES+) 606 (33%), 605
(MH", 100), 418 (29) and 280 (63).

(2RS,3aSRARS,6RS,TRS,7aRS)-3a-(tert-Butyldimethylsilylo-
xymethyl)-7-iodo-6-methyl-1-(4-nitrobenzenesulfonyl)-2,4-methano-
octahydroindole (20). Sodium hydrogencarbonate (167 mg,
1.98 mmol, 3 equiv.) and iodine (505 mg, 1.98 mmol, 3 equiv.)
were added to a solution of sulfonamide 19 (400 mg, 0.66 mmol)
in acetonitrile (10 mL). The reaction was stirred overnight before
quenching with saturated aqueous Na,SO; solution (10 mL). The
organic layer was separated and the aqueous phase extracted with
Et,0 (2 x 10 mL). The combined organic extracts were dried over
Na,SO, and concentrated in vacuo. The residue was purified by
chromatography on silica (10% ethyl acetate in petroleum ether)
to give the title compound (437 mg, 91%) as a colourless solid, m.p.
173-175 °C (Found: MH*, 731.1436. C;;H,IN,O;SSi requires M,
731.1472); vyax (CH,CL)/cm™ 3071, 2959, 2857, 1533, 1351, 1155
and 1109; dy (400 MHz; CDCl;) 8.18 (2 H, d, J 8.8, aromatic CH),
7.96 (2 H, d, J 8.8, aromatic CH), 7.52-7.47 (4 H, m, aromatic
CH), 7.45-7.27 (6 H, m, aromatic CH), 4.92 (1 H, app. broad s,
CHI), 4.19 (1 H, d, J 10.7, one of CH,0), 3.99 (1 H, app. broad
d, J 2.2, CHICHN), 3.92 (1 H, app. broad s, CHN), 3.71 (1 H, d,
J 10.7, one of CH,0), 1.91-1.85 (2 H, m, CH,CHCH, and one of
CH,CHN), 1.80-1.71 (1 H, m, one of CH,CHN), 1.61-1.50 (1 H,
m, CHMe), 1.29-1.10 (2 H, m, MeCHCH,), 0.99-0.94 (13 H, m,
CH;, C(CH,;); and one of CH,CHN) and 0.74 (1 H, app. broad
d, J 10.3, one of CH,CHN); . (100 MHz; CDCl;) 150.0 (C),
143.2 (C), 135.8 (2 x CH), 135.6 (2 x CH), 133.3 (C), 132.9
(C), 129.8 (CH), 129.8 (CH), 128.8 (2 x CH), 127.6 (2 x CH),
127.5 (2 x CH), 124.5 (2 x CH), 64.5 (CH,), 64.2 (CH), 59.6
(CH), 52.5 (C), 43.1 (CH,), 40.7 (CH), 37.0 (CH,), 34.1 (CH),
29.3 (CH,), 26.9 (CH,;), 24.1 (CH and CH;) and 19.3 (C); m/z
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(TOF ES+) 732 (9%), 731 (MH", 34), 603 (54), 475 (100) and 347
(19).

N-((2SR,3aRS,55R,7aRS)-7a-((tert-Butyldiphenylsilyloxy)me-
thyl)-5-methyl-2,3,3a,4,5,7a-hexahydro-1 H-inden-2-yl)-toluenesul-
fonamide (21). Triethylamine (0.11 mL, 0.83 mmol, 1.5 equiv.)
and 4-toluenesulfonyl chloride (126 mg, 0.66 mmol, 1.2 equiv.)
were added to a solution of amine 18 (230 mg, 0.55 mmol)
in CH,Cl, (10 mL). After stirring overnight, the solution was
concentrated in vacuo and purified by chromatography on silica
(20% ethyl acetate in petroleum ether) to give the title compound
(265 mg, 84%) as a colourless oil (Found: MNH,*, 591.3063.
C3,H,;N,O;SSi requires M, 591.3077); Ve (CDCL3)/cm™! 3271,
3071, 2955, 2857, 1428, 1325, 1160, 1094, 910 and 815; Jy
(400 MHz; CDCl;) 7.66 (2 H, d, J 8.3, aromatic CH), 7.53-7.49
(4 H, m, aromatic CH), 7.38-7.27 (6 H, m, aromatic CH), 7.19
(2 H, d, J 8.3, aromatic CH), 5.40 (1 H, app. broad d, J 10.1,
CHCH=CH), 5.22(1 H,dd, J 10.1, 1.7, CHCH=CH), 4.62 (1 H,
d, J 8.7, NH), 3.57 (1 H, m, CHN), 3.23 (1 H, d, J 9.8, one of
CH,0), 3.20 (1 H, d, J 9.8, one of CH,0), 2.33 (3 H, s, CH,),
2.05-1.94 (2 H, m, CH,CHCH, and MeCH), 2.03 (1 H, dd, J
13.3, 8.2, one of CH,CHN), 1.92 (1 H, app. dt, J 12.3, 7.3, one of
CHCH,CHN), 1.46 (1 H, app. dt, J 13.5, 3.7, one of MeCHCH,),
1.37-1.27 (1 H, ddd, J 12.3, 11.5, 8.3, one of CHCH,CHN), 1.11
(1 H, dd, J 13.3, 6.3, one of CH,CHN), 1.00 (1 H, ddd, J 13.5,
10.8, 4.1, one of MeCHCH,), 0.93 (9 H, s, C(CH;);) and 0.84
(3 H, d, J 7.0, CHCH,); dc (125 MHz; CDCl;) 143.1 (C), 138.0
(C), 135.6 (2 x CH), 135.6 (2 x CH), 133.5(C), 133.4 (C), 133.3
(CH), 131.9 (CH), 129.6 (2 x CH), 127.6 (4 x CH), 127.1 (2 x
CH), 68.8 (CH,), 52.6 (CH), 46.0 (C), 42.5 (CH,), 37.8 (CH,),
36.8 (CH), 30.7 (CH,), 26.9 (CH;), 25.4 (CH), 21.5 (CH,;), 21.2
(CH;) and 19.3 (C); m/z (TOF ES+) 593 (19%), 592 (53)and 591
(MNH,*, 100).

(2RS,3aSR,4RS,6RS,7RS,7aRS)-3a-(tert-Butyldimethylsilylo-
xymethyl)-7-iodo-6-methyl-1-(4-toluenesulfonyl)-2,4-methanooc-
tahydroindole (22). Sodium hydrogencarbonate (110 mg,
1.31 mmol, 3 equiv.) and iodine (332 mg, 1.31 mmol, 3 equiv.)
were added to a solution of sulfonamide 21 (250 mg, 0.44 mmol)
in acetonitrile (5 mL). After stirring overnight, the reaction was
quenched by the addition of saturated aqueous Na,SO; solution
(10 mL), the organic layer separated and the aqueous phase
extracted with Et,O (2 x 10 mL). The combined organic extracts
were dried over Na,SO, and concentrated in vacuo. The residue
was purified by chromatography on silica (10% ethyl acetate in
petroleum ether) to give the title compound (210 mg, 69%) as
a colourless solid, m.p. 150-152 °C (Found: MH*, 700.1765.
C;,H;;INO;SSI requires M, 700.1778); viae (CH,CL,)/cm™" 3070,
2958,2857, 1469, 1428, 1346, 1153 and 1110; 64 (400 MHz; CDCl,)
7.68 (2 H, d, J 8.3, aromatic CH), 7.54-7.50 (4 H, m, aromatic
CH), 7.46-7.28 (6 H, m, aromatic CH), 7.14 (2 H, d, J 8.3, aromatic
CH), 4.94 (1 H, app. broad t, J 3.1, CHI), 4.15 (1 H, d, J 10.6,
one of CH,0), 4.01 (1 H, broad d, J 2.3, CHN), 3.88 (1 H, app.
broad s, CHN), 3.69 (1 H, d, J 10.6, one of CH,0), 2.36 (3 H, s,
CH,;), 1.87-1.80 (2 H, m, CH,CHCH, and one of CH,CHN),
1.76-1.70 (1 H, m, one of CH,CHN), 1.64-1.55 (1H, m, CHMe),
1.26-1.10 (2 H, m, MeCHCH,), 0.99 (9 H, s, C(CHs)5), 0.95 (3 H,
d,J6.4,CH;),0.95-0.91 (1 H, m, one of CH,CHN) and 0.85 (1 H,
dt, J 10.1, 2.2, one of CH,CHN); d (125 MHz; CDCl;) 143.5 (C),
135.9 (2 x CH), 135.7 (2 x CH), 133.7 (©), 133.3 (C), 129.9 (2 x

CH), 129.7 (CH), 129.6 (CH), 127.7 2 x CH), 127.5 (2 x CH),
127.4 (2 x CH), 64.7 (CH,), 64.0 (CH), 59.3 (CH), 52.3 (C), 42.9
(CH,), 42.1 (CH), 37.1 (CH,), 34.2 (CH), 29.5 (CH,), 27.0 (CH,),
24.2 (CH,), 24.1 (CH), 21.5 (CH,) and 19.3 (C); m/z (TOF ES+)
701 (25%), 700 (MH*, 100) and 572 (14).

(2RS,3aSR,A4RS,6RS,7RS,7aRS)-3a-(tert-Butyldimethylsilylo-
xymethyl)-6-methyl-1-(4-toluenesulfonyl)-2,4-methanooctahydro-
indole (23). Bu;SnH (0.15 mL, 0.57 mmol, 10 equiv.) and AIBN
(25 mg, 0.15 mmol, 2.7 equiv.) were added to a solution of iodide
22 (40 mg, 0.06 mmol) in benzene (10 mL). The solution was
heated to reflux overnight, concentrated in vacuo and purified by
chromatography on silica containing approx. 10% NaF (10% ethyl
acetate in petroleum ether) to give the title compound (33 mg,
100%) as a pale oil (Found: MH*, 574.2834. C;,H,NO,SSi
requires M, 574.2811); v, (CH,Cl,)/cm~"' 3071, 2956, 2855, 1457,
1341, 1156 and 1111; 6y (500 MHz; CDCl;) 7.71 (2 H, d, J 8.3,
aromatic CH), 7.56-7.50 (4 H, m, aromatic CH), 7.45-7.33 (6 H,
m, aromatic CH), 7.24 (2 H, d, J 8.3, aromatic CH), 4.04 (1 H,
app. broad s, CHN), 3.62-3.58 (2 H, m, CHN and one of CH,0),
3.49 (1 H, d, J 10.7, one of CH,0), 2.39 (3 H, s, CHj;), 2.12
(1 H, app. broad d, J 13.9, one of MeCHCH,CHN), 2.07-1.95
(1 H, m, MeCH), 1.88-1.78 (2 H, m, MeCHCH,CH and one of
CHCH,CHN), 1.72-1.62 (1 H, m, one of CHCH,CHN), 1.49—
1.42 (1 H, m, one of MeCHCH,CH), 1.02 (1 H, app. d, J 9.8, one
of CCH,CHN), 0.98-0.89 (2 H, m, one of CCH,CHN and one of
MeCHCH,CHN), 0.94 (9 H, s, C(CH;);), 0.88-0.83 (1 H, m, one
of MeCHCH,CH) and 0.86 (3 H, d, J 6.5, CH;); . (125 MHz;
CDCl;) 142.9 (C), 135.6 (2 x CH), 135.5 (2 x CH,), 133.1 (O),
133.1 (C), 129.8 (CH), 129.8 (CH), 129.7 (2 x CH), 127.7 (2 x
CH), 127.7 (2 x CH), 127.6 (2 x CH), 62.8 (CH,), 59.8 (CH), 59.7
(CH), 51.3 (C), 41.2 (CH,), 37.2 (CH,), 34.9 (CH), 33.7 (CH,),
33.5 (CH,), 26.8 (CH,), 21.6 (CH;), 21.5 (CH;), 20.2 (CH) and
19.2 (C); m/z (TOF ES+) 575 (22%) and 574 (MH*, 100).

(2RS,3aSRARS,6RS,TRS,7aRS)-3a-(tert-Butyldimethylsilylo-
xymethyl)-6-methyl-2,4-methanooctahydroindole (24). Sodium
(22 mg, 0.96 mmol) was added to a solution of naphthalene
(125 mg, 0.98 mmol) in THF (2 mL) and the metal crushed
with a spatula. After stirring for 30 min, a 1 mL aliquot of the
resulting green solution was added dropwise to a —78 °C solution
of sulfonamide 23 (25 mg, 0.04 mmol) in THF (3 mL), giving a
permanent green colour. After stirring for 15 min, the reaction
was quenched by addition of 2 M NaOH (10 mL) and allowed to
warm to room temperature. The organic layer was separated and
the aqueous phase extracted with Et,O (2 x 10 mL). The combined
organic layers were dried over Na,SO, and concentrated in vacuo.
The residue was purified by chromatography on silica (10% ethyl
acetate in petroleum ether followed by 1% Et;N in MeOH) to give
a yellow oily residue. This oil was dissolved in CH,Cl, (10 mL) and
washed with 2 M aqueous NaOH solution (10 mL). The aqueous
phase was extracted with CH,Cl, (10 mL) and the combined
organic phases dried over NaOH and concentrated in vacuo to
give the title compound (15 mg, 82%) as a yellow oil (Found: MH*,
420.2731. C,;HxNOSi requires M, 420.2723); v, (neat)/cm™!
3398, 3072, 2929, 2861, 1587, 1428, 1111, 1097, 823, 737, 703;
Jy (500 MHz; CDCl;) 7.66 (4 H, d, J 7.1, aromatic CH), 7.45-
7.36 (6 H, m, aromatic CH), 3.70 (1 H, d, J 10.5, one of CH,0),
3.69 (1 H, d, J 10.5, one of CH,0), 3.29 (1 H, app. broad s,
CCH,CHN), 3.22 (1 H, app. broad s, CCHN), 2.11-2.05 (1 H, m,
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CCHCH,), 1.85 (1 H, app. td, J 12.2, 2.8, one of CHCH,CHN),
1.86-1.75 (1 H, m, CHCH,), 1.71 (1 H, app. dt, J 9.3, 2.2, one of
CCH,CHN), 1.62 (1 H, app. broad d, J 14.3, one of CCHNCH,),
1.55(1H,d, J9.3, one of CCH,CHN), 1.45(1 H, br.d, J 13.7, one
of CHCH,CH), 1.35 (1 H, dt, J 12.5, 3.4, one of CHCH,CHN),
1.05 (9 H, s, C(CH,);), 0.98-0.88 (2 H, m, one of CHCH,CH
and one of CCHNCH,), 0.85 (3 H, d, J 6.5, CH5;); 6. (125 MHz;
CDCl;) 135.7 (4 x CH), 133.8 (2 x C), 129.6 (2 x CH), 127.6 (4 x
CH), 63.8 (CH,), 56.0 (CH), 55.2 (CH), 49.8 (C), 44.9 (CH,), 38.2
(CH,), 34.6 (CH,), 34.1 (CH), 33.3 (CH,), 26.9 (CH;), 21.9 (CH,),
19.7 (CH), 19.4 (C); m/z (TOF ES+) 422 (10%), 421 (35) and 420
(MH", 100).
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Silatropic carbonyl ene cyclisations of B-(allylsilyloxy)- and B-(crotylsilyloxy)butyraldehydes are shown
to proceed with high stereoselectivity but at a much reduced rate in comparison to the cyclisation of
analogous a-substrates. In the second section, olefin cross-metathesis is explored as a route to
substituted a-(allylsilyloxy)aldehydes and the method applied to the synthesis of diastereomeric
2-deoxy- and 2-deoxy-2-C-phenyl hexose derivatives from butanediacetal-protected D-glyceraldehyde.

Introduction

Within our programme exploring stereoselective syntheses of non-
natural carbohydrate analogues we discovered that heating o-
dialkyl(allylic)silyloxy aldehydes (1, » = 0) induced intramolecular
transfer of the allylic group to yield syn-1,2-dihydroxypent-4-
enes (3, n = 0) after cleavage of the silyl tether.! This silatropic
carbonyl ene cyclisation was found to be stereospecific and highly
stereoselective, and we reported its application to the stereocon-
trolled synthesis of carbasugars and hydroxylated piperidines.?
Mechanistically, we view this allylic transfer to occur in concert
with Si-—O bond formation as depicted in Scheme 1.

, R
R}s’a ! N OH  OH
SONNE e
R W L9
1
Scheme 1  Alkenyl diols formed by silatropic ene cyclisation.

To conclude our investigations of the silatropic carbonyl ene cy-
clisation, we report the reactions of B-silyloxy aldehyde substrates
(1, n = 1), and the application of our original a-allyl transfer
reaction in the synthesis of C-aryl sugar analogues.
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procedures and characterisation data for all compounds 5, 6, 9 (and
intermediates), 11 (and intermediates), 15, 20-24, 31/32 and 43/44,
37/38 and 49/50, 39/40 and 51/52; crystal structure data. See DOI:
10.1039/b804752a

Results and discussion
p-Silyloxy substrates

Reetz provided the earliest direct precedent for silicon-tethered
allylation processes in a study of intramolecular allylations of
B-(allylsilyl)oxyaldehydes under Lewis-acidic conditions.® In that
work the product stereochemistry was shown to depend on the
choice of Lewis acid, and crotyl systems were not examined.
For our study, the unsubstituted allyl substrate 6 (Scheme 2) was
prepared from (+)-ethyl 3-hydroxybutyrate by DIBAL reduction
of ester 5 that was obtained using allyldiphenylsilane* directly®
or by base-mediated silylation with allyldiphenylchlorosilane®
prepared in situ. In general, the B-systems were much easier
to handle than the a-analogues prepared in our earlier work;
in particular, the DIBAL reductions provided the aldehydes
reproducibly in high yield as stable compounds that could be
purified or stored for prolonged periods without decomposition.

Ph Ph
(Y

o \/%
)\/ (ii)
X —
Me

5, X = CO,Et }
1}
6, X = CHO __Ja

OH
)\/cozEt
Me
4

Ph Ph
st

Me/k/'\/\ Me N
7 8

Scheme 2 Reagents and conditions: (i) allyldiphenylsilane, 5% B(CF5);,
CH,Cl,, reflux, 2 h (88%); (ii) DIBAL, CH,Cl,, —78 °C, 1 h (74%);
(i) C4¢Hg, 200 °C (sealed tube), 5 d (52%); (iv) KF, MeOH, RT, 16 h
(55% from 6).

Inevitably, the stability of these aldehydes was carried forward
into their behaviour towards heating, there being little tendency
to rearrange to the allyl transfer products under conditions
previously successful for the o-cases. For example, with aldehyde 6,
heating at 200 °C in a sealable tube for 5 days was required in order
to effect complete conversion to dioxasilinane 7. The protracted
reaction time for this process led to some decomposition of the
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substrate and the silacycle could be isolated only in moderate
yield. In later work (discussed below), thorough base-washing of
the reaction tubes and replacement of the O-ring with PTFE tape
reduced the amount of decomposition with the consequence that
isolated yields were raised by ca. 10-15%. The isolated silacycle
7 was confirmed as the diastereoisomer depicted in Scheme 2;
thus, in the "H NMR spectrum the coupling constants (Hz) for
the ring methylene protons supported diequatorial substitution
around the ring (0 1.69: dt, J 14.0, 10.5, CH,H; ¢ 1.78: dt, J
14.0, 2.5, CHH,,). In a separate experiment, direct desilylation
of the crude silacycle gave syn-1,3-diol 8 in 55% yield from
aldehyde 6.

Extension to the crotyl precursors proceeded very well by
our previously developed methodology (Scheme 3), and single
diastereomers of the methallyl-substituted dioxasilinanes 10 and
12 were obtained in 63% and 68% yields respectively (ca. 45%
overall yield from ethyl 3-hydroxybutyrate). Once more, the
coupling constants for the ring methylene protons in the 'H NMR
spectra of these silacycles supported a diequatorial substitution
pattern (see Experimental section for details). Furthermore, X-
ray-quality crystals of silacycle 12 were grown in order to assign the
allylic stereochemistry in this compound (Fig. 1) and, by analogy,
in diastereomer 10; this also assisted in securing the assignment of
compound 7 by correlation.?

Ph Ph Ph Ph
St St
(), (i) - \/ﬁ (i) o7 o
)\/CHO )\/‘\/\
Me Me YN
9 10 Me
Ph Ph Ph Ph
NN St
o) 0T TN iy 0”0
CHO -
Me)\/ Me/k/H/\
11 12 Me

Scheme 3 Reagents and conditions: (i) (Z)-crotyldiphenylsilane, 5%
B(CF5);, CH,Cl,, reflux, 2 h (71%); (ii) DIBAL, CH,Cl,, =78 °C, 1 h
(96%); (iii) C¢Hg, 200 °C (sealed tube), 5 d (63%); (iv) 3-butenyldiphenylsi-
lane, 5% B(C,F);, CH,CL,, reflux, 2 h (88%); (v) 1% [(COD)Ir(PPh,Me),]*
PF,~, (H,), CH,CL,,-78 — 0 °C, 20 min., (99%); (vi) DIBAL,
CH,C1,,-78 °C, 1 h (79%); (vii) CsHs, 200 °C (sealed tube), 5 d (68%).

An attempt to rationalise the stereochemical outcome in these
reactions is presented in Fig. 2. A pre-transition-state assembly
can be considered that consists of a forming bicyclo[3.3.1]nonane
ring in which the ring containing the transferring allylic group
is initially chairlike whilst the forming dioxasilinane adopts a
flattened half-chair conformation (A and B). Although the longer
bonds to silicon® should allow some relaxation of transannular
interactions in these assemblies, the carbon that bears the Me-
group must adopt an exo-position; in the endo position, the
attached Me substituent or the H atom will suffer an unfavourable
interaction with the central olefinic methine. Of the two possi-
bilities, conformation B appears to be disfavoured because the
pseudoaxial Me substituent is brought into close contact with the
“axial” phenyl group attached to the trigonal bipyramidal silicon
atom.’

Fig. 2 Pre-transition-state assemblies for cyclisation of B-substrates.

Heating o,a-dimethyl-substituted analogue 13" (Scheme 4) at
200 °C for 5 days resulted in an incomplete reaction (14/13, 3.25 :
1). We assume that any entropic advantage offered by the presence
of the gem-dimethyl group is offset by steric encumbrance at the
carbonyl group. Furthermore, the dioxasilinane (14) was produced
as a 2.5 : 1 ratio of diastereomers as determined by examination
of relative integrations of the newly-formed CHO resonances in
the "H NMR spectrum of the crude material.

Ph\ /Ph Ph\ /Ph
O/SIW CeHs O/SI\O
CHO
Ph 200°C, 5 d Ph A
Me Me Me Me Me
13 14

Scheme 4 Cyclisation of a gem-dialkyl-substituted substrate.

o-Cinnamyl(diphenyl)silyloxy substrates: application to
2-deoxy-2-C-phenylhexoses

In order to complete our study of the scope and potential
synthetic applications of allylic transfer by silatropic carbonyl
ene cyclisation we sought a flexible synthesis of allylic substrates
bearing a variety of 3-substituents (1, Scheme 1, n = 0, R” # H).
Given the ease of preparation of allyl substrates (R = H), olefin
cross-metathesis' was investigated as a means of accessing the
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functionalised allylic variants.* Most of our work prior to
this point had employed a relatively stable diphenylsilyl tether,
which required the preparation of fresh allyldiphenylchlorosi-
lane; in view of this, and given the commercial availability
of allyldimethylchlorosilane, we decided to explore the cross-
metathesis chemistry on substrate 15 (Scheme 5).

Me\ /Me
0 o S N
)J\ (i), (ii) )\ (iii)
t-Bu H t-Bu CN
Me Me 15 Me Me
o/\sf\/\/R o o’\S]I R
t—Bu/kCN t—Bu)\CHO
16, R = Si(OEt); 21, R = Si(OEt),
17, R=Ph 22, R=Ph
18, R = 4-NO,CgH 23, R =4-NO,CgH4
24 R=H

19, R = CO,Me )

20, R = CH,OH :‘ ™)
Scheme 5  Reagents and conditions: (1) KCN, NaHSO;, H,O, THF (87%);
(ii) allyldimethylchlorosilane, Et;N, DMAP, DMF, 60 °C, 6 h (83%); (iii)
(a) —16: 5 eq. triethoxyvinylsilane, 10% Grubbs 11, CH,Cl,, reflux, 21 h
(34%); (b) —17: as (a) but with 1 eq. styrene, 18 h (51%); (c) —18: as (b)
but with 4-nitrostyrene (40%); (d) —19: as (b) but with methyl crotonate
(44%); (iv) DIBAL, CH,CL,,-78 °C, 1 h (19—20, 46%; 16—21, 14%;
17—22, 30%; 18— 23, 66%; 15— 24, 64%).

Preliminary experiments established that the presence of the
nitrile functionality in this substrate (15) necessitated reasonably
high catalyst loadings in order to drive the cross-metatheses to
completion but, even under the optimised conditions, isolated
yields were moderate at best and in some cases the products could
not be separated from other components in the reaction mixtures.™*
Also, the relative fragility of the dimethylsilyl tether was revealed
in the subsequent DIBAL reaction to unmask the aldehyde, and
the isolated yields of the ene substrates 21-24 fell away drastically
in the more electron-rich examples. In the case of substrate 19
reduction took place preferentially at the ester to give the primary
alcohol 20 as the sole isolated product.

Although these substrates were hydrolytically sensitive, the
neutral, thermal conditions required for silatropic ene reaction
were sufficiently mild to allow the silacycles to form smoothly
and the progress of the reactions to be monitored by 'H NMR
spectroscopy (Scheme 6). The presence of the phenyl group slowed
the cyclisation of substrate 22 relative to that of substrate 24 and
the reaction required 84 h at 80 °C to reach completion (vs.
48 h for 24)." In this example diol 27 was obtained as a single

Me Me
~Si OH Ph
: [0} -
0) 0 (i) _
220r23 ——> — By
t-Bu /
OH
.
25, R=Ph 27

26,R= 4-N02C5H4

Scheme 6 Reagents and conditions: (i) C¢H,, 80 °C, 3.5d (—25) or 8 d
(—26); (ii) TBAF, THF, 0 °C — RT, 2 h (56% from 22).

diastereomer after cleavage of the silyl tether (stereochemistry
assumed by analogy to previous work). Cyclisation of the 4-
nitrophenyl derivative 23 was incomplete even after 8 d; regardless,
a single attempt to cleave the small available amount of (nitro-
phenyl)allyl transfer product 26 resulted in fragmentation to give
1-(4-nitrophenyl)propene.'

This exploratory work had shown that the basic synthetic plan
was viable but also that the overall yields were unacceptably low,
largely as a consequence of the DIBAL reduction step; therefore,
subsequent work returned to the more resilient diphenylsilyl-
tethered substrates. With the intention of exploring the potential
of these allyl transfer processes to deliver enantiomerically pure
carbohydrate analogues,'”” we initiated studies to outline the
synthetic route and assess the stereochemical aspects in a relatively
simple system.

We envisaged that if the chemistry in Schemes 5 and 6 could be
achieved with an enantiomerically pure masked diol fragment in
place of the tert-butyl group then ozonolysis of the silatropic ene
product and liberation of the diol would yield a variety of 2-deoxy-
2-C-substituted sugars (Scheme 7, e.g. R = phenyl). This class
of carbohydrate analogues has been accessed by organometallic
opening of 2,3-anhydro sugars. In the earlier literature the regio-
and stereochemical features of these reactions were somewhat
vague, and the nature of the products was found to vary depending
on the organometallic reagent.'® More recently, the use of cuprates
was shown to provide reliable results, but only in pyranosides in
which the epoxide and anomeric substituents are present in a cis-
relationship.” Our study was therefore formulated to provide a
stringent test of the silatropic ene chemistry and to enable a flexible
and complementary route to these useful carbohydrate analogues.

OH O[pg] Olpg]
Ph
HO %i7°
Ph—Si Olpg]
] — Olpg] — -
HO OH  HO X0 | ©
R

Scheme 7 An approach to 2-deoxy-2-C-substituted sugars.

Aldehyde 28% (Scheme 8) was converted into a 3 : 2 mixture
of cyanohydrins 29 and 30 whose stereochemistry was assigned
retrospectively, as explained below. Ene substrates 33 and 34
were then prepared straightforwardly by the usual silylation and
DIBAL reduction sequence. We were pleased to find that heating
these functionalised substrates in benzene produced protected
tetraols 35 and 36 with complete stereocontrol.** Ozonolysis of
these dihydroxyaldehydes proceeded poorly; therefore the diol
was benzylated to enable aldehydes 39 and 40 to be obtained
cleanly. Final cleavage of the butanediacetal (BDA) group, under
the standard TFA conditions,” proved to be problematic as
the products decomposed when concentrated in the presence of
acid. Therefore, intending to minimise potential product isolation
problems associated with an aqueous work-up, we opted for a
90 :9: 1 mixture of 1,2-dichloroethane-TFA-water;? this allowed
selective removal of most of the TFA before the mixture was finally
concentrated, and pyranose products 41 and 42 were isolated,
albeit in rather low yield. In later work we found much improved
conditions for BDA deprotections but did not go back to repeat
this exploratory sequence merely to improve yields. The products
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Scheme 8 Reagents and conditions: (i) KCN, NaHSO;, H,O, THF (87%,
3 : 2 ratio); (ii) allyldiphenylchlorosilane, Et;N, DMAP, DMF, 60 °C, 6 h
(80%); (iii) DIBAL, CH,Cl,, —78 °C, 1 h; (iv) C¢Dg, 80 °C, 16 h then
TBAF, THF, 0 °C — RT, 2 h (24% from 31/32); (v) NaH, TBAI, benzyl
bromide, DMF, 0 °C — RT, 16 h (65%); (vi) O;, CH,Cl,,~78 °C then Me,S,
—78 °C — RT, 5 h (89%)); (vii) TFA, H,O, 1,2-dichloroethane, RT, 2 min,
(41, 9%; 42, 12%).

2-deoxy-D-gulo-41 and 2-deoxy-D-gluco-42** (1 : 1.5 ratio) were
both obtained in the 1,6-anhydro- form, the stereochemistry being
readily assigned in these rigid structures by coupling constant
analysis (see Experimental section).

The stereochemistry of the various intermediates in this se-
quence was assigned as follows: in the reaction to produce diol
mixture 35/36 a small amount of one of the isomers was obtained
as a pure compound. This was then taken through the benzylation,
ozonolysis and deprotection sequence to result in compound 42.
This, in turn, assigned the separated isomer as compound 36
which, based on the isomer ratios, allowed an assignment of NMR
resonances to specific stereoisomers in compounds 29/30 —
39/40.

Finally, the sequence was repeated with the inclusion of a cross-
metathesis step with styrene (Scheme 9). This time the 4,6-diol in
aldehydes 51 and 52 was revealed by heating with aqueous acetic
acid® to generate two pyranose products in good overall yield,

Ph_Ph PhPh
Ph Si Ph Si
sa —0 . N0 TN
| 1
x7 R x” R
43,X=CN 44,X =CN )
1) 1
45, %= cro " 46,X=CHOj()
Ph  OR' Ph  OR’
_w \/k(L L NUAUA
R <R
OR’ OR’
47, R =H , 48,R'=H .
v v
49,R'=Bn:|( ) 50,R'=Bn:|( )
Ph  OBn Ph  OBn
(v) 0 o : :
—_— R + WR
OBn OBn
51 52
5o OH
i n
o om0
Ph BnO
© Ph “OH
53 54

Scheme 9  Reagents and conditions: (i) styrene, 7.5% Grubbs 11, CH,Cl,,
reflux, 18 h (51%); (ii) DIBAL, CH,Cl,, —78 °C, 1 h; (iii) C¢Ds, 80 °C, 5d
then TBAF, THF, 0 °C — RT, 2 h (25% from 43/44); (iv) NaH, TBAI,
benzyl bromide, DMF, 0 °C — RT, 16 h (66%); (v) O;, CH,Cl,,-78 °C
then Me,S, —78 °C — RT, 5 h (81%); (vi) AcOH, H,0, 100 °C, 2 h (53,
47%:; 54, 27%).

the major product being the D-ido-isomer 53. The minor (D-gluco-
configured) product (54), was isolated as a ca. 1 : 1 mixture of
anomers rather than the 1,6-anhydro-derivative; as expected, the
penalty for placing a phenyl and two benzyloxy substituents in an
axial disposition is clearly too great for this compound to cyclise
under the reaction conditions.

Conclusions

These results confirm that the silatropic carbonyl ene cyclisation
proceeds under neutral conditions with high and predictable
stereoselectivity even with B-derivatives and aryl-substituted a-
derivatives. We have shown that the products may be elaborated
in a synthetically useful manner, in this case to a variety of hexose
derivatives, and that the main limitation to the methodology lies
in the inefficiency of the DIBAL reduction used to prepare the
aldehyde ene substrates.

Experimental

General procedure for allyl transfer reactions of aldehydes
6,9 and 11

A solution of the aldehyde (0.46-1.08 mmol) in benzene (10 mL)
was placed in a sealed tube and heated at 200 °C for 5 days
on a Wood’s metal bath with periodic monitoring by '"H NMR
spectroscopy. The reaction mixture was cooled and the solvent
removed in vacuo. The resulting oil was purified by column
chromatography (petrol-ether, 25 : 1).
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(4R* ,65*)-cis-4-Allyl-6-methyl-2,2-diphenyl[1,3,2]dioxasilinane
(7). From aldehyde 6 (1.0 mmol) the general procedure gave the
title compound (7, 161 mg, 52%) as a colourless oil. R; 0.53 (petrol—-
ether, 10 : 1); vy /cm™ (film) 3070m, 3050w, 3003w, 2973m,
2932m, 2902m, 2862m, 1642w, 1592w, 1430s, 1377m, 1348m,
1242w, 1116s, 1024m, 980s, 925m, 910m, 871w, 848w, 786w, 739s,
719s, 699s; oy (400 MHz; CDCl;) 1.36 (3 H, d, J 6.2, CH;), 1.69
(1 H,dt, J 14.0,10.5) and 1.78 (1 H, dt, J 14.0, 2.5, 5-CH,), 2.31-
2.38 (1 H, m) and 2.45-2.52 (1 H, m, CH,CH=), 4.20-4.26 (1 H,
m, 4-H), 4.29-4.37 (1 H, m, 6-H), 5.10-5.18 (2 H, m, =CH,), 5.93
(1 H, dddd, 17.2, 10.2, 7.3, 6.7, CH=CH,), 7.36-7.53 (6 H, m)
and 7.64-7.77 (4 H, m, 2 x Ph); d (100 MHz; CDCl;) 24.6 (q),
42.8 (1), 43.5 (1), 70.2 (d), 73.4 (d), 117.2 (1), 127.8 (d), 128.0 (d),
130.4 (d), 130.7 (d), 133.2 (s), 133.4 (s), 134.4 (d), 134.5 (d), 134.8
(d); m/z (CI*) 328 (MNH,*, 78%), 311 (MH*, 100), 269 (74), 250
(9), 216 (35), 198 (14); HRMS (CI*) 311.1473 (MH*. C,,H,;0;Si
requires 311.1467).

(4R*,6R*,3' S*)-4-Methyl-6-(but-1-en-3-yl)-2,2-diphenyl|1,3,2]-
dioxasilinane (10). From aldehyde 9 (1.08 mmol) the general
procedure gave the title compound (10, 219 mg, 63%) as a white
crystalline solid, mp 59 °C. R; 0.54 (petrol-ether, 10 : 1); v, /cm™
(film) 3070m, 3006m, 2971s, 2930m, 2868m, 1641w, 1592m, 1457w,
1442w, 1430s, 1377s, 1347m, 1259w, 1227w, 1148s, 1116s, 1081s,
1026s, 980s, 913s, 886s, 839w, 813w, 772w, 739s, 719s, 699s; oy
(400 MHz; CDCl;) 1.15(3H, d, J 6.9, 3-CH;), 1.35 3 H, d, J
6.1, 4-CH;), 1.63 (1 H, dt, J 14.0, 2.2) and 1.75 (1 H, dt, J 14.0,
11.0, 5-CH,), 2.34-2.42 (1 H, m, 3-H), 4.10 (1 H, ddd, J 11.0, 4.0,
2.2, 6-H), 4.26-4.34 (1 H, dqd, J 11.0, 6.1, 2.2, 4-H), 5.06-5.11
(2 H, m, =CH,), 5.91-5.99 (1 H, m, CH=CH,), 7.37-7.50 (6 H,
m) and 7.61-7.75 (4 H, m, 2 x Ph); d (100 MHz; CDCl;) 15.5 (q),
24.6 (q), 40.9 (t), 44.2 (d), 70.2 (d), 76.9 (d), 115.0 (1), 127.8 (d),
128.0 (d), 130.3 (d), 130.6 (d), 133.2 (s), 133.3 (s), 134.4 (d), 134.8
(d), 140.1 (d); m/z (CI*) 342 (MNH,*, 61%), 325 (MH*, 100), 269
(64), 216 (22), 198 (10); HRMS (CT*) 325.1637 (MH*. C,,H,;0,Si
requires 325.1624).

(4R*,6R*,3 R*)-4-Methyl-6-(but-1-en-3-yl)-2,2-diphenyl[1,3,2]-
dioxasilinane (12). From aldehyde 11 (0.46 mmol) the general
procedure gave the title compound (12, 102 mg, 68%) as a white
crystalline solid, mp 48 °C. R; 0.61 (petrol-ether, 10 : 1); v, /cm™
(film) 3070m, 3050m, 2970s, 2868m, 1641w, 1592m, 1487w, 1456m,
1430s, 1370s, 1346m, 1217w, 1164s, 1116s br, 1066m, 1035m, 981s,
913s, 885s, 822m, 770w, 739s, 719s, 699s, 679w; Jy (400 MHz;
CDCl) 1.14 3 H, d, J 6.7, 3-CH;), 1.33 (3 H, d, J 6.1, 4-CH,),
1.63 (1 H, ddd, J 14.3, 11.0, 10.6) and 1.76 (1 H, dt, J 14.3, 2.1,
5-CH,), 2.35 (1 H, dquin, J 7.6, 6.7, 3-H), 3.94 (1 H, ddd, J 11.0,
6.7, 2.1, 6-H), 4.26 (1 H, dqd, J 10.6, 6.1, 2.1, 4-H), 5.02 (1 H,
ddd, J 10.3, 1.8, 1.2) and 5.08 (1 H, ddd, J 17.3, 1.8, 1.1, =CH,),
5.81 (1 H, ddd, J 17.3, 10.3, 7.6, CH=CH,), 7.33-7.48 (6 H, m)
and 7.60-7.71 (4 H, m, 2 x Ph); d. (100 MHz; CDCl;) 15.6 (q),
24.6 (q), 41.5 (1), 45.0 (d), 70.3 (d), 77.1 (d), 114.9 (1), 127.8 (d),
128.0 (d), 130.3 (d), 130.6 (d), 133.4 (s), 133.5 (s), 134.7 (d), 134.8
(d), 140.6 (d); m/z (CI*) 342 (MNH,*, 38%), 325 (MH*, 100),
269 (75), 216 (30), 198 (8), 109 (5); HRMS (CI*) 325.1624 (MH".
C,H,50,Si requires 325.1624).

(2R*,4S*)-Hept-6-ene-2,4-diol” (8). A solution of aldehyde 6
(207 mg, 0.67 mmol) in benzene (10 mL) was placed in a sealed
tube and heated at 200 °C for 5 days on a Wood’s metal bath

with periodic monitoring by "H NMR spectroscopy. The reaction
mixture was cooled and the solvent removed in vacuo. The resulting
oil was dissolved in a solution of potassium fluoride (80 mg,
1.38 mmol) in methanol (10 mL) then the mixture was stirred for
16 h and poured into water (10 mL). The solution was extracted
with ethyl acetate (2 x 20 mL) and the combined extracts were
washed with brine (10 mL) then dried over magnesium sulfate. The
solvent was removed in vacuo and the resulting oil was purified
by column chromatography (petrol-ether, 3 : 2) to give the title
compound (8, 48 mg, 55%) as a colourless oil. R; 0.11 (petrol—
ether, 1 : 1); v /cm™' (film) 3351s br, 2968s, 2933s, 1642m, 1433m,
1375m, 1325m, 1262m, 1080s, 1020m, 998m, 916m, 880w, 823w;
Jn (400 MHz; CDCLy) 1.21 (3 H, d, J 6.2, CH;), 1.52 (1 H, dt, J
14.5,9.9)and 1.61 (1 H, dt, J 14.5,2.5, 3-CH,), 2.18-2.31 2 H, m,
CH,CH=),2.94 (1 H, brs)and 3.06 (1 H, brs, 2 x OH), 3.88-3.94
(1H, m)and 4.02-4.10 (1 H,m, 2 x CH(OH)), 5.11-5.16 2 H, m,
=CH,), 5.76-5.87 (1 H, m, CH=CH,); 6 (100 MHz; CDCl;) 24.1
(q), 42.6 (t), 44.1 (1), 68.9 (d), 71.8 (d), 118.4 (t), 134.2 (d); m/z
(CI+) 146 (MNH,*, 6%), 131 (MH", 100), 113 (6), 95 (8); HRMS
(CT*) 131.1068 (MH*. C;H,50, requires 131.1072).

General cross-metathesis procedure, used to prepare substituted
allylic derivatives 16—19

To a stirred, degassed solution of silylcyanohydrin 15 (100 mg,
0.48 mmol) and the relevant alkene (see below for relative quan-
tities) in dichloromethane (4.0 mL) was added Grubbs’ second-
generation catalyst (41 mg, 0.048 mmol). The reaction mixture was
heated at reflux for 18 h, cooled to RT, and the solvent removed
in vacuo; the residue was purified by column chromatography
(petrol-ether, 10 : 1) to afford the desired compound.

2-(E-3-Triethoxysilylprop-2-enyl)dimethylsilanyloxy-3,3-dime-
thylbutyronitrile (16). Prepared as a colourless oil (61 mg, 34%)
using triethoxyvinylsilane (5.0 eq.) as the alkene. R; 0.11 (petrol—
ether, 10: 1); v /cm™! (film) 2972m, 2928w, 2882w, 1607w, 1479w,
1466w, 1445w, 1391w, 1366w, 1295w, 1258m, 1166m, 1103s, 1080s,
1035m, 956m, 887w, 957m, 772m; dy (400 MHz; CDCl;) 0.23 (3 H,
s) and 0.25 (3 H, s, Si(CH;),), 1.02 (9 H, s, C(CH;),), 1.23 (9 H,
t, J 7.0, 3 x CH,CH,;), 1.82-1.97 (2 H, m, SiCH,), 3.82 (6 H, q,
J 7.0,3 x CH,CH;), 4.03 (1 H, s, CHCN), 5.34 (1 H, dt, J 18.5,
1.5, =CHSi), 6.43 (1 H, dt, J 18.5, 8.0, CH,CH=); é (100 MHz;
CDCl;) —2.6 (q), —2.3 (q), 18.2 (q), 24.9 (q), 28.9 (1), 35.9 (s),
58.4 (t), 71.0 (d), 119.0 (s), 119.4 (d), 148.3 (d); m/z (ESI*) 432
(MNH,*-MeCN, 100%), 396 (MNa", 3); HRMS (ESI*) 374.2189
(MH". C,;H;NO,Si, requires 374.2183).

2+(E-Cinnamyl)dimethylsilanyloxy-3,3-dimethylbutyronitrile (17).
Prepared as a colourless oil (70 mg, 51%) using styrene (1.0 eq.) as
the alkene. R; 0.21 (petrol-ether, 10 : 1); vy /cm™' (film) 2964m,
2238w, 1368w, 1255m, 1105s, 1035w, 993m, 860s, 754m, 694m; oy
(400 MHz; CDCI;) 0.28 (3 H, s) and 0.30 (3 H, s, Si(CHj;),), 1.05
(9 H, s, C(CH,),), 1.87 (1 H, dd, J 18.5, 8.0) and 1.91 (1 H, dd,
J 18.5, 8.0, SiCH,), 4.07 (1 H, s, CHCN), 6.25 (1 H, dt, J 15.5,
8.0, CH,CH=),6.36 (1 H,d, J 15.5,=CHPh), 7.27-7.42 (5 H, m,
Ph); 6. (100 MHz; CDCl;) —2.4 (q), —2.2 (q), 23.3 (t), 25.0 (q),
36.0 (s), 71.0 (d), 119.1 (s), 125.1 (d), 125.6 (d), 126.5 (d), 128.7
(d), 130.1 (d), 137.4 (s); m/z (FI*) 287 (M*, 100%); HRMS (FT*)
287.1709 (M*. C};H,sNOSi requires 287.1700).
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2-(E-4-Nitrocinnamyl)dimethylsilanyloxy-3,3-dimethylbutyroni-
trile (18). Prepared as a colourless oil (63 mg, 40%) using 4-
nitrostyrene (1.0 eq.) as the alkene. R; 0.24 (petrol-ether, 5 : 1);
Vmax/Cm ! (film) 2965s, 2874m, 2446w, 1639s, 1595s, 1515s, 1478m,
1398m, 1368m, 1341s, 1257s, 1182m, 1108s, 1034m, 986m, 936w,
844s, 799s, 749m, 715m; Jy4 (400 MHz; CDCI;) 0.27 (3 H, s) and
0.29 (3 H, s, Si(CH;),), 1.02 (9 H, s, C(CH.);), 1.87-2.01 2 H, m,
SiCH,), 4.04 (1 H, s, CHCN), 6.38 (1 H, d, J 16.0, =CHAr), 6.49
(1H,dt,J 16.0,8.0,CH,CH=),7.41 (2H,d,J8.5)and 8.13 (2 H,
d, J 8.5, Ar); dc (100 MHz; CDCl;) —2.2 (2 x q), 24.3 (1), 24.8 (@),
35.9 (s), 65.8 (d), 119.0 (s), 124.0 (d), 125.9 (d), 128.1 (d), 131.3
(d), 144.5 (s), 146.1 (s); m/z (FI*) 332 (M*, 100%); HRMS (FI*)
332.1556 (M*. C;;H,,N,0O;8i requires 332.1551).

2-( E-3-Methoxycarbonylprop-2-enyl)dimethylsilanyloxy-3,3-di-
methylbutyronitrile (19). Prepared as an orange oil (56 mg, 44%)
using methyl crotonate (1.0 eq.) as the alkene. R; 0.17 (petrol-
ether, 5: 1); vy /cm™! (film) 2964m, 2239w, 1720s, 1642m, 1479m,
1436m, 1399m, 1368m, 1323m, 1262m, 1204m, 1103m, 1047m,
953w, 920m, 837m, 758m, 734m, 690m; Jy (400 MHz; CDCl;)
0.26 (3 H, s) and 0.29 (3 H, s, Si(CH;),), 1.02 (9 H, s, C(CH;)5),
1.84-1.97 (2 H, m, SiCH,), 3.72 (3 H, s, OCH,), 4.01 (1 H, s,
CHCN), 5.77 (1 H, dt, J 15.5,1.5,=CHCO), 7.02 (1 H, dt, J 15.5,
8.5, CH,CH=); . (100 MHz; CDCl;) —2.4 (q), —2.1 (q), 24.1 (1),
24.9 (q), 35.9 (s), 51.3 (q), 71.0 (d), 118.8 (s), 120.4 (d), 145.3 (d),
166.9 (s); m/z (ESI*) 328 (MNH,*-MeCN, 100%), 307 (22), 292
(MNa*, 4); HRMS (ESI*) 270.1527 (MH*. C,;H,,NO;Si requires
270.1525).

(BR*,4R* ,5R*)-6,6-Dimethyl-3-phenylhept-1-ene-4,5-diol (27).
A solution of aldehyde 22 (120 mg, 0.41 mmol) in benzene (8 mL)
was heated at 80 °C for 3.5 d. The mixture was cooled and
the solvent removed in vacuo to yield the dioxasilolane (25). [0y
(200 MHz; C;Dy) 0.07 (3 H, s) and 0.22 (3 H, s, Si(CHs),), 1.07
(9 H, s, C(CH;);), 3.48 (1 H, dd, J 8.5, 5.0, CHPh), 3.95 (1 H,
d, J 5.0, t-BuCH), 4.51 (1 H, t, J 5.0, CH(O)CHPh), 5.16 (1 H,
dd, J 10.0, 2.0) and 5.24 (1 H, ddd, J 17.0, 2.0, =CH,), 6.19—
6.50 (1 H, m, CH=CH,), 7.15-7.55 (5 H, m, Ph)]. The crude
dioxasilolane was dissolved in THF (16 mL), the mixture was
cooled to 0 °C and TBAF (1.03 mL, 1.0 M solution in THF,
1.03 mmol) was added dropwise. The reaction mixture was stirred
for 30 min at 0 °C, warmed to RT and then stirred for a further
1.5 h. The reaction was quenched by the addition of ammonium
chloride solution (saturated, aqueous, 30 mL) and then extracted
with ethyl acetate (3 x 30 mL). The combined organic layers were
washed with brine (80 mL) and dried over magnesium sulfate.
The solvent was removed in vacuo and the residue purified by
column chromatography (petrol-ethyl acetate, 10 : 1) to afford
the title compound (27, 54 mg, 56%) as a colourless oil. R; 0.32
(petrol-ethyl acetate, 4 : 1); vy /cm™" (film) 3399br, 2963s, 2891m,
2232w, 1659w, 1370s, 1257s, 1104m, 843m, 804m; d, (500 MHz;
CDCl;) 0.99 (9 H, s, C(CH,);), 1.82 (1 H, br s) and 2.31 (1 H,
brs, 2 x OH), 3.44 (1 H, d, J 2.5, +-BuCH), 3.58 (1 H, t, J 9.0,
CHPh), 4.06 (1 H, dd, J 9.0, 2.5, CH(OH)CHPh), 5.20 (1 H,
d, J 10.0) and 5.26 (1 H, d, J 17.0, =CH,), 6.05 (1 H, ddd,
J 17.0, 10.0, 9.0, CH=CH,), 7.29-7.37 (3 H, m) and 7.38-7.46
(2 H, m, Ph); 6. (125 MHz; CDCl;) 26.3 (q), 35.1 (s), 55.8 (d),
71.4 (d), 76.2 (d), 117.7 (1), 127.3 (d), 128.5 (d), 129.1 (d), 138.3
(d), 140.7 (s); m/z (CI*) 252 (MNH,*, 100%), 236 (31), 119 (42),

131 (84), 118 (72); HRMS (CI*) 252.1962 (MNH,*. C;sH,xNO,
requires 252.1964).

(2R)- and (25)-[(2R,6.5)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-
2-yl]-2-hydroxyacetonitrile (29) and (30)

To a stirred solution of aldehyde 28 (12.7 g, 62.1 mmol) in
THF (25 mL) at 5 °C was added a solution of potassium
cyanide (4.86 g, 74.7 mmol) in water (25 mL). A solution of
sodium hydrogen sulfite (saturated, aqueous, 40 mL) was added
dropwise over 10 min and then stirring was continued for 2 h. The
reaction mixture was warmed to RT and extracted with ether (3 x
50 mL). The combined organic layers were washed successively
with hydrochloric acid (5.0 M, 100 mL) and brine (100 mL) and
then dried over magnesium sulfate and concentrated in vacuo to
afford the title compounds (29 and 30, 3 : 2 ratio, 12.5 g, 87%) as a
colourless, viscous oil that solidified on standing to a white, waxy
solid, mp 74 °C. v, (KBr)/cm™" 3417br, 2951m, 2235w, 1378m,
1146s, 1035m, 946m, 874m; Jy (400 MHz; CDCl;) 1.30 (3 H, s,
CH,, 29),1.31 (3H, s, CH;, 30), 1.34 (3H, s, CH;, 30), 1.36 3 H, s,
CH,, 29), 3.27 (3 H, s, OCH;, 29), 3.28 (3 H, s, OCHj,, 30), 3.33
(3 H, s, OCH;, 30), 3.35 (3 H, s, OCH;, 29), 3.52 (1 H, dd, J 11.0,
3.5,CHH, 29),3.67(1 H,dd, J 11.0,3.5,CHH, 30), 3.74 (1 H, t,
J11.0,CHH’, 30),3.85(1 H, t,J 11.0,CHH", 29),4.11-4.17 2 H,
m, 2 x CHO, 29/30),4.38 (1 H, d, J 2.5, CH(OH), 29), 4.45 (1 H,
d, J 6.5, CH(OH), 30); 6 (100 MHz; CDCl,;) 17.4 (4 x q), 48.2
(2 x q),48.3(2 x q), 58.6 (1), 59.8 (1), 61.4 (d), 61.9 (d), 67.5 (d),
68.0 (d), 98.1 and 98.3 (2 x s), 99.8 and 100.0 (2 x s), 117.6 (2 x
s); m/z (FI*) 231 (M*, 70%), 201 (15), 157 (30), 115 (100), 70 (25);
HRMS (FT*) 231.1111 (M*. C,,H,;NOs requires 231.1101).

Allylchlorodiphenylsilane

Copper(11) chloride was recrystallised from hydrochloric acid
(2.5 M) and then dried under high vacuum for 18 h at 150 °C. A
two-necked flask was then charged with a portion of this copper(ir)
chloride (0.54 g, 4.0 mmol) and anhydrous copper(1) iodide (20 mg,
0.11 mmol). The flask was equipped with a Schlenk filter attached
to a second flask and all joints were sealed with PTFE tape.
The apparatus was evacuated under high vacuum for 3 h and
purged with argon several times; anhydrous THF (7.5 mL) was
then added followed by allyldiphenylsilane! (435 mg, 2.0 mmol).
The red/orange suspension was stirred for 20 h at RT, the mixture
becoming light brown in colour after 2 h. At the end of the reaction
the apparatus was inverted through the Schlenk filter and the
inorganic residues filtered off by suction under argon to afford a
solution of allylchlorodiphenylsilane in THF.

Typical DIBAL-ene-TBAF sequence, used to prepare 35/36 and
47/48

To a stirred solution of silyloxycyanohydrin (31/32 or 43/44,
1.02 mmol) in dichloromethane (20 mL) at —78 °C was added
DIBAL (1.52 mL, 1.0 M solution in dichloromethane, 1.52 mmol)
and the solution was stirred for 1 h. A solution of tartaric acid
in methanol (saturated, 6 mL) was then added and the mixture
stirred for a further 30 min then warmed to RT. The mixture
was partitioned between water (50 mL) and ether (100 mL) and
the aqueous component was extracted with ether (3 x 60 mL).
The combined organic extracts were then washed successively
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with tartaric acid solution (saturated, aqueous, 60 mL) and brine
(60 mL) and dried over magnesium sulfate. The residue was
concentrated in vacuo to afford the crude silyloxyaldehydes (33/34
or 45/46) which were then dissolved in C;,Dy and heated at 80 °C
in a sealed tube. Heating was continued until "H NMR analysis
indicated disappearance of the aldehyde resonance (16 h to 5 d)
whereupon the solution was cooled and the solvent evaporated
in vacuo. The crude siladioxolanes were then dissolved in THF
(40 mL) and the solution cooled to 0 °C. TBAF (2.19 mL, 1.0 M
solution in THF, 2.19 mmol) was added dropwise and the reaction
mixture was stirred at 0 °C for 30 min and at RT for a further
1.5 h. The reaction was quenched by the addition of ammonium
chloride solution (saturated, aqueous, 40 mL) and the product
extracted into ethyl acetate (3 x 100 mL). The combined organic
extracts were washed with brine (200 mL), dried over magnesium
sulfate, and concentrated in vacuo. The residue was purified by
column chromatography (petrol-ethyl acetate, 2 : 1) to afforded
the diols 35/36 or 47/48. In the case of diols 35/36 some of
the diol 36 was obtained in a pure form, free of diol 35, and the
subsequent reactions were performed on both the diol mixture and
the separated diol 36. In the 47/48 series all subsequent reactions
were performed on the mixture.

(1R,2S)- and (1S,2R)-1-[(2R,5R,6R)-5,6-Dimethoxy-5,6-dime-
thyl-1,4-dioxan-2-yl]pent-4-ene-1,2-diol (35) and (36). Colourless
oil (35 and 36, 3 : 2 ratio, 320 mg, 24% on a 4.91 mmol scale). R;
0.37 (35) and 0.43 (36) (ethyl acetate); vy, (film)/cm™' 3453s br,
3076w, 2949s, 2834w, 1642w, 1449m, 1376s, 1263w, 1211m, 1123s,
1037s, 949m, 879w; Jy (400 MHz; CDClL;) 1.28 (12 H, s, 4 x CH;,
35/36),2.31-2.37(4H, m, 2 x CH,CH=, 35/36),3.27 (6 H, 5,2 x
OCHj;, 35/36),3.28 (6 H, s, 2 x OCHj;, 35/36), 3.42-3.48 2 H, m,
2 x CH(O)CH,O0, 35/36), 3.67 (2 H, dd, J 11.4,39,2 x CHH,
35/36),3.73(2H,t,J 11.4,2 x CHH’, 35/36),3.87-3.94 2 H, m,
2 x CH(OH)CH,, 35/36), 3.97-4.10 2 H, m, 2 x CH(OH)C(0O),
35/36), 5.06-5.19 (4 H, m, 2 x =CH,, 35/36), 5.80-5.91 2 H, m,
2 x CH=CH,, 35/36); o (100 MHz; CDCl;) 17.5 (q), 17.6 (q),
17.8 (q), 17.8 (q), 37.9 (1), 38.4 (1), 48.1 (q), 48.1 (2 x q), 48.2 (q),
60.1 (t), 61.0 (1), 67.9 (d), 68.5 (d), 69.8 (d), 70.9, (d), 72.7 (d), 73.7
(d), 98.0(s), 99.2(s),99.2 (s), 99.4 (), 117.9 (1), 118.5 (1), 134.3 (d),
134.5 (d); m/z (EST*) 299 (MNa*, 100%), 242 (15); HRMS (ESI*)
299.1470 (MNa*. C;H,4NaOg requires 299.1465).

(1R,25,35)- and (1S,2R,3R)-1-[(2R,5R,6R)-5,6-Dimethoxy-
5,6-dimethyl-1,4-dioxan-2-yl]-3-phenylpent-4-ene-1,2-diol (47) and
(48). Colourless oil (47 and 48, 3 : 2 ratio, 71 mg, 25% on a
0.802 mmol scale). R, 0.52 (ethyl acetate); vy (film)/cm=' 34565
br, 3063w, 2948s, 2833m, 1737m, 1637w, 1601w, 1453m, 1375s,
1131s, 949m, 879s, 765w, 702m, 670m; Jy; (400 MHz; CDCI;) 1.30
(12 H, s, 4 x CH;, 47/48), 3.26 (3 H, s, OCH;, 47), 3.28 3 H, s,
OCH;, 48), 3.29 (3 H, s, OCH;, 47), 3.30 (3 H, s, OCH5;, 48), 3.48
(1H,dd,J11.2,3.2,CHH,48),3.60 (1 H, app.t,J 9.2, CHH', 47),
3.65-3.75(4 H, m), 3.84-3.81 (2 H, m) and 4.02-4.16 (4 H, m, 2 x
CH(Ph)CH(OH)CH(OH)CH(O)CHH', 47/48), 5.12-5.23 (4 H,
m, 2 x =CH,, 47/48), 5.95-6.06 (2 H, m, 2 x CH=CH,, 47/48),
7.22-7.40 (10 H, m, 2 x Ph, 47/48); 6. (100 MHz; CDCl;) 17.6—
17.8 (4 x q), 48.1-48.3 (4 x q), 53.4 (1), 53.6 (1), 60.0 (1), 61.6 (),
67.5 (d), 69.2 (d), 70.5 (d), 71.5 (d), 74.8 (d), 98.0 (2 x s), 99.2
(2 x8),117.5(d), 117.6 (d), 126.9-129.1 (overlapping), 137.8 (2 x
d); m/z (ESI*) 375 (MNa*, 75%), 337 (100), 277 (20), 258 (10);
HRMS (ESI*) 375.1770 (MNa*. C,yHxNaO; requires 375.1778).

Deprotection of compounds 39 and 40

To a stirred solution of aldehydes 39 and 40 (114 mg, 0.249 mmol)
in 1,2-dichloroethane (2.6 mL) at RT was added a solution of
trifluoroacetic acid and water (9 : 1, 0.4 mL). After 2 min the
solvent was removed in vacuo and the residue purified by column
chromatography (petrol-ethyl acetate, 1 : 1) to afford the 1,6-
anhydrosugars 41 [7 mg, 9% (14% based on theoretical quantity
of 39)] and 42 [10 mg, 12% (31% based on theoretical quantity of
40)] as waxy off-white solids.

1,6-Anhydro-3,4-di- O-benzyl-2-deoxy-f-D-gulose (41). R; 0.67
(ethyl acetate); [a]5 —35 (¢ 0.75, CHCL); o4 (400 MHz; CDCl;)
1.62 (1 H, ddd, J 13.1, 10.1, 1.2, 2-H,,), 2.33 (1 H, ddd, J 13.1,
6.8,2.0,2-H,,),3.64 (1 H,dd, J 7.5,4.5,6-H), 3.72 (1 H, dd, J 8.0,
4.5,4-H), 3.86 (1 H, ddd, J 10.1, 8.0, 6.8, 3-H), 4.10 (1 H,d, J 7.5,
6-H'),4.47 (1 H, t,J 4.5, 5-H), 4.66 2 H, s, CH,Ph), 4.68 (1 H, d,
J 11.8) and 4.80 (1 H, d, J 11.8, CH,Ph), 5.50 (1 H, app. s, 1-H),
7.28-7.40 (10 H, m, 2 x Ph); - (100 MHz; CDCl,); 38.2 (1), 65.4
(t), 72.1 (t), 73.0 (t), 73.5 (d), 75.9 (d), 79.4 (d), 100.8 (d), 127.7—
128.6 (overlapping), 138.4 (s), 138.6 (s); m/z (ESI*) 349 (MNa-*,
100%), 317 (80); HRMS (ESI*) 349.1402 (MNa*. C,H;NaOy
requires 349.1410).

1,6-Anhydro-3,4-di-O-benzyl-2-deoxy-p-D-glucose  (42)*. R;
0.65 (ethyl acetate); [a]Z) —60 (c 0.15, CHCL), lit.* [a]® —55.2 (¢
0.5, CHCL,), lit.* [a]® —39.3 (¢ 1, CHCL); 5 (400 MHz; CDCl;)
1.94(1H,d, J 14.5,2-H,,), 2.06 (1 H, ddd, J 14.5, 5.8, 2.0, 2-H,,),
343 (1 H, s, 4-H), 3.65 (1 H, d, J 5.8, 3-H), 3.73 (1 H, t, J 6.8,
6-H), 4.20 (1 H, dd, J 6.8, 1.2, 6-H'), 444 (1 H, d, J 12.1) and
4.54(1H,d,J12.1,CH,Ph),4.57 (1 H, d, J 12.2, CHHPh), 4.58
(1H,d,J 6.8, 5-H),4.62 (1 H,d, J 12.2, CHH'Ph), 5.59 (1 H, s,
1-H), 7.28-7.40 (10 H, m, 2 x Ph); dc (100 MHz; CDCL,) 33.0
(1), 64.7 (1), 71.1 (t), 71.2 (t), 72.3 (d), 73.9 (d), 77.2 (d), 99.9 (d),
127.5-128.5 (overlapping), 138.2 (2 x s); m/z (ESI*) 349 (MNa*,
100%).

Deprotection of compounds 51 and 52

To a mixture of aldehydes 51 and 52 (10 mg, 0.019 mmol) was
added a solution of acetic acid/water (2 : 1, 1 mL) and the mixture
was stirred at 100 °C for 2 h. The mixture was then cooled to
RT, concentrated in vacuo (high vacuum line) for 18 h, and the
residue purified by column chromatography (petrol-ethyl acetate,
3: 1 — ethyl acetate) to afforded the sugar derivatives 53 [3.5 mg,
47% (78% based on theoretical quantity of 51)] and 54 [2 mg, 27%
(66% based on theoretical quantity of 52), 52(a):48(p) anomeric
mixture] as waxy off-white solids.

1,6-Anhydro-3,4-di-O-benzyl-2-deoxy-2-C-phenyl-§-D-idose  (53).
R; 0.81 (ethyl acetate); [a]y —19 (c 0.3, CHCL); vy, (film)/cm™
3418m br, 2962s, 1729w, 1496w, 1454m, 1100s, 873w, 800m, 699m;
Ju (500 MHz; CDCl,) 2.98 (1 H, d, J 9.8, 2-H), 3.78 (1 H, dd,
J 15,45, 6-H), 3.86 (1 H, dd, J 8.0, 4.5, 4-H), 3.94 (1 H, dd, J
9.8, 8.0, 3-H), 4.10 (1 H, d, J 10.8, CHH'Ph), 4.29 (1 H, d, J 7.5,
6-H'), 4.49 (1 H, d, J 10.8, CHH'Ph), 4.56 (1 H, t, J 4.5, 5-H),
470 (1 H,d,J 11.7)and 4.79 (1 H, d, J 11.7, CH,Ph), 5.37 (1 H,
d,J 1.2, 1-H), 6.98-7.50 (15 H, m, 3 x Ph); d. (125 MHz; CDCl,)
55.7(d), 65.7 (t), 73.0 (t), 73.8 (d), 75.0 (1), 80.2 (d), 81.4 (d), 103.5
(d), 127.2-129.3 (overlapping); m/z (ESI*) 425 (MNa*, 100%),
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413(50); HRMS (ESI*) 425.1722 (MNa*. Cy,HxNaO, requires
425.1723).

3,4-Di-O-benzyl-2-deoxy-2-C-phenyl-D-glucose (54). R; 0.36—
0.58 (streaks) (ethyl acetate); [a]} +29 (¢ 0.18, CHCL); Vi
(film)/cm~" 3453s br, 3079w, 2949s, 2834m, 1642w, 1449m, 1376m,
1263w, 1123s, 1037s, 949w, 879m; 6,4 (500 MHz; CDCl;) 2.84 (1 H,
dd, J 10.8, 8.8, 2-H, B), 3.07 (1 H, dd, J 11.2, 3.0, 2-H, o), 3.68
(1 H,dd, J9.7, 8.5, 4-H, B), 3.69 (1 H, dd, J 9.8, 8.7, 4-H, w),
3.90 (1 H, dd, J 10.8, 8.5, 3-H, B), 3.95 (1 H, d, J 10.3, CHH'Ph),
4.06-4.26 (6 H, m, 2 x 5-H and 2 x 6-H,, a/p), 4.18 (1 H, d, J
10.3, CHH'Ph), 4.36 (1 H, dd, J 11.2, 8.7, 3-H, a), 4.47 (1 H, d,
J 10.3, CHH'Ph), 4.60 (1 H, d, J 10.3, CHH'Ph), 4.71 (1 H, d,
J 11.0, CHH'Ph), 4.72 (1 H, d, J 11.1, CHH'Ph), 491 (1 H, d,
J 11.0, CHH'Ph), 4.94 (1 H, d, J 11.1, CHH'Ph), 5.06 (1 H, d, J
8.8, 1-H, B), 5.30 (1 H, d, J 3.0, 1-H, @), 6.76-7.52 (30 H, m, 6 x
Ph, a/B); 5 (125 MHz; CDCI;) 54.2 (d), 57.1 (d), 62.2 (1), 62.3 (1),
71.8 (d), 75.7 (d), 78.5 (d), 79.6 (d), 80.5 (d), 84.5 (d), 75.1-75.4
(4 x t),94.8 (d), 97.6 (d), 127.4-130.0 (overlapping); m/z (ESI*)
443 (MNa*, 100%), 429 (20), 305 (20), 261 (10), 215 (10); HRMS
(ESI*) 443.1830 (MNa*. C,sHxNaOjs requires 443.1829).
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N-Substituted glycine peptoid oligomers were synthesized to incorporate a photoresponsive
azobenzene side chain. The ability of this side chain to undergo reversible photoisomerization was
established, and the cis- to trans-azobenzene thermal isomerization of this side chain was investigated.
Circular dichroism studies indicated that frans- to cis-azobenzene isomerization does not significantly
alter the backbone conformation in a series of peptoids thought to have well-defined structures.

Introduction

Many biomolecular systems are capable of recognizing and
responding to external stimuli. Typically, an exogenous influence
such as ligand binding, a change in pH or temperature, or
absorbance of a photon can modulate biomolecular structure to
subsequently activate a biochemical signal cascade. In recent years,
extensive efforts have been made to mimic the responsiveness
of biomolecules to their environment for biosensor and other
biomedical applications.” Within these novel synthetic systems,
light has emerged as a useful and convenient external stimulus due
to the fact that it can be spatially and temporally controlled. In
particular, research has focused on the irreversible photorelease
of chemically caged compounds®™ and the reversible structural
changes of photochromic compounds such as azobenzene.'*'¢
Our research is focused on developing structural control in
a class of peptidomimetics known as N-substituted glycine
oligomers, or peptoids. These molecules can be readily synthesized
in a sequence-specific manner to yield a wide array of chemically
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diverse products.””" Additionally, peptoids have the propensity
to form stable, ordered conformations,??* and a number of
these oligomers have shown biological activity.”*?’ Despite their
similarities to biopolymers, however, only a small number of
peptoid oligomers have been shown to be responsive to their
environment.***? Thus far, such systems have relied on solvent
or pH changes to induce conformational changes.

Although photosensitive functional groups have not yet been
incorporated into peptoids, many azobenzene-functionalized pep-
tides have been shown to undergo photo-induced conformational
switching, suggesting that this strategy could be extrapolated to
peptidomimetic systems.!*!® Here, we report the incorporation
of an azobenzene moiety into a peptoid scaffold and the ability
to reversibly photoisomerize this side chain. The introduction
of photoresponsive functionalities within this important class of
biomimetic oligomers may allow for unique structural control and
may expand the scope of their potential applications.

Results and discussion
Synthesis of photoresponsive peptoid oligomers

Azobenzene-containing peptoids were synthesized using a mod-
ified version of the solid-phase submonomer protocol developed
by Zuckermann et al. (Scheme 1)."” Typically, N-substituted gly-
cine oligomers are generated through iterative bromoacetylation

N
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Scheme 1 Synthesis of azobenzene-containing peptoid oligomers.
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and primary amine displacement steps. N-(p-Phenylazo-phenyl)-
glycine (Nazb) was incorporated as a monomer unit in this manner
by reacting the N-terminal bromoacetyl group of an elongating
peptoid chain with commercially available 4-aminoazobenzene.
Given the reduced nucleophilicity of this aryl amine with respect
to the more common alkyl amines used in peptoid synthesis,
the submonomer was allowed to react for 16 hours rather than
20 minutes. Additionally, the subsequent bromoacetylation was
carried out for 90 minutes rather than 20 minutes. For those
peptoid sequences bearing N-terminal Nazb monomers, a 90
minute bromoacetylation reaction was followed by treatment
with sodium borohydride to provide the corresponding acetylated
oligomers. Overall, syntheses of azobenzene-containing peptoid
oligomers yielded crude products with >85% purity which were
subsequently purified by reverse-phase high performance liquid
chromatography (RP-HPLC).*

Photoisomerization of azobenzene-containing peptoids

The capacity for azobenzene-functionalized peptoids to photoi-
somerize was evaluated using UV-vis spectroscopy before and
after photoirradiation of the oligomers within select wavelength
ranges. An initial absorbance spectrum of peptoid trimer 1
with azobenzene at the second residue showed an intense m—m*
transition around 325 nm and a weak n—m* transition around
440 nm, characteristic of trans-azobenzene. Analytical RP-HPLC
of the compound showed the presence of only one isomer.*! Upon
irradiation between 275 nm and 375 nm to the photostationary
state, the intensity of the n—n* transition decreased while that
of the n—m* transition increased (Fig. 1a). RP-HPLC showed
two peaks representing the cis- and trans-azobenzene isomers
of peptoid 1 with distinct polarities. Integration of these peaks
indicated approximately 75% conversion from a frans- to a cis-
azobenzene side chain.’® Subsequent irradiation of the trimer
in the visible region (>400 nm) completely recovered the trans-
azobenzene-containing oligomer (Fig. 1b).

() o2
0.7
0.6
0.5

0.4

Absorbance

0.3

0.2

0.1

I I ! I 1 I
240 280 320 360 400 440 480 520
Wavelength (nm)

Fig. 1

Kinetic stability of cis-azobenzene peptoid side chains

cis-Azobenzene is known to be thermally less stable than trans-
azobenzene, and the isomer is often short-lived, reducing the utility
of azobenzene as a photoswitch for practical applications.’>3
Thus, upon establishing the efficacy of azobenzene photoiso-
merization on a peptoid scaffold, the kinetic stability of the
unstable cis-azobenzene isomer was investigated. Absorbance
spectra of molecule 1 after trans- to cis-photoisomerization
showed that the cis-azobenzene isomer underwent rapid thermal
back-isomerization in the dark at room temperature, reconverting
to trans-azobenzene with a half-life of approximately 5 hours
(Scheme 2). Interestingly, upon acetylation of the N-terminus,
the thermal back-isomerization of resulting oligomer 2 slowed
drastically, reconverting with a half-life of over 6 days. To better
understand the nature of this disparity, a small library of oligomers
(39, 11, 12) with varying lengths, side chains, and N-terminal
functionalities were synthesized incorporating azobenzene at
different positions along the peptoid scaffold (Table 1 and 2).**

Scheme 2 Photoisomerization and thermal back-isomerization of 1.

An initial comparison of trimers 1, 3 and 5 to their acetylated
derivatives 2, 4, and 6 suggested that the drastic change in
the rate of thermal back-isomerization was simply a result of
the loss of a free N-terminal amine. This free amine could
establish an electrostatic influence or associate with a counterion
that can destabilize the nearby cis-azobenzene moiety. However,
molecule 14, which does not contain a free amine but displays
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Photoisomerization of a peptoid trimer monitored by UV-vis spectroscopy (a) trans- to cis- photoisomerization of 1: 0, 2, 4, 6, 8 and 10 sec

irradiation accompanied by decreasing absorbance intensity at 325 nm (b) cis- to trans- photoisomerization of 1: 0, 2, 4, 6, 8 and 10 sec irradiation

accompanied by increasing absorbance intensity at 325 nm.
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Table 1 N-Substituted glycine monomer units

Monomer Designator
@ Nazb = N-(p-phenylazo-phenyl)glycine
N// N

Nspe = (S)-N-(1-phenylethyl)glycine

/ Nme = N-(2-methoxyethyl)glycine
o]

NI,
| o}

Sar = N-(methyl)glycine or sarcosine

Table 2 Peptoid sequences and half-lives of thermal back-isomerization

Compound Sequence Half-life/hours
1 NspeNazbNspe 5.7
2 AcNspeNazbNspe 153.5
3 NmeNazbNme 5.5
4 AcNmeNazbNme 137.2
5 SarNazbSar 7.8
6 AcSarNazbSar 149.8
7 (Nspe), Nazb(Nspe), 108.9
8 Ac(Nspe), Nazb(Nspe), 84.8
9 AcNazb(Nspe), 106.6
10 Ac(Nspe)s —

11 Ac(Nspe); Nazb(Nspe); 122.5
12 AcNazb(Nspe)s 109.0
13 Ac(Nspe), —

14 N-methyl-p-phenylazo-acetanilide 5.0

« Half-life is based on a first-order decay.

the same core chromophore as 1-6, also showed a rapid rate of
back-isomerization. The fact that peptoid pentamer 7, bearing a
free N-terminus, had a slow rate of thermal back-isomerization
also indicated that this disparity in thermal stability cannot be
attributed exclusively to N-terminal acetylation. Additionally,
oligomers 1-6 showed that this phenomenon was not side chain
dependent. Ultimately, it was found that acetylated trimers and
longer oligomers underwent thermal back-isomerization nearly
one order of magnitude slower than non-acetylated trimers and
the small-molecule analogue 14 (Table 2).** This trend may be
attributable to non-local stereoelectronic interactions between the
azobenzene and monomer units more than one residue away that
stabilize the cis-azobenzene state or increase the energetic barrier
to back-isomerization by destabilizing the transition state of this
process.

Circular dichroism of photoresponsive peptoids

Peptoids rich in  (S)-N-(1-phenylethyl)glycine  (Nspe)
monomer units have been shown to populate compact helical
conformations and display distinct circular dichroism (CD)
spectra in their backbone amide absorbance region (between
195 nm and 225 nm).* Additionally, CD has been used
to detect backbone conformational changes in peptoids by
monitoring changes in the local electronic environment around
the main-chain amide chromophores.»* We sought to examine
the ability of peptoids incorporating Nazb to populate stable
backbone conformations. The effect of trans- to cis-azobenzene
photoisomerization on the peptoid backbone was monitored
using CD (Fig. 2). Since distinct conformational states typically
display unique CD spectra, a change in CD spectrum upon
photoisomerization would indicate a photoswitching of the
peptoid backbone structure.

Prior to photoisomerization, pentamers 8 and 9 and hep-
tamers 11 and 12 showed qualitatively similar CD spectra to
their corresponding Nspe homo-oligomers 10 and 13. Upon
photoisomerization, the general spectral shape of each oligomer
was retained, however compounds 9 and 12, bearing N-terminal
azobenzene side chains, showed a small decrease in signal intensity,
suggesting a subtle change in backbone conformation. Since the
azobenzene side chain in these oligomers was at the N-terminus,
this change is most likely only a realignment of the terminal
residue. Surprisingly, peptoids 8 and 11, bearing azobenzene side
chains in the middle of the sequence, showed virtually no change
in their CD spectra upon photoisomerization, indicating retention
of general backbone conformation features.

The CD spectra of oligomers 8, 9, 11 and 12 were not
dramatically altered after trans- to cis-azobenzene photoisomer-
ization. These results indicate that structural perturbations in the
azobenzene side chain may not strongly influence the peptoid
backbone. Previous studies of peptoids comprising N-alkyl glycine
monomers have described conformational rearrangements in
response to pH and solvent changes,”*** reinforcing the notion
that these oligomers can exhibit substantial structural plasticity.*
On the other hand, the local conformational preferences of N-
aryl glycine units, such as Nazb, have not been as carefully
defined. N-Aryl glycine monomers may exhibit distinct structural
characteristics. In particular, the presence of N-aryl glycines
may rigidify the peptoid backbone, thereby precluding dramatic
conformational rearrangements, even upon photoisomerization
of a bulky azobenzene side chain. Research in our lab is currently
focused on investigating the properties of N-aryl glycine peptoid
oligomers to better understand their structural preferences.

Conclusions

In conclusion, we have shown that a photoresponsive azobenzene
side chain can be readily incorporated within a peptoid scaffold
and reversibly interconverted between two states. Additionally, the
kinetic stability of the thermally less stable cis-azobenzene side
chain can be significantly enhanced by elongating the oligomer
beyond trimer length, thereby allowing access to this state for
practical applications or structural studies. Ultimately, the ability
to photocontrol both the backbone and side chain conformations
of these well-ordered peptidomimetics could provide a convenient
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Fig.2 CD spectra of (a) pentamers and (b) heptamers before and after frans- to cis- photoisomerization.

way to control their functions. Azobenzene-containing peptoids
may provide a useful scaffold for photoactive materials in optical
or sensor devices. Furthermore, the incorporation of this photore-
sponsive side chain into bioactive peptoids may provide a precise
method to modulate and probe their interactions with biological
molecules.

Experimental
Materials

Bromoacetic acid, 4-aminoazobenzene, piperidine, and methy-
lamine in tetrahydrofuran (2.0 M) were purchased from Sigma-
Aldrich (St. Louis, MO). S-(—)-1-Phenylethylamine was pur-
chased from TCI (Portland, OR). 2-Methoxyethylamine, acetic
anhydride, sodium borohydride, iodomethane and sodium hydride
(60% w/w dispersion in mineral oil) were purchased from
Alfa Aesar (Ward Hill, MA). N,N’-Diisopropylcarbodiimide
and N,N-diisopropylethylamine were purchased from Chem-
Impex International (Wood Dale, IL). Trifluoroacetic acid was
purchased from Acros (Belgium). Fmoc-protected Rink amide
resin (0.69 mmol g~! loading level) was purchased from Nova
Biochem (San Diego, CA).

Peptoid synthesis

Solid-phase synthesis of peptoid oligomers was carried out
in fritted syringes on Rink amide resin using a variation of
the peptoid submonomer synthesis reported by Zuckermann
et al." N-Substituted glycine monomers were generated from their
corresponding amine submonomers. N-(2-Methoxyethyl)-glycine
was generated by incorporation of 2-methoxyethylamine. N-
(Methyl)glycine was generated by incorporation of methylamine.
N-(4-Phenylazo-phenyl)glycine was generated by incorporation of
4-aminoazobenzene. (S)-N-(1-Phenylethyl)glycine was generated
by incorporation of S-(—)-1-phenylethylamine. All equivalencies
are given with respect to resin loading level.

In a typical oligomer synthesis, 100 mg of resin with a
loading level of 0.69 mmol g~ was swollen in 2 mL of N,N'-
dimethylformamide (DMF) for 30 minutes. Following swelling, the

Fmoc protecting group was removed by treatment with 1.5 mL of
20% piperidine in DMF twice for 20 minutes. After deprotection
and after each subsequent synthetic step, the resin was washed
twice with 2 mL of DMF, twice with 2 mL of dichloromethane,
and twice again with 2 mL of DMF, one minute per wash.

Peptoid synthesis was carried out with alternating bromoacy-
lation and amine displacement steps. For each bromoacylation
step, 20 eq. bromoacetic acid (1.2 M in DMF) and 24 eq. N,N'-
diisopropylcarbodiimide (neat) were added to the resin, and the
mixture was agitated for 20 minutes. After washing, 20 eq. of
the required amine (1.0 M in DMF) were added to the resin
and agitated for 20 minutes. Incorporation of methylamine was
carried out in 50% tetrahydrofuran in DMF. Additionally, a
modified reaction time of 16 hours was used for the amine dis-
placement with 4-aminoazobenzene, and the subsequent bromoa-
cylation of the N-terminal 4-aminoazobenzene was conducted for
90 minutes.

When required, peptoid N-termini were acetylated on solid-
phase by one of two methods. For oligomers with an N-terminal
4-aminoazobenzene, acetylation was carried out in two steps.
First, the N-terminus was bromoacetylated as described above.
After washing, the bromide was displaced by adding 5 eq. of
sodium borohydride (0.25 M in dimethylsulfoxide) to the resin
and agitating the mixture for 2 hours. All other oligomers were
acetylated by adding 10 eq. of acetic anhydride (0.5 M in DMF)
to the resin and agitating the mixture for 1 hour.

Peptoid characterization and purification

Peptoid products were cleaved from the Rink amide resin by
treatment with 95% aqueous trifluoroacetic acid for 10 minutes
(40 mL g7' resin). After filtration, the cleavage cocktail was
concentrated by rotary evaporation under reduced pressure for
large volumes or under a stream of nitrogen gas for volumes
less than 1 mL. Cleaved samples were then re-suspended in 50%
acetonitrile in water to the desired concentration.

Peptoid oligomers were characterized by analytical reversed-
phase high performance liquid chromatography (RP-HPLC) using
an analytical Cj; column on a Beckman Coulter System Gold
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HPLC system. Products were detected by UV absorbance at
214 nm during a linear gradient from 5 to 95% solvent B (0.1%
trifluoroacetic acid in HPLC-grade acetonitrile) in solvent A (0.1%
trifluoroacetic acid in HPLC-grade water) in 10 minutes with
a flow rate of 0.7 ml min~'. The expected molecular mass of
each product was confirmed using liquid chromatography/mass
spectrometry (LC/MS) on an Agilent 1100 Series LC/MSD Trap
XCT with an electrospray ion source in positive ion mode.*

Peptoid products were purified to >95% purity using the same
RP-HPLC apparatus described above with a preparatory Cig
column. Products were detected by UV absorbance at 230 nm
during a linear gradient from 5 to 95% solvent B in solvent A in
50 minutes with a flow rate of 2.5 ml min~'. Compounds were then
lyophilized to powders.

Synthesis and purification of /V-methyl-4-phenylazo-acetanilide
a4

Acetic anhydride (44 pL, 46.9 mmol) and N,N-diisopropyl-
ethylamine (122 pL, 70.4 mmol) were added to a solution of 4-
aminoazobenzene (50 mg, 23.5 mmol) in dichloromethane (1 mL)
and the mixture stirred at room temperature for 1 hour. The
solvent was then evaporated under a stream of nitrogen gas, and
the resulting residue was re-dissolved in diethyl ether (8§ mL). The
ether solution was washed twice with 5% aqueous citric acid (5 mL
per wash). The organic layer was then dried, and the solvent was
removed under reduced pressure.

The resulting crude acetylated product (4-phenylazo-
acetanilide) was then re-dissolved in N,N-dimethylformamide
(2mL). Iodomethane (36.5 uL, 58.7 mmol) and sodium hydride in
mineral oil (1.97 mg, 58.7 mmol) were added to the solution and
the mixture was stirred at room temperature for 2 hours. Diethyl
ether (8 ml) was added to the reaction mixture, and the mixture was
washed twice with 5% aqueous citric acid (5 mL per wash). The
organic layer was then dried, and the solvent was removed under
reduced pressure. The crude compound was purified on a silica-gel
column (5% ethyl acetate in dichloromethane to 20% ethyl acetate
in dichloromethane) to yield the desired product (41 mg, 68.9%).
Product was confirmed by "H-NMR in CDCI,.*

UV-Vis spectroscopy of azobenzene derivatives

All UV-Vis spectroscopy experiments were carried out in sealed
1 cm path-length quartz cuvettes on 50 uM solutions of each com-
pound in methanol. Photoisomerization of azobenzene derivatives
was monitored using an Agilent 8453 UV-Visible spectropho-
tometer. Each sample was irradiated with the appropriate wave-
lengths of UV or visible light for successive one second intervals,
obtaining an absorbance spectrum in between each interval.
Thermal cis- to trans- isomerization of azobenzene derivatives was
monitored using a Varian Cary 50 UV-Vis spectrophotometer.
Absorbance was measured before photoirradiation. Then samples
were irradiated from 275 nm to 375 nm for 2 minutes, and
then placed in the dark spectrophotometer chamber. Typically,
absorbance was measured each minute for the first 10 minutes,
every 10 minutes for the following 20 minutes, and then every
30 minutes until the sample was scanned for a minimum of
6 hours.

Circular dichroism spectroscopy of azobenzene derivatives

All CD spectroscopy experiments were carried out in capped
I mm path-length quartz cuvettes on 50 pM solutions of each
compound in methanol or acetonitrile. CD spectra were obtained
using an Aviv Stopped Flow CD Spectropolarimeter Model
202SF. CD spectra were obtained for each compound before and
after irradiation between 275 nm and 375 nm for 2 minutes.
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The synthesis of homothymine PNA-oligomers can be plagued by the occurrence of a significant

amount of truncation products, probably because on-resin aggregation hinders access during the

coupling reactions. The use of low resin loading and the addition of the chaotropic salt KSCN in DMF
allowed a partial remedy by conferring enhancements to the coupling yields. However, protection of the
imide group by using O-allyl-protected thymine Fmoc-t*" provided the most significant improvements
to the yields, even in cases where the use of non-protected thymine building blocks resulted in 70%

truncation products. Deallylation occurs during the TFA cleavage step. Thus, O-allyl-protection can be

applied in combination with standard protocols used in automated PNA synthesis.

Introduction

Peptide nucleic acid (PNA) is a DNA mimic with a pseudopeptide
backbone.! PNA is mainly synthesized using methods known from
the solid-phase synthesis of peptides.>* By analogy with peptide
synthesis, Boc- or Fmoc-groups serve as temporary protecting
groups. Permanent protection of the exocyclic amino groups is
usually achieved by means of benzyloxycarbonyl (Z),* benzyl
(Bn),’ benzhydryloxycarbonyl (Bhoc)® and methoxytrityl (Mmt)’
protecting groups. Boc/Z-protected PNA building blocks have
been shown to provide facile access to PNA and PNA conjugates.?
However, the majority of automated synthesis equipment is not
adapted to the repeated usage of corrosive TFA. Automated
synthesis is routinely performed using Fmoc/Bhoc-protected
building blocks. This strategy has allowed the synthesis of various
PNA constructs, including labelled PNA—-peptide conjugates,®*?
PNA’s containing acid labile modifications’ and DNA-PNA
conjugates.’** Problems that have been reported to occur in
Fmoc-based PNA synthesis include acyl shift reactions during
Fmoc-deprotection' and side-reactions at nucleobases, such as
unwanted reactions at the oxygen of primary amides.”> We have
faced yet another problem during the synthesis of PNA conjugates;
the enormous accumulation of truncation products during the
synthesis of PNA that contains extended homothymine segments,
which are required for the construction of PNA,-DNA triplex
structures." Failed coupling reactions in solid-phase synthesis
are often caused by the formation of secondary structure and
aggregation.'™” We herein present a solution to this problem
in PNA synthesis. A new thymine based PNA building block
(t) is presented. It is shown that the use of O-allyl protection
of the thymine (t*", Fig. 1) provided higher synthetic yields
and product purities than the use of classical solvent systems
known in the synthesis of difficult peptides. It adds to the
attractiveness that no changes to the synthesizer protocols were
necessary.

Humboldt-Universitit zu Berlin, Brook-Taylor-Str. 2, D-12489, Berlin,
Germany. E-mail: oliver.seitz@hu-berlin.de; Fax: +49 (030) 2093 7266;
Tel: +49 (030) 2093 7446
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Fig. 1 Fmoc-protected thymidine PNA monomer Fmoc-t and the
O-allyl protected form Fmoc-t*!, 4. (Fmoc, fluorenylmethoxycarbonyl;
All, allyl.)

Results and discussion

Within an ongoing research project®® directed towards the develop-
ment of peptide conjugates that can be switched by hybridization
we were in need of PNA-phosphopeptide chimeras such as Gly-
t,-Gln-pTyr-Glu-Glu-Ile-Pro-t,-Gly 1, which features two 7-mer
homo-t PNA-segments. The automated Fmoc-based synthesis of
such chimeras proved difficult. Even double couplings as described
by Mayfield and Corey® led to the predominant formation of
truncation products, which constituted 75% of the crude product
(vide infra). We considered that the presence of the poly-t PNA
stretch may have been the likely cause of this low synthetic yield.
Indeed, the Fmoc-based synthesis of t;,-PNA 2 and t,,-PNA 3
revealed similar problems in affording the full length products (vide
infra). Difficult PNA sequences such as very long PNA (> 15-mer),
homopurine or homopyrimidine PNA have been most successfully
prepared by Boc-chemistry."*? We reasoned that the repeated
exposure to acids such as TFA destroys any secondary structures
by protonation of the hydrogen bond acceptors. In seeking an
alternative means of secondary structure disruption that would be
amenable to Fmoc-solid-phase synthesis, two different approaches
were pursued. On the one hand we considered the use of additives
such as chaotropic salts and detergents. This approach resembles
procedures applied to facilitate the synthesis of difficult peptides.**
The synthesis of difficult peptides has been most successfully dealt
with by coupling building blocks in which amide protecting groups
served to prevent hydrogen bonding.?*?* Thus, on the other hand
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we evaluated the coupling of an imide-protected thymine building
block.

Building block synthesis

The permanent protection of the O*-position of thymine was
envisioned to disturb the aggregation tendency by the concomitant
removal of the hydrogen from the N* imide. We chose the allyl
group as a protecting group for the O*-position in thymine (Fig. 1).
The allyl group should be stable under Fmoc-cleavage conditions
and subsequent coupling reactions. Removal of the allyl group was
expected to occur during TFA treatment due to the known acid
lability of imino esters.

The synthesis of an O*-allyl-protected thymine PNA monomer
was commenced from the N'-alkylated thymine 5 (Scheme 1). The
introduction of the allyl group was performed by analogy with
Noyori et al.’s procedure for the synthesis of O*-allyl-thymidine.**
The O*-carbonyl oxygen was activated with 2-mesitylenesulfonyl
chloride followed by treatment with allyl alcohol. The acid lability
of the resulting allyl imidate 6 called for basic fert-butyl ester
cleavage, which was induced with NaH in DMF.*® Carbodiimide-
mediated coupling of the allyl-protected carboxymethylthymine 7
with the Fmoc-protected aminoethylglycine backbone? afforded
the desired Fmoc-t*" PNA monomer 4 in 32% overall yield.

o A

SN
ii

B — | /g — 4
. N

COO(fBu

5 ) 6, R=tBu
1L 7 ren

Scheme 1 Synthesis of the allyl modified thymidine PNA-monomer. i:
(a) 2-mesitylenesulfonyl chloride, NEt;, DMAP, CH,Cl,, 5 h; (b) allyl
alcohol, DBU, LiCl, NEt;, 12 h, 80%; ii: NaH, DMF, 1 h, 90%; iii: TCTU,
DIPEA, HOBt, Fmoc-aminoethylglycine, DMF, 5 h, 44%. (DBU, 1,8-
diazabicyclo-[5,4,0lundec-7-ene; DIPEA, ethyldiisopropylamine; DMAP,
N,N-dimethylaminopyridine; TCTU, 1H-6-chloro-benzotriazole-1,1,3,3-
tetramethyluronium tetrafluoroborate).

COOR

Solid-phase PNA synthesis

The different approaches were evaluated in the synthesis of Fmoc-
t;-PNA 3 (Scheme 2). Automated solid-phase synthesis was
performed on a 2 pmol scale on a glycine-loaded TentaGel Rink
amide resin with a loading of either 182 umol g', 101 umol
g' or 72 umol g™' glycine. Chain elongation involved the use
of TCTU as the coupling reagent, with 2 min preactivation and
30 min reaction time. The Fmoc-protected oligomer, such as
3, was cleaved from the resin after 90 min exposure to TFA-—
m-cresol-triisopropylsilane-H,O (85 : 5 : 5 : 5). The crude
product obtained upon precipitation with diethyl ether was
dissolved in H,O-MeCN (35 : 65) to assess the purity, based
on relative contents as determined by RP-HPLC-MS analysis.
Analyzing in the Fmoc-on mode, with the concomitant increased
retention of the full-length products, greatly facilitated product
identification.

Fmoc—GIyO

Il

Fmoc-t ittt tt-Gly ()

N
FmoctN" > ‘H/\CONHQ

= — 10

3, Fmoc-tyo-Gly CONH,
Scheme 2 Solid-phase synthesis. i: piperidine-DMF (1 : 4), (2 x
3 min); ii: 4 eq. Fmoc-t, 3.6 eq. TCTU, 8 eq. NMM in NMP or in
DMF and additives as specified, 30 min: iii: Ac,0-2,6-lutidine-DMF
(5:6:89), (2 x 3 min); iv: TFA-TIS-m-cresol-H,O (85 : 5 : 5 :
5), 90 min. (NMM, N-methylmorpholine; NMP, N-methylpyrrolidone;
TCTU, 1H-6-chloro-benzotriazole-1,1,3,3-tetramethyluronium tetrafluo-
roborate; TIS, triisopropylsilane.)

The crude material contained only 28% of the desired Fmoc-
protected t,;-PNA 3 when the synthesis was performed in NMP
without additives using a high, 182 umol g', resin loading
(Table 1).

The majority (70%) of the peak area in the HPLC trace (Fig. 2A)
was assigned to truncated products at 3-9 min. MS analysis
revealed reduced coupling yields after the introduction of the
fifth thymine building block. A reduction in the resin loading
from 182 umol g' to 72 umol g' resulted in an increase in the
product content from 28% to 38% (Table 1, see also Fig. 2B). A
change of the solvent used in the coupling reactions from NMP
to DMF allowed for small improvements at both 182 umol g
and 72 pumol g' resin loadings. The addition of detergents such
as 0.1 M sodium dodecylsulfate (SDS) or 0.5% Triton X 100 in
DMF had virtually no influence. The additive DMSO, which has
previously been reported to confer enhancements to the yields
in peptide synthesis,***” led to decreases in the coupling yields as
evidenced by the 7% increase in the content of truncation products
at both 182 pmol g~'(compare Fig. 2C with Fig. 2D) and 72 umol
g~! resin loading. Interestingly, the use of 0.1 M chaotropic salt
KSCN in DMF resulted in an increase in the product content
from 35% to 40% at 101 umol g™' resin loading (compare Fig. 2E
with 2F).

The test series listed in Table 1 suggests that the employment of
low resin loading confers significant improvements to the coupling
yields in the synthesis of difficult PNA sequences. However, the
coupling of the O-allyl-protected thymidine building block 4 in
NMP was found to enable even higher yields (Table 2). Despite
the use of high resin loading the content of t,,-PNA 3 in the
crude material was increased from 28% to 48%. The HPLC trace
(Fig. 3B) shows that the use of Fmoc-t*", 4 allowed the most
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Table 1 Content“of truncated products and PNA oligomer 3 in the crude material obtained after solid-phase synthesis

Additive Solvent Resin loading/pmol g™ Truncation products (%) PNA product (%)
SDS DMF 182 67 31
Triton X 100 DMF 182 65 32
DMSO DMF 182 71 26
DMSO DMF 72 63 35
KSCN DMF 101 56 40
— DMF 182 64 31
— DMF 101 63 35
— DMF 72 55 42
— NMP 182 70 28
— DMF 72 59 38

“ Based on the ratio of peak areas as determined by HPLC with detection at 260 nm.
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Fig. 2 HPLC traces of crude products 3 that were obtained when NMP
was used as the solvent in a synthesis with (A) high and (B) low resin
loading, when DMF was used as the solvent with high resin loading
(C) without and (D) with DMSO as a cosolvent, and when DMF was
used with mid resin loading (E) without and (F) with KSCN as an
additive. The asterisk indicates the desired product. (Nucleodur-Gravity
C18, 1 ml min~!, 3%-50% buffer B [CH;CN, 1% H,0, 0.1% formic acid]
in A [H,0, 1% CH;CN, 0.1% formic acid].)

efficient decrease in the amount of truncation products at 4-8 min.
As a result the overall yield of isolated t,;-PNA 3 was increased
from 4% to 10%. In the synthesis of t;-oligomer 2, the use of the
Fmoc-t* building block 4 provided a crude material with 68%

3 (with Fmoc-t)

* *
r T T T T T T T T y r T T T T T T
2 4 6 8 14 16 18 20 2 4 6 8 14 16 18 20

tin min

3 (with Fmoc-t)

tin min

2 (with Fmoc -t) 2 (with Fmoc A

R

12 14 16 18 20
tin min tin min

1 (with Fmoc-t) 1 (with Fmoc—tA")

*

E F

U * M

r T T T T T y T T J r T T T T T
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12
tin min

14 16 18 20
tin min

Fig. 3 HPLC traces of the crude products 3 (A, B), 2 (C, D) and 1
(E, F). The asterisk indicates the desired product. Traces B, D and F
were obtained when Fmoc-t*" building block 4 was used in the synthesis.
(Nucleodur-Gravity C18, 1 ml min~', 3%-50% buffer B [CH;CN, 1% H,0,
0.1% formic acid] in A [H,O, 1% CH;CN, 0.1% formic acid].)

product content. On the contrary, the content of product 2 was
reduced to only 23% when the allyl protection of thymine was
omitted. Again, the HPLC traces (Fig. 3C and 3D) provided clear
testimony to the improved purity.

The advantage of using t-allyl protection also became apparent
when chimera 1 was synthesized. The purity of the crude material
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Table 2 Content” of product in the crude material and yields® of the solid-phase synthesis of homothymine-containing PNA oligomers

Product Thymine derivative Content in the crude® Yield®
Fmoc-t,,-Gly-NH,, 3 Fmoc-t 28% 6%
Fmoc-tA", 7 48% 10%
Fmoc-t;-Gly-NH,, 2 Fmoc-t 23% 8%
Fmoc-t*", 7 68% 14%
Fmoc-Gly-t;-Gln-pTyr-Glu-Glu-Ile-Pro-t,-Gly-NH,, 1 Fmoc-t 10% 1%
Fmoc-tA!, 7 48% 4%

“Based on the ratio of peak areas as determined by HPLC with detection at 260 nm. ® The product yield after HPLC purification was determined via
absorption at 260 nm. The extinction coefficient was ¢ = 114000 M~'cm™' for 1, ¢ = 57300 M~'cm™' for 2 and ¢ = 81 600 M~'cm™' for 3.

obtained after acidolytic cleavage was increased from 10% to 48%
(compare Fig. 3E and 3F). The main deletion products again
occurred after the fifth coupling in each of the two PNA-strands.
This indicates that allyl protection does not completely solve the
problem of reduced coupling yields in the synthesis of long oligo-t
PNA.

Conclusions

The collected data suggests that the reduced coupling yields that
have been observed in the Fmoc-based solid-phase synthesis of
homothymine-containing PNA are most likely caused by on-
resin aggregation. Among the approaches known to prevent
aggregation in the synthesis of difficult peptides, the use of low
resin loading and the addition of the chaotropic salt KSCN
in DMF resulted in significant improvements to the coupling
yields. Furthermore, we have demonstrated a viable approach
that allowed the optimized synthesis of oligothymine-PNA even
when high resin loadings were used. A new building block, the
O*-allyl protected t-monomer Fmoc-t*" 4 was introduced. Allyl
protection of the thymine provided significant improvements to the
oligomer purity in cases where the use of non-protected thymine
building blocks resulted in 70% truncation products. The overall
synthesis time can be shortened because double couplings are
rendered unnecessary. In addition, Fmoc-t*" 4 can be used in
NMP solutions, which provides advantages over DMF solutions
which tend to form dimethyl amine. Deallylation occurs during
standard TFA-cleavage. Thus, allyl-protection can be applied in
combination with standard protocols used in automated PNA
synthesis.

Experimental
General

All organic starting materials were purchased in analytically pure
grade and used without further purification. The Fmoc-t-PNA
monomer was purchased from Applied Biosystems. The amino
acid building blocks, Fmoc-Gln(Trt), Fmoc-Glu(tBu), Fmoc-
Ile, Fmoc-Pro and Fmoc-Tyr[PO(NMe,),] were acquired from
Senn Chemicals. HPLC-grade acetonitrile was purchased from
Acros, DMF from Biosolve. The solid-phase peptide synthesis
was performed by using a Respep Synthesizer from Intavis
Bioanalytical Instruments AG . Cleavage of the peptide from
the resins was performed in 2 ml PET-syringes from Intavis, that
were equipped with Teflon filters (pore size 50 um). The combined
cleavage filtrates were concentrated by rotary evaporation and the

crude product isolated by ether precipitation. An Agilent 1100
system with a Gravity C18 3p 125/4 column, multi wavelength
detector and coupled ESI-MS was used in RP-HPLC. Eluents A
(H,O:MeCN:HCOOH =98.9:1:0.1 (v:v:v))and B(MeCN:
H,O : HCOOH = 98.9 : 1: 0.1 (v : v : v)) were used in a linear
gradient (gradient 1: 0-20 min, 3-50% B in A, or gradient 2: 0—
20 min, 3-80% B in A) at a flow rate of 1 mL min~'. The NMR
analysis was performed with a Bruker DPX 300 spectrometer.

O*-Allyl-N'-tert-butyloxycarbonylmethylthymine 6. To a solu-
tion of 1.20 g (5 mmol) N'-fert-butyloxycarbonylmethylen-
ethymine 5 in anhydrous dichloromethane (70 ml) under argon
were added 430 mg (3.5 mmol) DMAP, 1.97 g (9 mmol)
mesitylenesulfonyl chloride and 3.47 mL (25 mmol) triethylamine.
After 6 h stirring the solvent was removed at reduced pressure and
the oil dried for 30 minutes in vacuo. The solid was dissolved in
allyl alcohol (80 mL). At 0 °C 1.87 ml (12.5 mmol) DBU, 1.2 g
(28.4 mmol) lithium chloride and 5.9 ml (42.5 mmol) triethylamine
were added slowly. The solution was stirred for 12 h at room tem-
perature and concentrated in vacuo. Chromatography (dichloro-
methane-methanol 55 : 2) and subsequent washing with ethyl
acetate—hexane (1 : 1) yielded 1.11 g (4 mmol, 80%) of product 6
as a colorless solid.

R;: 0.3 (dichloromethane-methanol 55 : 2); dy (300 MHz,
DMSO): 1.42 (9H, s, CH, tert-butyl), 1.90 (3H, s, CH;, thymine),
4.44 (2H, s, CH,-CO), 4.83 (2H, dt, J 5.3 and 1.5 Hz, CH,-0O,
allyl), 5.38 (1H, dd, J 17.1 and 1.8 Hz, trans CH,=CH, allyl), 5.27
(1H, dd, J 10.5 and 1.5 Hz, cis CH,=CH, allyl), 6.03 (1H, ddt,
J 17.2, 10.5 and 5.3 Hz, CH, allyl), 7.80 (1H, s, H*-thymine); J
(75 MHz, DMSO): 11.9,28.1,51.1,67.1, 82.1, 102.9, 118.3, 133.1,
147.2, 155.7, 167.7, 170.1; HRMS (ESI) m/z C,,H,N,O, + H*
calcd 281.1496 (M + H"), found 281.1498.

O*-Allyl-N'-carboxymethylthymine 7. To a solution of 500 mg
(1.8 mmol) of compound 6 in dry N, N-dimethylformamide (15 ml)
under argon was added a total amount of 300 mg (7.2 mmol)
sodium hydride in two steps. After stirring for one hour the
suspension was neutralized to pH 6.0 with concentrated formic
acid. Chromatography (dichloromethane-methanol-formic acid
93 : 7 : 1) of the residue obtained after concentration in vacuo
yielded 360 mg (1.6 mmol, 90%) of the desired product 7 as a
colorless solid.

R:: 0.40 (dichloromethane-methanol-formic acid 93 : 7 : 1); dy
(300 MHz, DMSO): 1.90 (3H, s, CH, thymine), 4.46 (2H, s, CH,-
CO), 4.81 (2H, dt, J 5.3 and 1.5 Hz, CH,-O, allyl), 5.38 (1H, dd,
J 17.3 and 1.7 Hz, trans CH,=CH, allyl), 5.27 (1H, dd, J 10.5 and
1.5, cis CH,=CH, allyl), 6.03 (1H, ddt, J 17.2, 10.5 and 5.4 Hz,
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CH, allyl), 7.81 (1H, s, H'-thymine), 13.08 (1H, s, COOH); .
(75 MHz, DMSO): 11.9, 50.5, 67.1, 102.9, 118.3, 133.1, 147.2,
155.8, 170.1; HRMS (ESI) m/z Cj,H,,2N,O, + H* caled 225.0870
(M + H"), found 225.0871.

N-[N-Fluorenylmethyloxycarbonyl-(2”-aminoethyl)]- N -{2-[1'-
(O*-allyl-thyminyl)acetyl] }glycine 4. To a solution of 50 mg
(0.2 mmol) of carboxylic acid 7 in DMF (10 mL) were added
diisopropylethylamine (100 puL), 79 mg (0.9 mmol) TCTU and
30 mg (0.2 mmol) N-hydroxybenzotriazole. The solution was
stirred for 10 minutes before a solution of 73 mg (0.2 mmol) Fmoc-
aminoethylglycine in DMF (2 mL) was added. After 5 h the sol-
vent was removed in vacuo. Chromatography (dichloromethane—
methanol-formic acid 93 : 7 : 1) yielded 53.8 mg (0.2 mmol, 44%)
of the Fmoc-t*" building block 4 as a colorless solid.

R;: 0.32 (dichloromethane-methanol-formic acid 93 : 7 : 1);
ou (300 MHz, DMSO, cis—trans isomers): 1.89 (3H, d, J 4.9 Hz,
CH,;, thymine), 3.11-3.44 (4H, m, CH,—CH,, backbone), 3.95—
4.33 (4H, m, CH-CH, Fmoc, N-CH,-CO backbone), 4.56-4.75
(2H, m, CH,-CO, linker), 4.80 (2H, dt, J 4.3 and 1.3 Hz, CH,,
allyl), 5.39 (1H, dd, J 17.3 and 1.7 Hz, trans CH,=CH, allyl), 5.26
(1H, dd, J 10.5 and 1.5 Hz, cis CH,=CH, allyl), 6.03 (1H, ddt, J
18.3, 10.5 and 5.3 Hz, CH, allyl), 7.33-7.89 (10H, m, CH Fmoc
and CH thymine); . (75 MHz, DMSO, cis—trans isomers): 11.9,
31.2, 36.2, 38.7, 42.3, 50.5, 54.0, 67.1, 102.9, 118.3, 125.6, 127.5,
128.0, 128.8, 133.1, 141.2, 142.0, 144.3, 147.2, 155.7, 162.8, 170.1;
HRMS (ESI) m/z C,H;N,O; + H* caled 547.2187 (M), found
547.2196.

General procedure for the synthesis of PNA and
PNA-peptide chimeras

The solid-phase peptide synthesis was performed on a 2 umol
scale using Fmoc-Gly-loaded TentaGel Rink amide resin. The
preloaded resin was suspended in DMF (18 x 200 pL) for 1 min.
The automated synthesis was commenced with a deprotection
step, which included treatment with 200 pL. DMF-piperidine
(4 : 1 (v/v)) for 3 min. The reaction was repeated once before
washing (10 x 200 pnL. DMF). For the coupling, 4 equivalents of
Fmoc-t*" in NMP (final concentration 0.1 M) was preactivated by
using 8 equivalents of NMM and 3.6 equivalents of TCTU. This
solution was added to the resin after 4 min. The amino acids
were coupled by using an excess of 6 equivalents of the monomer
(final concentration 0.2 M in NMP), 5.4 equivalents of TCTU
and 12 equivalents of NMM. After 30 min the resin was washed
(10 x 200 uL. DMF). For capping, the resin was treated twice
with 200 puL acetic anhydride-2,6-lutidine-DMF (5 : 6 : 89) for
2 min. The resin was washed (10 x 200 uL. DMF). Prior to the
acidolytic cleavage the resin was washed with dichloromethane
(4 x 300 pL). The cleavage solution (1 mL, trifluoroacetic acid—
triisopropylsilane-m-cresol-water 85: 5: 5 : 5) was passed through
the syringe reactor for approximately 20 minutes. The filtrate was
collected and allowed to stand for 90 minutes in order to complete
the removal of the permanent protecting groups. To remove the
protecting groups of the phosphotyrosine 10% water was added to
oligomer 1 and the reaction mixture was stirred for an additional
12 hours. After concentration under reduced pressure the crude
product was precipitated by the addition of diethyl ether. The pellet
obtained after centrifugation and disposal of the supernatant was
washed with cold diethyl ether and collected by centrifigation.

Fmoc-ttttttt-Gln-Tyr(PO;H)-Glu-Glu-Ile-Pro-ttttttt-Gly“©NH2, 1,
11 mg (2 pmol, 182 pmol g™') of Fmoc-Gly loaded resin was
used. An aliquot (50%) of the crude material was purified by
HPLC (gradient 2) to yield 4.6 OD,, (39 nmol, 4%); trx =
9.5 min; (0-20 min: 3-80% B); MALDI-TOF-MS (o-cyano-
4-hydroxycinnamic acid); m/z: CysH,,NgsOP* caled. 4860.8
[M(average)], found 4859.9 [M(average)]*.

Fmoc-ttttttt-Gly“*™2, 2. 11 mg (2 umol, 182 umol g') of
Fmoc-Gly loaded resin was used. An aliquot (50%) of the crude
material was purified by HPLC (gradient 1) to yield 8.1 ODy,
(138 nmol, 14%); tx = 14.0 min; (0-20 min: 3-50% B); MALDI-
TOF-MS (o-cyano-4-hydroxycinnamic acid); m/z: Co, H;14N3, O3,
calcd. 2158.8 [M(average)], found 2159.1 [M(average)]*.

Fmoc-tttttttttt-Gly**™"2, 3. 11 mg (2 umol, 182 pumol g')
of Fmoc-Gly loaded resin was used. An aliquot (50%) of the
crude material was purified by HPLC (gradient 2) to yield
8.2 ODyp (97 nmol, 10%); #x = 13.6 min; (0-20 min: 3-
50% B); MALDI-TOF-MS (a-cyano-4-hydroxycinnamic acid);
m/z: CH 5Ny, Oyt caled. 2957.1 [M(average)], found 2957.1
[M(average)]*.
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The first total synthesis of the alkaloid pityriazole is de-
scribed using three consecutive palladium-catalyzed coupling
reactions.

The lipophilic yeast Malassezia furfur is believed to represent one
of the pathogenic agents responsible for pityriasis versicolor, a
Malassezia-associated common skin disease characterized by flaky
lesions.? Recently, Steglich and co-workers have isolated eleven
novel tryptophan metabolites from the cultures of M. furfur,
among them the hitherto unprecedented 1-(indol-3-yl)carbazole
alkaloid pityriazole 1 (Fig. 1).> Carbazole alkaloids are of general
interest due to their broad range of biological activities.** Thus,
the report from Steglich et al. prompted us to develop an
efficient synthetic approach to pityriazole (1) using our palladium-
catalyzed route.

COOCH
o
\
Reo
N

1

H
1 Pityriazole

COOMe

Qe

2 Mukonidine R=H
3 ClausineL R=Me

Fig. 1 Pityriazole (1) and structurally related 2-oxygenated carbazoles.

Generally carbazole alkaloids having a carbon substituent at
the 3-position biogenetically derive from the anthranilic acid
pathway and have been isolated from terrestrial plants of the
Rutaceae family. While carbazole alkaloids from other sources
are biosynthesized from tryptophan and have the carbon sub-
stituent at C2.* Steglich et al. could demonstrate that pityriazole
with a carbon substituent at C3 biogenetically derives from
tryptophan.> We realized the structural similarity of pityriazole
(1) to mukonidine (2) and clausine L (O-methylmukonidine) (3),
both isolated by Wu and co-workers from the Chinese medicinal
plant Clausena excavata.® Therefore, we envisaged a synthetic
approach to pityriazole (1) using mukonidine (2) and clausine L
(3) as intermediates.

Department Chemie, Technische Universitit Dresden, Bergstrasse 66,
01069 Dresden, Germany. E-mail: hans-joachim.knoelker@tu-dresden.de;
Fax: +49 351-463-37030

T Part 86 of ‘Transition Metals in Organic Synthesis’; for Part 85, see:
ref. 1.

1 Electronic supplementary information (ESI) available: Additional details
of the crystal structure determinations. CCDC reference numbers 683126
and 683127. For crystallographic data in CIF or other electronic format
and ESI see DOI: 10.1039/b805451¢g

Our previous synthesis of mukonidine using an iron-mediated
approach was limited (4 steps, 17% overall yield).” In the present
approach, we applied our palladium-catalyzed construction of
the carbazole framework (Scheme 1). The coupling of iodoben-
zene (4) with the commercial arylamine 5 via a palladium(0)-
catalyzed Buchwald-Hartwig amination® led quantitatively to the
diarylamine 6. The subsequent palladium(ir)-catalyzed oxidative
cyclization via a double C—H bond activation provides clausine L
(3) as the major product. Clausine L (3), obtained by total
synthesis for the first time, has been characterized by comparison
of its spectroscopic data with those reported for the natural
product® and an X-ray analysis (Fig. 2).§ For steric reasons, the
regioselective cyclization to clausine L (3) predominates. Only on
a large scale could the minor regioisomer 7 be isolated (2% yield)
and fully characterized.§

COOMe COOMe
Q. L = X
| HoN OMe N OMe
4 5

|
H
6

COOMe MeQ  coome
b
= O o
N N
] ]
B B
3 Clausine L 7

Scheme 1 Palladium-catalyzed synthesis of clausine L (3). Reagents
and conditions: (a) 5 mol% Pd(OAc),, 6 mol% BINAP, 1.5 equiv.
Cs,CO;, toluene, Ar, reflux, 2 d, 100%; (b) 12 mol% Pd(OAc),, 10 mol%
Mn(OAc);-2 H,O, pivalic acid, air, 100 °C, 3 d, 62% of 3, 2% of 7.

Fig. 2 Molecular structure of clausine L (3) in the crystal.
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Table 1 Palladium(1r)-catalyzed cyclization of 6 to clausine L (3)*

Pd(OAc), Reoxidant Time 3, Yield (%) 6, Yield (%)
10 mol% 2.5 equiv. Cu(1r) 1d 44 55
10 mol% 10 mol% Cu(11) 17h 55 38
5 mol% 10 mol% Cu(1r) 3.5d 61 24
12 mol% 10 mol% Mn(m)  3d 62 15

« All reactions have been carried out in pivalic acid as solvent at 100 °C in
the presence of air. Reoxidants: Cu(OAc), and Mn(OAc);-2 H,O.

In an extension to our previous investigations on the catalytic
version of this reaction,”'® we optimized the reaction conditions
for the palladium(i)-catalyzed cyclization (Table 1). Initiated
by a recent report of Fagnou et al,'' we demonstrated in an
independent investigation that pivalic acid is superior to acetic acid
as solvent for this reaction.'” In the present study we could make
this reaction become catalytic not only in palladium(ir) but also
in copper(11). The catalysis in palladium(11) as well as in copper(11)
is well-known for the Wacker oxidation," but for the C-C bond
formation by double aryl C—H bond activation it is reported for the
first time. Moreover, we have tested other agents for the oxidation
of palladium(0) to palladium(ir). While iron(ir) appears to be
inefficient, manganese(111) is almost as efficient as copper(ir) for
the regeneration of palladium(1r).

For the projected introduction of the indolyl substituent by a
Suzuki-Miyaura coupling,'* a halogenation at C1 of the carbazole
framework was required. Electrophilic bromination of clausine L
(3) under the usual conditions afforded 6-bromoclausine L (8)
(Scheme 2). This result corresponds to the general regioselectivity
of electrophilic substitutions at carbazoles. However, chlorination
under the same reaction conditions takes place exclusively at C1
providing 1-chloroclausine L (9). This outcome is explained by the
steric requirement of the bromo substituent. In the course of our
total synthesis of 6-chlorohyellazole, we observed a related regio-
selectivity reversal from halogenation at C6 versus halogenation at
C4 by switching from bromination to chlorination.” We expected
that cleavage of the methyl ether for steric and electronic reasons
should favor even more the halogenation at C1. Cleavage of the
methyl ether of clausine L (3) afforded mukonidine (2), providing

COOMe COOMe
onvle<— 3> O Q OMe
N N
| ! Cl
H H
8 9
COOMe COOMe
== OH OH
2 Mukonidine 10a X=Cl
10b X =Br
10c X =1

Scheme 2 Halogenations of clausine L (3) and mukonidine (2). Reagents
and conditions: (a) 1.05 equiv. NBS, cat. HBr, CH,Cl,, 25 °C, 6 h, 84%;
(b) 1.05 equiv. NCS, cat. HCI, CH,Cl,, 25 °C, 22 h, 85%; (c) 2.2 equiv.
BBr;, CH,Cl,, —78 to —4 °C, 1 h, 95%; (d) 1.01 equiv. NCS, CH,Cl,,
25°C, 7 h, 85% 10a; (e) 1.05 equiv. NBS, CH,Cl,, 25 °C, 4 h, 99% 10b;
(f) 1.05 equiv. L,, 1.05 equiv. Cu(OAc),, 80 °C (microwave), 2 h, 85% 10c.

a considerably improved route (cf. ref. 7) to this natural product
(3 steps, 59% overall yield).q All electrophilic halogenations of
mukonidine including the iodination'® take place exclusively at C1
(85-99% yield).

Attempted coupling reactions of the 1-chloro derivatives 9
and 10a with 1-(phenylsulfonyl)indol-3-yl-boronic acid (11) using
tetrakis(triphenylphosphane)palladium as catalyst under the usual
conditions gave no product. But Suzuki-Miyaura coupling of
11 with the more reactive 1-bromomukonidine 10b afforded
the desired product 12 in up to 50% yield. Compound 12 has
been confirmed by an X-ray crystal structure determination
(Fig. 3).|| Finally, Suzuki-Miyaura coupling of 1-iodomukonidine
(10c) with 11 wusing S-Phos (2-dicyclohexylphosphino-2',6'-
dimethoxybiphenyl) as ligand under optimized conditions (mi-
crowave heating and moist potassium phosphate as base)' led to
the 1-(indol-3-yl)carbazole 12 in 82% yield (Scheme 3). Cleavage
of the ester and the phenylsulfonyl group under basic conditions
provided, after purification by HPLC, pure pityriazole (1).** The
spectroscopic data of our synthetic pityriazole (1) were in full
agreement with those reported for the natural product. The

o

Fig.3 Molecular structure of compound 12 in the crystal.

ﬂ ( o -
OH + —
N N

B SO,Ph

10c 1

COOMe COOH

O O or O O or

PhOZS

12 1 Pityriazole

Scheme3 Transformation of 1-iodomukonidine (10c) into pityriazole (1).
Reagents and conditions: (a) 1.6 equiv. 11, 0.2 equiv. Pd(OAc),, 0.4 equiv.
S-Phos, 2 equiv. moist K;PO,, dioxane, Ar, 90 °C (microwave), 3 h, 82%;
(b) 15 equiv. KOH, EtOH, Ar, 40 °C, 2 d, 86%.
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identity has been additionally confirmed by comparison of the UV,
IR, '"H NMR and "*C NMR spectra of our synthetic compound
with the corresponding original spectra of the natural product,
kindly provided by Professor W. Steglich.

In conclusion, we have developed a highly efficient route which
provides pityriazole (1) in six steps and 35% overall yield via three
palladium-catalyzed coupling reactions. In the course of our work,
we have also achieved the first synthesis of clausine L (3) (2 steps,
62% overall yield) and an improved access to mukonidine (2)
(3 steps, 59% overall yield). As only 1.0 mg of pityriazole (1) has
been obtained by Steglich et al. from natural sources, an investig-
ation of the bioactivity of this natural product as well as its struc-
tural analogues can be initiated based on our synthetic approach.

We are grateful to Professor Wolfgang Steglich, Univer-
sitit Miinchen, for providing us the files of the original spectra
for natural pityriazole.

Notes and references

§ Spectroscopic data for clausine L (3): Colorless crystals, mp 172-173 °C;
UV (MeOH): 1 = 235, 241, 269, 282 (sh), 319, 333 nm; IR (ATR): v =
3264, 2951, 2922, 2852, 1690, 1632, 1608, 1574, 1486, 1462, 1427, 1392,
1348, 1313, 1278, 1239, 1201, 1163, 1115, 1082, 1035, 979, 950, 909, 875,
825, 789, 775, 766, 750, 727 cm~'; '"H NMR (500 MHz, acetone-d): 6 =
3.85(s,3H),3.92(s,3H),7.15(s, 1 H), 7.20 (t, J = 7.8 Hz, | H), 7.35 (¢,
J=7.8Hz 1 H),7.49(d,J =7.8Hz 1 H),8.09(d,J =78 Hz, 1 H), 8.54
(s, 1 H), 10.53 (brs, 1 H); *C NMR and DEPT (75 MHz, acetone-d¢): 6 =
51.77 (CHs;), 56.44 (CH,), 94.85 (CH), 111.83 (CH), 113.76 (C), 116.97
(C), 120.47 (CH), 120.63 (CH), 124.19 (C), 124.99 (CH), 126.00 (CH),
141.53 (C), 144.70 (C), 159.83 (C), 167.45 (C=0); MS (EI): m/z (%) =
255 (M*, 100), 240 (5), 224 (89), 209 (18), 194 (9), 181 (7), 166 (14), 153
(15), 139 (11); HRMS: m/z calc. for C;sH;NO; (M*): 255.0895, found:
255.0889. Crystal data for clausine L (3): C;sH,;3;NO;, crystal size: 0.32 x
0.11 x 0.10 mm*, M, = 255.26 g mol~', orthorhombic, space group Pna2,,
2=0.71073 A, a=14.127(1), b = 11.910(2), c = 7.618(2) A, ¥ = 1281.7(4)
A, Z=4p=1323gcm™, 1 =0.093mm™", T = 198(2) K, 0 range =
3.35-25.40°; reflections collected: 7318, independent: 2201 (R;,, = 0.0868).
The structure was solved by direct methods and refined by full-matrix
least-squares on F*; R, = 0.0464, wR, = 0.0940 [/ > 20(/)]; maximal
residual electron density: 0.163 ¢ A=*. CCDC 683126. Spectroscopic data
for methyl 4-methoxycarbazole-3-carboxylate (7): Colorless crystals, mp
175-178 °C; UV (MeOH): 1 = 234, 244, 266, 307, 318, 331 nm; IR (ATR):
v=13319,2928, 2855, 1701, 1623, 1599, 1584, 1485, 1454, 1431, 1395, 1339,
1310, 1284, 1250, 1224, 1211, 1138, 1078, 1056, 1010, 970, 874, 833, 803,
748,731 cm™'; '"H NMR (500 MHz, acetone-dg): 6 = 3.90 (s, 3 H), 4.10 (s,
3H),7.27(t,J =8.0Hz, 1H),7.33(d,J =8.5Hz, 1 H), 7.45(t,J/ = 8.0 Hz,
1 H), 7.56 (d, / = 8.0 Hz, 1 H), 7.92 (d, / = 8.5 Hz, 1 H), 8.29 (d, J =
8.0 Hz 1 H), 10.78 (br s, 1 H); *C NMR and DEPT (125 MHz, acetone-
ds): 0 = 51.86 (CH,), 61.77 (CHj;), 107.40 (CH), 111.88 (CH), 114.74 (C),
117.57 (C), 120.87 (CH), 122.62 (C), 123.50 (CH), 126.76 (CH), 130.06
(CH), 140.85 (C), 145.11 (C), 158.52 (C), 166.99 (C=0); MS (EI): m/z
(%) = 255 (M*, 97), 224 (100), 222 (25), 212 (17), 209 (29), 194 (14), 181
(15), 169 (16), 166 (16), 153 (33), 139 (15), 126 (11).

9 Spectroscopic data for mukonidine (2): Colorless crystals, mp 189 °C;
UV (MeOH): 4 =235, 243,270 (sh), 276 (sh), 284, 325, 338 nm; IR (ATR):
v=13347,2952,2922,2852, 1644, 1627, 1582, 1481, 1464, 1432, 1373, 1363,
1329, 1258, 1236, 1189, 1165, 1118, 1093, 1014, 991, 949, 898, 871, 821,
784, 762, 740, 719 cm™'; '"H NMR (500 MHz, acetone-d¢): = 4.00 (s,
3 H), 6.93 (s, 1 H), 7.20 (t, J = 7.8 Hz, 1 H), 7.36 (t, / = 7.8 Hz, 1 H),
7.47(d,J =7.8 Hz, 1 H), 8.09 (d, / = 7.8 Hz, 1 H), 8.62 (s, 1 H), 10.52
(brs, 1 H), 11.07 (s, 1 H); "C NMR and DEPT (75 MHz, acetone-d,):
d = 52.60 (CHj;), 97.70 (CH), 105.95 (C), 111.79 (CH), 117.85 (C), 120.58
(CH), 120.89 (CH), 123.41 (CH), 124.30 (C), 126.51 (CH), 141.96 (C),
146.62 (C), 161.62 (C), 172.22 (C=0); MS (EI): m/z (%) = 241 (M*, 46),
209 (100), 181 (20), 153 (33), 126 (10), 104 (10).

| Crystal data for compound 12: CxH, N, OsS, crystal size: 0.25 x 0.09 x
0.08 mm’, M, = 496.52 g mol~!, monoclinic, space group P2,/c¢ 2 =
0.71073 A, a = 12.061(1), b = 22.545(1), ¢ = 9.161(1) zf B =107.45(1)°,
V' =2376.403)A’, Z =4, peyea = 1.388 gem >, 1 = 0.180 mm~', 7= 293(2)
K, 0 range = 3.06-27.00°; reflections collected: 36307, independent: 5184
(Rine = 0.0590). The structure was solved by direct methods and refined
by full-matrix least-squares on F?; R, = 0.0524, wR, = 0.1031 [I > 20(])];
maximal residual electron density: 0.226 ¢ A=3. CCDC 683127.

** Spectroscopic data for pityriazole (1): Colorless crystals, mp 236 °C
(decomp.); UV (MeOH): 4 = 223, 282, 327, 338 nm; IR (ATR): v = 3398,
3037, 1628, 1609, 1542, 1477, 1456, 1410, 1375, 1328, 1310, 1253, 1219,
1135,1098, 1056, 1015, 993, 889, 793, 736, 716 cm™'; '"H NMR (500 MHz,
DMSO-dg): 0 = 6.99 (t, J = 7.5 Hz, 1 H), 7.15 (t, J = 7.5 Hz, 2 H),
7.28-7.31 (m, 2 H), 7.40 (d, J/ = 8.0 Hz, 1 H), 7.50 (d, / = 8.0 Hz, 1 H),
7.59 (s, 1 H),8.11(d,J =7.7Hz, 1 H), 8.62 (s, 1 H), 10.83 (s, 1 H), 11.44 (s,
1 H), 11.91 (brs, 1 H), 13.63 (brs, 1 H); *C NMR and DEPT (125 MHz,
DMSO-dg): 6 = 104.62 (C), 105.14 (C), 106.81 (C), 111.45 (CH), 111.59
(CH), 115.64 (C), 118.79 (CH), 119.56 (CH), 119.73 (CH), 120.31 (CH),
121.12 (CH), 121.42 (CH), 123.28 (C), 125.16 (CH), 125.50 (CH), 126.91
(C), 136.36 (C), 140.89 (C), 144.60 (C), 157.84 (C), 173.55 (C=0); MS
(EI): m/z (%) = 342 (M*, 48), 324 (100), 298 (93), 297 (22), 296 (24), 269
(21), 268 (16), 267 (22), 241 (12), 240 (11), 162 (16); HRMS: m/z calc. for
C, H4,N,O; (M*): 342.1004, found: 342.0989.
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We have developed a direct amine/acid-catalyzed stereoselec-
tive hydrogenation of a variety of Wieland—Miescher (W-M)
ketones, Hajos—Parrish (H-P) ketones and their analogs with
organic hydrides (Hantzsch esters) as the hydrogen source.
This astonishingly simple and biomimetic approach was used
to construct highly functionalized chiral bicyclo[4.4.0]decane-
1,6-diones 6 in a diastereoselective fashion. This is an example
of the development of a new technology by the combination
of multiple catalysts and components in one pot to deliver
highly functionalized chiral molecules.

Intense efforts have been made by the organic chemistry commu-
nity in the synthesis of complex molecules, but lengthy process-
ing times, wasteful and expensive routes are often required. Thus,
targets of practical use (for example, pharmaceutical drugs and
drug intermediates) can be challenging to produce even if they
are only moderately complex. We believe that organic synthesis
can be made much more efficient by designing processes in which
multiple catalysts operate sequentially in one pot with multiple
components. Ultimately, this approach should reduce the cost and
waste associated with pharmaceutical synthesis.

The increasing demands for environmentally friendly and
economic synthetic processes have promoted the development
of the one-pot combination of multiple catalysts and multiple
components to provide the desired products in the most efficient
way.! Tt can be anticipated that this strategy could minimize
processing times and the production of waste. The understanding
and practice of this concept may be taken from cellular reactions,
in which numerous enzymes function with the cooperation of two
or more active sites derived from each enzyme to result in a “one-
pot” transformation.?

Interestingly, an instructive example was demonstrated by
A. Tan Scott and co-workers in 1994, in which corrin was
synthesized in vitro from 5-aminolevulinic acid using 12 enzymes
with an overall yield of 20% in a total of 17 steps in a
single flask.>* Mimicking of this type of bio-catalysis in artificial
chemical catalysis would be of great interest to chemists. In this
regard, extensive studies have been conducted on the preparation
and utilization of multi-functional catalyst systems in organic
synthesis. For example, catalysts that contain both Lewis-acidic
and -basic sites have been elegantly utilized for the simultaneous
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T Electronic supplementary information (ESI) available: Experimental
procedures and analytical data ("H NMR, *C NMR and HRMS) for all
new compounds; crystal structure data for 6a. See DOI: 10.1039/b806243a

activation of substrates and reagents, making possible multiple
cascade reactions in a one-pot reaction.* Despite the significant
developments recently achieved, increasing the number of starting
components, accurately predicting the binding mode and the
interaction between substrates and catalysts is still in its early
stages, and thus a more systematic design and synthesis of multi-
functional catalysts is still under development.’

Recent developments in amino acid-catalyzed cascade and
multi-component reactions® give promise that this kind of catalysis
is suitable for combining multi-catalysis and multi-component
reactions in one pot to deliver highly functionalized molecules.
Herein we report a highly chemo-, regio- and diastereoselective
cascade Robinson annulation/hydrogenation reaction catalyzed
by amines, amino acids, and Brensted acids, providing highly
substituted chiral hydrogenated Wieland—Miescher (W-M) ke-
tones, Hajos—Parrish (H-P) ketones and their analogs 6, starting
from commercially available 2-alkylcyclohexane-1,3-diones or 2-
alkylcyclopentane-1,3-diones 1a—g, Hantzsch esters 2 and methyl
vinyl ketones 3 (Scheme 1). The products 6 are attractive interme-
diates in natural product synthesis and materials chemistry, and
are excellent starting materials for the synthesis of steroids.”

Most of the hydrogenated W-M and H-P ketones contain trans-
fused decalin systems. As a result, there is a substantial amount
of literature on the synthesis and reactivity of enone 5, some
of its simple derivatives, and its zrans-fused reduction products.?
In contrast, there is less information on the reactivity of the
corresponding cis-fused decalones, perhaps because trans-fused
decalins are more common features in terpenoids and steroids
than the corresponding cis-fused systems. With our own interest in
the development of diversity-oriented synthesis of functionalized
chiral products that incorporate a cis-fused decalin ring prompted
us to investigate cis-fused decalin synthesis.

In our multi-catalysis/multi-component reaction we envisioned
that simple amines, triethylamine or amino acids, e.g. proline 4,
would catalyze the regioselective cascade Michael reaction of 1
with methyl vinyl ketone 3 to provide Michael adduct via base
or iminium catalysis, which would then undergo a Robinson
annulation through amino acid/Brensted acid catalysis to furnish
the chiral W-M/H-P ketones 5 and their analogs as shown in
Scheme 1. Further treatment of products 5 with Hantzsch ester 2
and catalyst diamine 4 would generate the highly functionalized
hydrogenated W-M/H-P ketones and their analogs 6 in one
pot as shown in Scheme 1. The cascade Robinson annulation—
hydrogenation reaction sequence would then generate a quater-
nary center with formation of two new carbon-carbon c-bonds,
and two carbon-hydrogen bonds respectively, via amine/amino
acid/bifunctional amine acid catalysis.

2488 | Org. Biomol. Chem., 2008, 6, 2488-2492

This journal is © The Royal Society of Chemistry 2008





R EtOz('fICOZEt
n!

/

3
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2) p-TSA (25 mol%), 85 °C, 24 h
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1) Et3N (30 mol%), 25 °C, 24 h

2) L-Proline 4d (50 mol%)

3) HCIO, (25 mol%), 85 °C, 24 h

4) Diamine 4e (25 mol%), 85 °C, 24 h

CH,CN (0.2 M)

n=1,2

Hantzsch ester 2

Scheme 1

First, we initiated our studies for the optimization of chemo-,
regio- and diastereoselective biomimetic hydrogenation of W-
M ketone 5a via direct organocatalysis, and then applied this
to the diversity-oriented synthesis of hydrogenated products
6 in stereoselective manner. Then we utilized the optimized
biomimetic hydrogenation conditions to the development of a
multi-catalysis/multi-component synthesis of hydrogenated W-M
and H-P ketones 6 in one pot with good yields and selectivities.}

During our investigations on amino acid-catalyzed double
cascade synthesis of W-M ketone analogs 5, we envisioned
that W-M ketone and their analogs 5 can undergo biomimetic
stereoselective hydrogenation with 2 under amine or amino acid
catalysis. Here we chose chiral W-M ketone 5a for the optimiz-
ation of hydrogenation with 2 via organocatalysis as shown in
Table 1. Interestingly, reaction of W-M ketone 5a and Hantzsch
ester 2 with one equiv. of L-proline 4d in CH;CN at 85-90 °C

Diamine 4e (25 mol%)
HCIO4 (25 mol%)
85°C,24h

Combining multi-catalysis and multi-component systems for one-pot asymmetric reactions.

for 14 h furnished the hydrogenated product 6a in only 20%
yield with cis-fused isomer 6a as the major isomer with >99% de
(Table 1, entry 4).

A number of organic amines and amine/acid combinations were
tested as catalysts using the hydrogenation of W-M ketone 5a as
a benchmark, at 85-90 °C in various solvents (Table 1). (S)-1-
(2-Pyrrolidinylmethyl)pyrrolidine 4e and HCIO, (Table 1, entry
6) were the best catalysts for hydrogenation of W-M ketone 5a
compared to amines 4d—e (Table 1, entries 4 and 12), acids HCIO,,
AcOH, (PhO),PO,H (entry 13) and (R)-1,1’-binaphthyl-2,2'-diyl
hydrogen phosphate (entry 14) and other amine/acid bi-functional
catalysts (entries 1-11). When the loading of organic hydride 2
was changed from 1 equiv. to 2 equiv. for the hydrogenation of
enone 5a under 4e/HCIO,-catalysis in CH;CN at 90 °C for 8 h,
the product yield increased from 50% to 80% (entries 5 and 6).
Interestingly, there is no reaction in other solvents like DMSO

Table 1 Optimization of the direct organocatalytic diastereoselective synthesis of chiral bicyclic diketone 6a“
Catalyst 4 o
HNR, Ew~_E
II « LI
/JA/Ij Co-catalyst L:Ié \N
Solvent H
(ee = 75%) (E= CO 2Et) 85.90 °C .
5a 2 cis-6a 7

Entry Catalyst (25 mol%) Co-catalyst (25 mol%) Hantzsch ester 2 (equiv.) Solvent (0.2 M) Time/h Yield (%)° de*

14 Pyrrolidine 4a HCIO, 1.0 CH;CN 20 33 >99

24 Piperidine 4b HCIO, 1.0 CH,CN 30 50 >99

34 Morpholine 4¢ HCIO, 1.0 CH,;CN 3 40 >99

44 Proline 4d — 1.0 CH,CN 14 20 >99

5¢ Diamine 4e HCIO, 1.0 CH,CN 8 50 >99

6 Diamine 4e HCIO, 2.0 CH;CN 8 80 >99

7 Diamine 4e CH,CO,H 2.0 CH,CN 16 72 >99

& Diamine 4e HCIO, 2.0 DMSO 45 <5 —

4 Diamine 4e HCIO, 2.0 DMF 45 <5 —
10 Diamine 4e HCIO, 2.0 CHCI, 12 70 >99
11 Diamine 4e HCIO, 2.0 EtOH 15 55 >99
1 Diamine 4e — 2.0 CH;CN 24 — —
13 — (PhO),PO,H 2.0 CH,CN 24 — —
14 — (R)-BNDHP* 2.0 CH;CN 36 — —

“ Reactions were carried out in solvent (0.2 M) with 1.0 to 2.0 equiv. of 2 relative to 5a in the presence of 25 mol% of catalyst 4 and 25 mol% of co-catalyst.
®Yield refers to the column-purified product. ¢ Diastereomeric excess was determined by NMR analysis. ¢ 100 mol% of catalyst 4a—d and 100 mol% of
co-catalyst were used. ¢ (S)-1-(2-Pyrrolidinylmethyl)pyrrolidine 4e.” 80 to 95% of starting material 5a was isolated. ¢ (R)-1,1’-Binaphthyl-2,2'-diyl hydrogen
phosphate.
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and DMF (entries 8 and 9). Amines or acids did not catalyze
the biomimetic hydrogenation reaction of 5a with 2 directly, but
certain amine/acid combinations could catalyze it (entry 6) and
this is a good support for the iminium ion catalysis rather than
acid/base catalysis. Interestingly, using 25 mol% of 4e/HCIO, as
a catalyst, the hydrogenation reaction worked well in CH;CN and
CHC;. The optimal conditions involved mixing W—M ketone 5a,
2 equiv. of Hantzsch ester 2, 25 mol% of diamine 4e and 25 mol%
of HCIO, in CH;CN with heating to 90 °C for 8 h to furnish
cis-isomer 6a as a single diastereomer in 80% yield (entry 6). The
structure and regiochemistry of hydrogenated product 6a were
confirmed by NMR analysis and also by X-ray structure analysis,
as shown in Fig. 1.

With an efficient 4e/HCIO,-catalyzed stereoselective hydro-
genation protocol in hand, the scope of the reaction was investi-
gated with various chiral W-M ketones, H-P ketones and their
analogs 5 with Hantzsch ester 2. A series of 9-alkyl W—M ketone
analogs 5b—e were reacted with 2.0 equiv. of Hantzsch ester 2
catalyzed by 25 mol% of 4¢/HCIO, at 85-90 °C in CH;CN for 24—
36 h (Table 2, entries 1-5). All expected hydrogenated W—M ketone

Fig.1 Crystalstructure of (9R,105)-9-methylbicyclo[4.4.0]decane-1,6-dione
(6a). CCDC reference number 684132. For crystallographic data in CIF

or other electronic format see DOI: 10.1039/b806243a

Table 2 Direct organocatalytic diastereoselective synthesis of chiral bicyclic diketones 6*

clo,

OAQ

: ! f J\/I (25 mol%)
CH30N (0.2 M)

85-90 °C
5 (ee =70-86%) 2 (E=CO,Et) cis-6 (major) trans-6 (minor)
Entry Chiral enone 5 ee of chiral enone 5° Time/h Yield (%)° 6a—g de? cis-6a-g
1 9 75 8 80 >99
L0
5a
2 E o 75 24 70 60
[¢)
5b
3 5 o 73 32 70 60
[¢)
Sc
4¢ /5 o 73 36 55 82
[¢)
5d
5 F‘hE o 70 33 75 50
¢)
Se
6 ! o 86 38 73 >99
O
5f
7 85 50 45 70

%

n
(S

“Reactions were carried out in CH;CN (0.2 M) with 2.0 equiv. of 2 relative to the Sa—g in the presence of 25 mol% of catalyst 4e and 25 mol% of
co-catalyst. ® Enantiomeric excesses were determined by HPLC analysis. ¢ Yield refers to the column purified product. ¢ Diastereomeric excesses were
determined by NMR analysis. ¢ 30 to 50% of starting materials Sd and 5g were isolated.
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analogs cis-6b—e were obtained in good yields with 50 to
82% de. Interestingly, in these reactions the diastereoselectivities
of the 9-alkyl-substituted W—M ketone analogs 6b—e decreased to
50-82% de, in contrast to 9-methyl substitution. The mechanistic
aspect of this selectivity is discussed below. The biomimetic
4e/HCIO,-catalyzed hydrogenation reaction of H-P ketone 5f
with 2 equiv. of 2 at 85-90 °C in CH;CN for 38 h furnished the
expected hydrogenated product cis-6f in 73% yield with >99% de
(entry 6). Interestingly, the same reaction with 8-ethyl-substituted
H-P ketone analog S5g furnished the expected hydrogenated
product cis-6g in 45% yield with only 70% de (entry 7).

After this successful demonstration of biomimetic hydrogena-
tion of W-M ketones, H-P ketones and their analogs, we decided
to investigate the one-pot asymmetric synthesis of hydrogenated
W-M and H-P ketones cis-6a and cis-6f (see Scheme 2). Reaction
of three equiv. of methyl vinyl ketone 3 with 2-methylcyclohexane-
1,3-dione 1a under Et;N catalysis in CH;CN at 25 °C for
24 h furnished the expected Michael adduct, 2-methyl-2-(3-
oxobutyl)cyclohexane-1,3-dione in good yield. 50 mol% of L-
proline 4d and 25 mol% of HCIO, were added to the crude
reaction mixture and stirring continued at 85 °C for 24 h to furnish
the expected W-M ketone 5a in good yield with 75% ee. This,
on treatment with two equiv. of Hantzsch ester 2 and 25 mol%
of (S)-1-(2-pyrrolidinylmethyl)pyrrolidine 4e at 85 °C for 24 h,
furnished the expected hydrogenated W—M ketone cis-6a in 45%
yield with >99% de (Scheme 2). Interestingly, for the synthesis
of cis-6a, our strategy did not show much difference in terms
of enantioselectivity compared to the two-component reaction
catalyzed by L-proline 4d. However, there was a difference in the
synthesis of hydrogenated H-P ketone cis-6f, for which the ee
drastically decreased from 86% to 20%, as shown in Scheme 2.
This may be because of the involvement of Et;N in the transition
state of the proline-mediated asymmetric intra-molecular aldol
reaction.

The observed high regio- and diastereoselectivities of the one-
pot-hydrogenated products 6a—g can be explained as shown in
Scheme 3. The approach of the organic hydride source (Hantzsch
ester 2) to iminium ions generated in situ is the main controlling
factor apart from the thermodynamic stability of the resulting

o o EtO,C
A + EtN + O‘COZH + HClO, +
M- N

1a 3 4d
1.0 mmol 3.0 mmol 0.3 mmol 0.5 mmol 0.25 mmol
(0]
EtO,C
+ 9 + EtN + O‘COZH + HClO, +
)]\/ H ¢
(0]
1f 3 4d
1.0 mmol 3.0mmol 0.3 mmol 0.5 mmol 0.25 mmol

+ Hzo
H major
2 H - 4e HCIO4

R =H, cis- Ga (major)
AH = -103.01375 kcal/mol

“ TS1
R
N 0 + H20
H minor
4 H —4e. HC|04
+N H ('H A{"
" E ST E R=H, trans 6a (minor)
ClO4 |) | AH = -103.95493 kcal/mol
N
Ny Ts2

Scheme 3 Proposed mechanism for the 4e-catalyzed syn-selective hydro-
genation reactions.

hydrogenated products cis-6a—g/trans-6a—g. Approach of the
Hantzsch ester 2 to the exo-face of the iminium ion (the same
side as the alkyl group), TS-1, is more favourable than through
the endo-face (opposite to the alkyl group), TS-2. This may
be due to the existence of more steric hindrance in an endo
approach. As shown in Scheme 3, steric strain control is the
main controlling factor, not product stability control, because
the thermodynamically stable isomers trans-6a—g are formed as
the minor products. Also, as shown in Table 2 and Scheme 3, the
bulkiness of the alkyl group decreases the amount of cis-attack
and increases the frans-attack of hydride source to imines. This
type of selectivity trend can be easily understood by the approach
of bulk organic hydride source 2 to active imines generated in situ.

In summary, we have developed the direct amine/acid-catalyzed
stereoselective hydrogenation of variety of W-M ketones, H-
P ketones and their analogs with organic hydride as the hy-
drogen source. This astonishingly simple and biomimetic ap-
proach can be used to construct highly functionalized chiral
bicyclo[4.4.0]decane-1,6-diones 6 in a diastereoselective fashion.
In this paper, we have developed a new concept by combining

1)25°C, 24 h
H H 2)85°C, 24 h o
CO,Et OA 3)85°C,24h
’ D “omonozm
N N CH4CN (0.2 M) o
H >99% conversion H H
2 4e cis-6a
2.0 mmol 0.25 mmol yield = 45%
ee =75%
de = >99%
1)25°C, 24 h
2)85°C,24h 0
3)85°C,24 h

e

H
CO,Et
(2
H

N CH4CN (0.2 M) o
H >99% conversion H
2 4e cis-6f
2.0 mmol 0.25 mmol yield = 45%
ee =20%
de = >99%

Scheme 2 Combining multi-catalysis and multi-component systems for one-pot asymmetric reactions.
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multiple catalysts and multiple components in one pot to deliver
highly functionalized molecules. Reactions of this type inspire
analogies with cellular reactions and compliment traditional
organic reactions. As we have suggested previously, the synthesis of
poly-functionalized molecules using amino acid catalysis provides
a unique and under-explored perspective on prebiotic synthesis.

We thank DST (New Delhi) for financial support. RS thanks
CSIR (New Delhi) for her research fellowship.
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Novel indolo[3,2-b]carbazole derivatives and a chromogenic-
sensing 5,12-dihydroindolo[3,2-b]carbazole have been synthe-
sized starting from tetra-fert-butylated 6,12-diaryl-5,11-
dihydroindolo[3,2-b]carbazoles, which were prepared via an
efficient rert-butylation of 6,12-diaryl-5,11-dihydroindolo-
[3,2-b]carbazoles.

5,11-Dihydroindolo[3,2-b]carbazole (ICZ) 1a (Fig. 1) is formed in
acidic medium as a condensation product of indole-3-carbinol,
which originates from cruciferous vegetables. It has been reported
that the ICZ is a natural agonist of the TCDD (2,3,7,8-tetra-
chlorodibenzo-p-dioxin) receptor (Ah receptor)' and 6-formyl-
indolo[3,2-b]carbazole 1b has indeed an extremely strong affinity
to the Ah receptor, binding 5-8 times as strong to the receptor as
TCDD itself.? Since the last decade, the electrical and optical prop-
erties of ICZs have been widely studied. 5,11-Dihydroindolo[3,2-
b]carbazoles and polyindolo[3,2-b]carbazoles can be used as active
materials for organic light-emitting diodes,® organic field-effect
transistors,* organic thin-film transistors® and photovoltaic cells.®
Two-step redox processes of ICZ have been studied and the first
indolo[3,2-b]carbazole derivative 2 was prepared by the oxidation
of 5,11-dihydroindolo[3,2-b]carbazole 1a with PbO, or DDQ.’
Until now, only one such indolo[3,2-b]carbazole derivative has
been reported, mainly because of poor solubility in organic
solvents and lack of chemical stability.

1aR=H
1b R=CHO

Fig. 1
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In this communication, we disclose a facile method to prepare
indolo[3,2-b]carbazole derivatives in good yields based on zert-
butylated ICZs which show an increased solubility in organic
solvents. Moreover, a novel 5,12-dihydroindolo[3,2-b]carbazole
was synthesized for the first time and this ICZ derivative can act
as a selective colorimetric sensor either for F~ or Bronsted acids
in aprotic solvents.

In our previous work,® we reported a three-stage one pot
approach to synthesize 6-monosubstituted ICZs which have better
solubility in organic solvents. Thus, we tried to prepare indolo[3,2-
blcarbazoles starting from 6-pentyl-5,11-dihydroindolo[3,2-b]-
carbazole 3a. In 2000, Yudina et al. showed that 5,11-dihydro-
indolo[3,2-b]carbazole can be oxidized to indolo[3,2-b]|carbazole 2
with DDQ in a large volume of ethyl acetate (30 mg ICZ in 200 mL
ethyl acetate).” Under the same conditions, we treated 6-pentyl-
5,11-dihydroindolo[3,2-b]carbazole 3a with 2 equivalents DDQ in
ethyl acetate under reflux. After 5 hours, much longer than the
described reaction time, we did not observe the corresponding
indolo[3,2-b]carbazole formed, and only the starting materials
were present in the reaction solution. As reported by Horner et al.
in 1982, the deprotonated 5,11-dihydro ICZs are a two-step redox
system, in which the three oxidation levels are separated by the
redox potentials E, and E, (Fig. 2).> Apparently, SEM state is
the intermediate for the preparation of indolo[3,2-b]carbazoles,
which is the OX state in the redox process. Moreover, the
final OX state has partial biradical character, which may lead
to decomposition via coupling reactions. We have previously
observed such C-C and C-N coupling reactions on treating ICZ
derivatives with oxidants.'® It has been reported that a stable
radical compound was successfully prepared from 1,3,6,8-tetra-
tert-butyl-9 H-carbazole."" Thus, the fert-butyl group can stabilize
the indolo[3,2-b]carbazoles. Furthermore, tert-butyl groups can
improve the solubility of ICZs in organic solvents. We have applied
the same method to increase the yield of Ullmann coupling
reactions with 3,6-di-tert-butylcarbazole.'?

First we studied the ferz-butylation of 6-pentyl-5,11-
dihydroindolo[3,2-b]carbazole 3a. AICl; or ZnCl, were used as a
Lewis acid and chloroform or nitromethane were used as solvents
for Friedel-Crafts fert-butylation. It turned out that ZnCl, and
chloroform were the best combination for the rers-butylation.
The reaction of compound 3a with excess ZnCl, and tert-butyl

Fig.2 Two-step redox process of deprotonated ICZs.
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chloride (5 equivalents) mainly afforded the tetra-tert-butylated
6-pentyl ICZ 4a in 77% yield (Scheme 1). Even when we treated
6-pentyl ICZ with large excesses (10 equivalents) of ZnCl, and
tert-butyl chloride, we only obtained the tetra-substituted ICZ
with a trace amount of tri- and di-substituted ICZ and none of
the penta-substituted or more complex ICZs. From the X-ray
crystallography of compound 4a, we can confirm that the terz-
butyl groups were indeed at the 2,4,8,10-positions of the ICZ ring
(Fig. 3).1

R1
1) 5 equiv. ZnClz
CHCla, rt N

H
N
2) 5 equiv. tert-BuCl

H 3) 70°C, overnight
Rz

3a R=pentyl, Rz=H
3b R1=R2=pheny|
3¢ R=R=3,5-di-tert-butylphenyl

4a R=pentyl, Rz=H, 77%
4b R1=Rz=phenyl, 47%
4c R=Rz=3,5-di-tert-butylphenyl, 66%

Scheme 1

tert-Butylation of ICZs.

Fig.3 ORTERP representation of 4a with thermal displacement ellipsoids
shown at the 50% probability level.{

Recently, we have reported a two-step method to prepare
6,12-diaryl-5,11-dihydroindolo[3,2-b]carbazoles 3b—c in moderate
yields.'* These symmetrical molecules are slightly soluble in
chloroform. However, the fert-butylation leading to ICZs 4b—c was
successfully accomplished in good yields (47-66%). Compounds
4b—c were only slightly soluble in polar solvents, such as ethyl
acetate or methanol. This allowed an easy purification of the
compounds 4b—c, simply by dispersing the crude product in ethyl
acetate or methanol and then filtering the pure products. On
the other hand, these tert-butylated 6,12-diaryl ICZs have good
solubility in less polar organic solvents such as chloroform and
dichloromethane. Therefore, 2,4,8,10-tetra-terz-butyl-6,12-diaryl-
5,11-dihydroindolo[3,2-b]carbazoles are good candidates for our
preparation of indolo[3,2-b]carbazole derivatives.

When we treated compound 4b with 2 equivalents of DDQ
in dry THF at room temperature or 70 °C, we found that only
part of the starting material converted to the oxidized product 5b.
When compound 4b was deprotonated with 2 equivalents of ¢-
BuOK in dry THF at 0 °C and then oxidized with 2 equivalents of
DDQ at room temperature or 70 °C, the same result was observed

as the reaction with DDQ. Interestingly, we found the oxidation
reagent DDQ is not necessary for the preparation of indolo[3,2-
blcarbazoles. When we treated compound 4b only with 4 equiv-
alents of +-BuOK at —40 °C, most of the 5,11-dihydro ICZ was
oxidized to the indolo[3,2-b]carbazole after 4 hours (monitored
by TLC) and we isolated compound 5b in 50% yield. Keeping the
reaction going for a longer time did not help the conversion of
all of the starting material to the desired product. Later we found
that -BuLi was a more efficient base for the preparation of the
oxidized ICZs 5b—c. We treated compound 4b with 4 equivalents
of -BuLi in dry THF at 0 °C and then the reaction solution was
stirred at room temperature for 4 hours to afford 2,4,8,10-tetra-
tert-butyl-6,12-diphenyl-indolo[3,2-b]carbazole Sb in 73% yield
(Scheme 2). From the structure determination of compound 5b
(Fig. 4), the bond lengths confirmed the formation of the 1,4-
quinonediimine structure. There was no stable analogue of 5
formed when we treated compound 4a and 6,12-diphenyl-5,11-
dihydroindolo[3,2-b]carbazole 3b, which are insufficiently shielded
for coupling reactions, with the same method.

1) t-BuLi/THF
2)0°Ctort
4hours

4a Ri=pnetyl, R=H
4b Ri=Ro=pheny|
4c R1=R2=3,5-di-tert-butylphenyl

5a Ry=pentyl, R=H, 0%
5a R1=R2=phenyl, 73%
5b R1=Ry=3,5-di-tert-butylphenyl, 60%

Scheme 2 Synthesis of indolo[3,2-b]carbazole derivatives.

Fig. 4 ORTEP representation of 5b with thermal displacement ellipsoids
shown at the 50% probability level.{

After we used n-BuLi as a base during the optimization of
the reaction condition of the synthesis of compound 5b, we
isolated an orange compound with MS (ESI) m/z 689 (IM +
H]*). The structure of this compound was assigned as a novel
5,12-dihydroindolo[3,2-b]carbazole based on 1D and 2D NMR
spectra. The reasonable mechanism was that the deprotonated
ICZ was oxidized by oxygen to indolo[3,2-b]carbazole, and
then the Michael addition of n-BuLi to the formed indolo[3,2-
b]carbazole occurred. To test our hypothesis, we treated compound
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5b with 1 equivalent of n-BuLi in the dark. The 5,12-dihydro
ICZ was formed after 4 hours at room temperature. In our
optimized reaction conditions, we first treated compound 4b with
2 equivalents of n-BuLi at —76 °C in the dark for 20 minutes,
then 1 equivalent of n-BuLi was added at the same temperature.
After 20 minutes, the reaction was stopped by the addition of
H,0. Thus, we prepared 5,12-dihydroindolo[3,2-b]carbazole 6 in
64% yield (Scheme 3).

1) 2 equiv. n-BuLi
THF. -76°C

R = | ST A< M O

Scheme 3  Synthesis of 5,12-dihydro ICZ.

It has been demonstrated that 3,3'-bis(indolyl)methene 7 (Fig. 5)
can act as a selective colorimetric sensor either for F~ in aprotic
solvent or for HSO,~ and weak acidic species in a water-
containing medium." The 5,12-dihydro ICZ 6, which contains
a 2,3-bis(indolyl)methene moiety with an acidic H-bond donor
—NH and a basic H-bond acceptor nitrogen, has some similarity
with compound 7.

Fig.5 3,3-Bis(indolyl)ymethene 7.

In the aprotic solvent, acetonitrile, we observed a significant
color change of compound 6 from yellow to blue after the addition
of 25 equivalents of F~. A similar, but more remarkable spectral
change was observed upon the addition of a Brensted acid, such as
acetic acid and trifluoroacetic acid. There was no noticeable color
change on addition of AcO~ and HSO,~ anions (Fig. 6). A dra-
matic color change was caused by the deprotonation/protonation
of indolyl moieties. The band at 480 nm of the starting solution
was red-shifted to 554 nm in the presence of F~ and to 595 nm on
addition of acetic acid or trifluoroacetic acid, while the intensity
of the red-shifted band remarkably increased in the presence of the
stronger Bronsted acid, CF;COOH. The titration of compound 6
with trifluoroacetic acid showed three isosbestic points at 297 nm,
343 nm and 517 nm and in the presence of 10 equivalents of
CF;COOH, the band at 595 nm almost reached the maximum
(Fig. 7).

In summary, the Friedel-Crafts tert-butylation of 6-pentyl
and 6,12-diaryl-5,11-dihydroindolo[3,2-b]carbazoles has been ac-
complished by using ZnCl, as a Lewis acid and chloroform
as a solvent in moderate to good yields. Novel indolo[3,2-
b]carbazole derivatives Sb—c have been successfully synthesized
based on the zert-butylated 6,12-diaryl ICZs. Meanwhile, a 5,12-
dihydroindolo[3,2-b]carbazole derivative 6 was prepared for the

CF,COOH

Al nm

Fig. 6 UV-Vis spectra of compound 6 in MeCN (5.0 x 10-°M) after the
addition of 25 equivalents of various anions and Brensted acids (none,
AcO~, HSO, , F~, AcOH, CF;COOH).

T T T T

300 400 S00 600 700

Afnm

Fig.7 UV-Vis spectra of compound 6 (5.0 x 10~°M) in MeCN after the
addition of 1, 2, 3, 4, 6, 8, 10 equivalents of CF;COOH.

first time, which can act as a selective chemosensor in aprotic
solvents, either for F~ or Breonsted acids.
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