Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with
documents contained within a PDF Package. By updating to the latest version, you'll enjoy
the following benefits:

- Efficient, integrated PDF viewing
- Easy printing

« Quick searches

Don’t have the latest version of Adobe Reader?

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8,
click a file in this PDF Package to view it.



http://www.adobe.com/products/acrobat/readstep2.html


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

Molecular rotors—fluorescent biosensors for viscosity and flow

Mark A. Haidekker? and Emmanuel A. Theodorakis®

Received 18th December 2006, Accepted 22nd March 2007
First published as an Advance Article on the web 12th April 2007
DOI: 10.1039/b618415d

Viscosity is a measure of the resistance of a fluid against gradients in flow (shear

rate). Both flow and viscosity play an important role in all biological systems from the microscopic
(e.g., cellular) to the systemic level. Many methods to measure viscosity and flow have drawbacks, such
as the tedious and time-consuming measurement process, expensive instrumentation, or the restriction
to bulk sample sizes. Fluorescent environment-sensitive dyes are known to show high sensitivity

and high spatial and temporal resolution. Molecular rotors are a group of fluorescent molecules that
form twisted intramolecular charge transfer (TICT) states upon photoexcitation and therefore exhibit
two competing deexcitation pathways: fluorescence emission and non-radiative deexcitation from

the TICT state. Since TICT formation is viscosity-dependent, the emission intensity of molecular rotors
depends on the solvent’s viscosity. Furthermore, shear-stress dependency of the emission intensity was
recently described. Although the photophysical processes are widely explored, the practical application
of molecular rotors as sensors for viscosity and the fluid flow introduce additional challenges.
Intensity-based measurements are influenced by fluid optical properties and dye concentration, and
solvent-dye interaction requires calibration of the measurement system to a specific solvent. Ratiometric
dyes and measurement systems help solve these challenges. In addition, the combination of molecular
rotors with specific recognition groups allows them to target specific sites, for example the cell membrane
or cytoplasm. Molecular rotors are therefore emerging as new biosensors for both bulk and local
microviscosity, and for flow and fluid shear stress on a microscopic scale and with real-time response.
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Fluorescence-based methods advertise themselves, because they
meet the two demands of high spatial and temporal resolution.

Cellular biomechanics are primarily determined by the cell
membrane, the cytoskeleton, and the cytoplasm. While the
cytoskeleton can be imagined as a relatively rigid framework, both
the cytoplasm and the cell membrane have viscoelastic properties
that change in various states of disease. The cell membrane plays
a particularly important role, since its viscosity influences the
activity of membrane-bound proteins.’? Consequently, changes in
membrane viscosity have been linked with alterations in various
physiological processes in the cell, particularly in conjunction with
various disease states.** Examples include atherosclerosis,” cell
malignancy,® hypercholesterolemia,® and diabetes.>" Increased
viscosity of red blood cell and platelet membranes has been
observed in diabetic patients, and the viscosity change has been
proposed to contribute to the reduced ability of the insulin
receptor (a membrane-bound protein) to undergo aggregation.*!
On the other hand, decreased membrane viscosity in leukocytes of
patients with Alzheimer’s disease has been postulated to facilitate
aggregation of the amyloid precursor protein (a transmembrane
protein), a fragment of which is deposited in the brain as an insol-
uble plaque.’ Patients with liver disorders, including alcoholism-
based diseases, showed higher erythrocyte membrane viscosity,
which correlates highly with the severity of liver dysfunction."
Moreover, increased membrane viscosity in leukocytes has been
connected to the aging process."® These established cases constitute
only a few examples of an enormous body of literature on this
important topic that is the relationship between cell membrane
viscosity and disease.

The effects of cytoplasmic viscosity are widely unexplored. This
may be attributed to the relatively difficult measurement methods
available. However, it has been shown that increased cytoplasmic
viscosity impairs the development of oocytes™ and that cellular
activation of cardiomyocytes is associated with changes in the
micro-viscosity of the cytoplasm protein matrix."* Measurements
of microparticle motion suggest that cytoplasmic viscosity also
plays a role in smoking and lung macrophage activation.'®!’
In the cytoplasm, magnetic microparticles were predominantly
used to obtain information on viscoelastic properties."*2° Clearly,
the use of magnetic microparticles demands the use of very
expensive equipment. The observation of the particles is time-
consuming, thus limiting temporal resolution, and the interaction
between the particles and the cellular environment may also cause
measurement artefacts. These limitations may be one of the main
reasons why only limited studies on the effects of cytoplasmic
viscosity are available.

On a non-microscopic (systemic) scale, the viscosity of blood
and its constituents plays an important role. Blood viscosity is one
determinant of blood flow. Information about the distribution
of blood viscosity in the circulation is particularly relevant for
the shear stress mechanotransduction to the endothelium, which
regulates the shear-stress-dependent production of vasoactive
mediators* such as prostacyclin and nitric oxide, and modulates
apoptosis.? Also, plasma (more generally, extracellular fluid)
viscosity regulates cellular and biochemical functions in red blood
cells and liver cells, which are responsible for the lipoprotein
metabolism.??* In this context, information on plasma viscosity
is a key element in understanding the magnitude of the stimulus to
which both endothelium and red blood cells are exposed. Changes

in plasma viscosity have been observed in conjunction with various
diseases and are mostly associated with altered protein levels.??’
Examples include infections and infarction,” hypertension,?® and
diabetes.” Protein-induced hyperviscosity may lead to further
complications,” such as elevated risk of atherosclerosis.** Fur-
thermore, one of the adverse effects of smoking is elevated plasma
viscosity,*"* which may be the link between cigarette consumption
and cardiovascular disease. Non-pathologic conditions may also
influence blood rheology, including increased plasma viscosity. Ex-
amples include bedrest (e.g. associated with prosthetic implants),
pregnancy,** and aging.*® Viscosity changes in aging may also be
attributed to indirect effects, such as age-related changes in habits
(e.g., increased smoking, lack of exercise).* It is debatable whether
a direct cause-and-effect chain exists, as for example suggested by
Ernst and Matrai,*® or whether those changes are a secondary,
merely accompanying effect. Irrespective of this debate, plasma
viscosity has been proposed to be used as a diagnostic tool that
allows early detection of diseases.”

Conventional methods to measure viscosity and flow

To date, conventional (i.e., mechanical) methods to measure vis-
cosity, such as the capillary viscometer, the falling ball viscometer,
and the rotational viscometer have been used exclusively. Typically,
fluid volumes between 1 ml and 5 ml are used, and the actual
measurement process requires between 1 minute and 5 minutes.
For the measurement of blood plasma, a specialized capillary
viscometer (Harkness Viscometer) recommended by the Interna-
tional Committee for Standardization in Haematology®” allows
to measure sample sizes as low as 500 pl within one minute. All
mechanical methods have in common that the fluid is subjected to
shear forces, and the resistance of the fluid to these forces (internal
friction) is measured. The internal friction of a fluid is proportional
to the dynamic viscosity # and the velocity gradient (i.e., the shear
rate) between layers of different velocities. In all cases, the relatively
high amount of sample fluid and the slow measurement process
preclude real-time viscosity measurements in small samples or
localized regions. Finally, mechanical viscometers are affected
by proteins adhering to the surfaces of the instrument. This not
only requires scrupulous cleaning between measurements, but may
also introduce another source of error through protein deposition
during the measurement process.

In all cases described in this section, measurement procedures
would benefit from the rapid response time and high spatial reso-
lution of fluorescent probes. In fact, fluorescence-based methods
to estimate local viscosity have been introduced. The two most
widespread methods are fluorescence anisotropy, a technique that
employs polarized light for fluorescence excitation, and fluores-
cence recovery after photobleaching (FRAP). Typical anisotropy
fluorophores, such as DPH (1,6-diphenyl-1,3,5-hexatriene), can
only be excited by light waves parallel to the excitation dipole of
the molecule. Emission occurs again in the plane of the dipole.
During the excited lifetime, the molecule may rotate, changing
the polarization plane. This rotation depends on the viscosity
of the medium. Consequently, the approximate microviscosity of
the membrane can be determined by fluorescence measurements
using polarized light.®® FRAP is based on fluorophore diffusivity
in a two-dimensional layer such as the cell membrane. When a
small spot of the cell membrane is photobleached by a strong,
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focused laser pulse, diffusion leads to an exponential recovery
of the fluorescence intensity. A model has been provided to
derive local microviscosity from the diffusion constant.***' Besides
the necessity of specialized equipment (i.e., a two-laser confocal
microscope with fast shutters) and the challenging nature of the
measurement process, limitations in time-resolution is another
important disadvantage: in one representative report, a minimum
time increment of 1.7 s is given.* A small spot diameter leads to
poorer recovery measurement; therefore, the size of the bleaching
spot limits the spatial resolution. Finally, the bleaching pulse intro-
duces energies up to 1 MW cm 2, which are sufficient to generate
free radicals by photolysis and local heating with consequent
protein damage.** Particularly, heat-related protein crosslinking
reduces dye diffusivity, leading to artifactually increased viscosity
readings.

The fluid velocity of flowing fluids is usually inhomogeneous.
The spatial gradient of the velocity is called shear rate. The product
of shear rate and viscosity yields shear stress, which is the primary
determinant of the forces related to the flow. Apart from numerical
computations, fluid flow is primarily measured noninvasively
using Doppler ultrasound, laser Doppler techniques, or magnetic
resonance imaging.* A popular alternative is particle tracking.*
All of these methods are limited spatially because of the relatively
low image resolution and the small particle size. Also, these
methods measure fluid flow, but not fluid shear stress.

These considerations have led to the exploration and develop-
ment of a special group of fluorescent viscosity-sensitive probes,
referred to as molecular rotors, which are characterized by their
ability to twist around a single bond. This twisting motion is
influenced by the viscosity of the environment and, in turn,
influences fluorescence emission.

Photophysical principles of molecular rotors

Molecular rotors are a special subgroup of TICT fluorophores
where deexcitation from the TICT state occurs nonradiatively,
that is, without photon emission.** Most commonly, molec-
ular rotors are derived from the group of p-(dialkylamino)-
benzylidenemalonitriles. Fig. 1 shows the chemical structure
of two of the most commonly used molecular rotors, 9-
(dicyanovinyl)-julolidine (DCVJ) and 9-(2-carboxy-2-cyano)vinyl
julolidine (CCVJ). TICT formation takes place by photoinduced
electron transfer from the julolidine nitrogen to one of the
nitrile groups with subsequent intramolecular rotation around
the julolidine—vinyl bond. The physical principle, which leads to
viscosity-sensitivity, is steric hindrance of intramolecular rotation
governed by the molecular-free volume of the solvent. For this
reason, the fluid is not sheared, and no mechanical movement of
the fluid takes place. The intramolecular rotation is a function

N N
M—cN N—co,H
NC NC
DCVJ (1) cevd (2)

Fig. 1 Structure of two commercially available molecular rotors,
9-(dicyanovinyl)-julolidine (DCVJ, 1) and 9-(2-carboxy-2-cyano)vinyl ju-
lolidine (CCV], 2). The intramolecular charge transfer takes place between
the nitrogen (left) as electron donor and the nitrile group (right).

of the free volume of the microenvironment of the probe. If
intramolecular rotation is inhibited by high viscosity (low free
volume) of the microenvironment, the balance of relaxation
shifts towards higher radiative relaxation rates. In other words,
fluorescence intensity increases with increased viscosity of the
solvent.

Twisted intramolecular charge-transfer complexes, that is, flu-
orescent molecules that undergo a twisting motion in the excited
state, have been investigated for more than 40 years.* The TICT
hypothesis, which is still valid today, was first formulated by
Z.R. Grabowsky in 1973.4 Forster and Hoffmann examined some
triphenylamine dyes with TICT characteristics and determined the
power-law relationship between quantum yield and viscosity both
analytically and experimentally.*® Several recent studies show the
interesting properties of molecular rotors in biological studies.
For example, molecular rotors used as probes in polymerizing
environments exhibit an increased fluorescence intensity as the
polymerization progresses.* In biological systems, this principle
was applied to examine the assembly processes of tubulin® or
for the G-F transformation of actin.*** In phospholipid bilayers,
molecular rotors have been used to probe the transition from the
gel to the liquid-crystal phase®® and as a general microviscosity
probe.®* Interestingly, unlike many environment-sensitive probes,
molecular rotors can be used independent of the polarity of the
environment: emission intensity is influenced by the viscosity,
whereas polarity changes are reflected in a small shift of the peak
emission wavelength.**>¢ In contrast to other probes that have been
used to relate fluorescence properties to cell membrane viscosity,
such as LAURDAN,* PRODAN?® or n-AS,* molecular rotors
directly report microviscosity.

A strict mathematical relationship between viscosity # and
quantum yield @ exists, known as the Forster-Hoffmann-
Equation (eqn (1)),

log® =C+xlogn @)

where C is a temperature-dependent constant” and x is a
dye-dependent constant. This relationship has been derived
analytically**#>>* and verified experimentally.®®*! To illustrate this
relationship, typical excitation and emission spectra for DCVJ in
mixtures of ethylene glycol and glycerol are shown in Fig. 2. A
higher glycerol content corresponds to a higher viscosity of the
solvent. This leads to an increased emission intensity.
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Fig. 2 Excitation (dashed lines) and emission (solid lines) spectra of
DCV]J in different mixtures of ethylene glycol and glycerol. As viscosity
increases with increased glycerol content, the fluorophore’s quantum yield
and, with it, the emission intensity increases.
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If the absorbed light intensity 7, is known, the emission
intensity 7, and the quantum yield are directly and proportionally
related through I, o [,®% For practical purposes, the dye
concentration needs to be considered. At low concentrations,
associated with negligible inner-filter effects, the dye concentration
linearly increases I.,,. The effective determination of C is possible,
albeit impractical. However, relative changes in the viscosity of
the environment can directly be determined by measuring two
emission intensities 7, and I, corresponding to the different vis-
cosities 77, and 7,. Under the assumption of constant temperature,
constant absorption and negligible background light, eqn (2) can
be obtained, eliminating the constant C.%

L (D (L)
@) e

One intensity could be gained from a solvent with known
viscosity. In that case, the only remaining unknown would be the
second viscosity 7,, and eqn (2) can be solved for 7,. This approach
corresponds to instrument calibration with known fluids.

Generalized structure and chemical modification

Since charge transfer takes place between the nitrogen electron
donor and the nitrile electron acceptor, chemical modifications
are possible that do not change the photophysical behavior but
allow the attachment of different targeting or recognition elements.
Fig. 3 shows the generic structure of a molecular rotor that can be
thought of as the core (3), and two examples of modifications. 4
is a water-soluble alcohol with a monocyclic structure, whereas
5 is a triethyleneglycol ester with a tricyclic structure. In our
experience the use of a monocyclic structure versus a tricyclic
structure containing the electron-donating nitrogen does not
change the viscosity-sensitive behavior, i.e. the adherence to eqn
(1). Furthermore, the addition of various chains, alcohols, or other
functional groups does not affect the viscosity-sensitive behavior.

O+ X-R ¢— R: recognition element
(hydrophilic or hydrophobic residue,

Z~CN or cell membrane localization motif)

¢— fluorescent rotor motif

N
3

OH
(@] O\)\/OH 0 O\/\O/\ o~

5

< "CN # "CN
4 5

Fig. 3 Generic structure of a molecular rotor (3) and two hydrophilic
derivatives (alcohol 4 and triethyleneglycol ester 5).

Molecular rotors as viscosity sensors

The main advantages of fluorescence-based viscometry over
mechanical measurements include small sample volumes needed

to perform fluorescence measurements (microcuvettes typically
have a volume of 100-250 pl) and the high speed of the readout.
By using fixed wavelength filters, intensity can be measured within
fractions of a second. In addition, molecular rotors allow the
measurement of local microviscosity changes with the aid of
epifluorescent microscopes.

However, the use of molecular rotors is associated with some
challenges that are shared with most quantitative fluorescent
methods. Although lifetime systems allow a good estimation
of a fluorophore’s quantum yield, lifetime fluorophotometers
for lifetimes below 1 ns are not commonly used and are very
expensive. It is therefore more practical to measure steady-state
fluorescence. This method imposes the restriction to measure
relative viscosity changes, because quantum yield is only one
of several factors influencing steady-state emission intensity. The
solvent may absorb excitation or emission light, or light may be
scattered by small particles in turbid fluids. However, by measuring
fluid absorption and scattering, these factors can be accounted
for.** In addition, it is possible to account for dye concentration
by measuring absorbance of the fluid at the dye’s excitation
wavelength (Fig. 4).6465
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Fig. 4 Absorbance and emission intensity of the molecular rotor
DCV]J in mixtures of ethylene glycol and glycerol as a function of dye
concentration. While emission intensity increases both with viscosity and
dye concentration, absorbance is dependent on the dye concentration alone
and does not change with viscosity.

The emission intensity of a molecular rotor depends on both
the concentration of the dye as well as the viscosity of the solvent
(Fig. 4). Absorbance, however, is viscosity-independent and is only
influenced by the dye concentration. By applying corrections for
absorption, scattering, and dye concentration, it is possible to
compute viscosity from emission intensity through eqn (3).

1672 | Org. Biomol. Chem., 2007, 5, 1669-1678

This journal is © The Royal Society of Chemistry 2007





Ineqn (3), /.., is the measured and corrected emission intensity,
is the reciprocal of x in eqn (1), and ¢ is a proportionality constant
that depends on the above correction factors as well as on the
instrument itself (such as excitation intensity, emission collection
efficiency, amplifiers ezc.). & needs to be determined by calibration
with fluids of known viscosity.*®

Molecular rotors, dissolved in fluids of different viscosities,
exhibit a viscosity-dependent emission intensity. Moreover, the
relationship between intensity and viscosity is that of a power-
law relationship. In other words, the data points of intensity over
viscosity, drawn in a double logarithmic scale, would lie on a
straight line with the slope x (eqn (1)), as demonstrated in Fig. 5 in
mixtures of ethylene glycol and glycerol.®**¢ It can be demonstrated
that the power-law relationship holds true over more than three
decades of viscosity.

i
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& 24 |=026105° x
% R2>099) W

x 14 /ﬂé

0.5 4
£ e
0.25 T T T T 1
32 64 128 256 512 1024

Viscosity (mPa s)

Fig. 5 Emission intensity of DCVJ in mixtures of ethylene glycol and
glycerol (emission maxima from Fig. 2) drawn over the viscosity of the
mixtures in a double-logarithmic scale. The data points lie on a straight
line with slope 0.59.

Furthermore, a hydrophilic molecular rotor, 9-[(2-cyano-2-
hydroxy carbonyl) vinyl]julolidine (CCV]J, Fig. 1) has been shown
to change the emission intensity in aqueous colloid solutions,
solutions of dextran, hetastarch, and pentastarch.’” Therefore,
molecular rotors can be used in fluids that contain viscosity-
modulating macromolecules, such as starch molecules, which are
several orders of magnitude larger than the molecular rotors
themselves. In a similar way, hydrophilic molecular rotors can serve
as viscosity probes in blood plasma and plasma expanders.®*®
In a clinical setting, high-viscosity plasma expanders, such as
Pentaspan (10% pentastarch in saline), are frequently prescribed to
avoid blood hypoviscosity. In one study, we subjected mixtures of
blood plasma and pentastarch solution to the fluorescent analysis.
The emission intensity values of repeated experiments were very
tightly grouped, leading to significant intensity differences between
fluids that differed by only 0.3 mPa s.% In fact, there was no
overlap between intensity values of any of the test fluids of different
viscosity. This observation indicates that molecular rotors allow
a measurement precision of 7% or better—a value comparable to
conventional mechanical instruments. In a different study, we com-
pared precision of fluorescent measurements to the measurement
precision of a Brookfield DV-III+ computerized low-viscosity
cone-and-plate rheometer.® Intersample variations were markedly
higher when the samples were measured with a conventional
cone-and-plate viscometer than when measured using fluorescence
(Fig. 6). We found that backcalculating viscosity from fluorescence
emission by using eqn (3) yielded an accuracy of about 5%.%
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Fig. 6 Precision comparison between a mechanical cone-and-plate vis-
cometer and viscosity calculated from fluorescent intensity measurements
(mean and standard deviation for n = 5 independent experiments).
Smaller standard deviation indicates a higher precision of fluorescent
measurements than conventional mechanical measurements.

It can be concluded that measuring viscosity in bulk fluids by
using molecular rotors in solution is possible. Once calibrated, the
fluorescence-based measurement process using molecular rotors
can reach the precision and accuracy comparable with, or better
than, conventional mechanical instruments.

One major advantage of fluorescent probes in general is
their high spatial resolution and instantaneous response to their
environment. These properties also apply to molecular rotors. In
epifluorescent or confocal microscopes, changes of local micro-
viscosity can be determined quantitatively by using molecular
rotors. DCVJ is hydrophobic; therefore, DCV] integrates into
phospholipid bilayers and the cell membrane. DCVJ and related
probes have been used to probe temperature-dependent viscosity
changes and the phase transition in vesicles.® In a microscopic
study, DCVJ was brought into the membrane of adherent con-
fluent endothelial cells, where the fluorescence emission was used
to report membrane viscosity changes under the influence of fluid
shear stress.® We found that emission intensity decreases when the
cells are exposed to shear stress (Fig. 7). Although the intensity
change is statistically significant at shear stress levels as low as 0.6
Pa, the relative change is still surprisingly low. The reason for this
behavior lies in the propensity of the hydrophobic DCVJ to bind
to proteins.® Therefore, DCV]J is able to cross the cell membrane
and migrate into the cell, where it causes fluorescence emission
from the cytoplasmic area as well as from organelle membranes
and nucleoles.” This cytoplasmic DCVJ is not exposed to viscosity
changes in the cell membrane and therefore reduces the relative
intensity change and the sensitivity simultaneously.

To increase sensitivity, we developed by chemical synthesis
molecular rotors that integrate into the membrane as specific as
possible. The basic reaction is based on CCVJ, where the car-
boxylic acid can be used to covalently attach long-chained alcohols
through an ester bond. Among several hydrophobic derivatives
that we tested, a CCVJ farnesyl ester (FCVJ, Fig. 8) proved
most successful.” Farnesyl consists of three isoprenyl groups,
and isoprenyl chains are known to aid localizing membrane-
bound proteins.” By merit of the farnesyl group, FCVJ showed
dramatically improved localization in the outer cell membrane and
an about 20-fold increase of the relative emission intensity change
in cells exposed to fluid shear stress.”

This journal is © The Royal Society of Chemistry 2007
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Fig.8 Membrane-compatible probes CCVJ-farnesol ester (FCVJ, 6) and
the phospholipid-bound probes 7 and 8.

Pursuing the same idea, we synthesized phospholipids with
a molecular rotor moiety attached either to the head group
or to one of its hydrophobic tails (Fig. 8).” We were able to
demonstrate excellent membrane localization in both vesicles and
adherent cells. The specific molecular rotor, covalently bound to
the head group of a phospholipid (8), was markedly less sensitive
to viscosity changes than the other phospholipid-based molecular
rotors (generic structure 7), and it showed no intensity change
in vesicles where viscosity was influenced by temperature. In
vesicles and artificial bilayers, those phospholipid-rotor molecules
where the rotor was attached to one of the hydrophobic tails (e.g.
compound 7) showed excellent sensing performance. However,
in cultured cells some of the compounds exhibited a certain
cytotoxicity, most likely because they changed the membrane’s
phospholipid composition.

Ratiometric dye systems

All molecular rotor dyes presented above suffer from the pos-
sible factors that can influence the measured emission intensity.

While fluorescence-based measurements of bulk viscosity can
be corrected by compensating for fluid absorption and dye
concentration, a similar correction is much more difficult in
the cell. Local dye concentrations in the cell are unknown and
restrict measurements to relative viscosity changes according to
eqn (2). We therefore conceived a dye where one molecular rotor is
covalently coupled to a viscosity-insensitive reference dye. The
desired ratiometric dye was designed to follow several specific
criteria. First, a molecular rotor and a second fluorescent unit that
is not viscosity-sensitive were to be covalently coupled. The second
fluorescent moiety would serve as a reference and calibration
intensity dye. Second, the two fluorescent units were to form a
resonance energy transfer pair; therefore, a rigid linker would
keep the units at a distance approximately equal to the Forster
distance. Third, spectral overlap would have to be chosen so that
the reference moiety acts as the resonance energy transfer donor.
The design principle is shown in Fig. 9.

emission A

Excitation  oforence peak

RET V74

secondary
fluorophore
(molecular rotor)

o] (o]
MeQO 0.0 N0 Z
AN £ CN "
(o] |
9

Fig. 9 Design principle and reduction to practice of a ratiometric dye
system composed of a viscosity-insensitive coumarin RET donor and a
molecular rotor as RET acceptor.
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We recently presented™ the first ratiometric dye system with
coumarin as a reference fluorescent moiety (Fig. 9, compound
9). Scheme 1 shows the basic synthesis pathway to obtain the
ratiometric dye 9, and detailed instructions for the synthesis of
compound 9 can be found in ref. 75. The emission spectra of
the coumarin-ratiometric dye when excited at 360 nm (coumarin
excitation) in fluids of varying viscosity is shown in Fig. 10. It can
clearly be seen that coumarin emission is viscosity-independent
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Synthesis of ratiometric probe 9.
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Fig. 10 Emission spectra of the ratiometric dye 9 excited at 360 nm.
Shown are spectra in different mixtures of ethylene glycol with 40% to
80% v/v glycerol to modulate viscosity. RET takes place from the coumarin
donor to the rotor acceptor. The rotor emission at 480 nm shows strong
viscosity sensitivity whereas the reference emission at 402 nm remains
viscosity-insensitive.

and can therefore be used as a reference. The rotor molecule
is excited through resonance energy transfer, and its emission
intensity was significantly increased with increased viscosity. The
constant x in eqn (1), an indicator of the dye’s sensitivity, was
found to be x = 0.55 (R2 = 0.995, P < 0.0001). This value is very
close to the known value of x = 0.6 for generic non-ratiometric
molecular rotors such as DCVJ and CCVJ (Fig. 5). To further
demonstrate the ratiometric principle, the viscosity series from
Fig. 10 were repeated with different dye concentrations. The peak
emission intensity is a function of fluid viscosity (determined by
different mixture ratios of ethylene glycol and glycerol) where
the dye concentration has been intentionally varied between
samples (Fig. 11). Blue bars show the rotor emission which
strongly depends both on viscosity and dye concentration, while
the ratiometrically corrected intensity (green bars) indicates a
dramatic reduction of the influence of dye concentration in spite
of a very high dye concentration variations of a factor of eight.
The ratiometric dye will be particularly advantageous in en-
vironments where local concentration may vary, such as the cell
membrane. Once again, the design of membrane and cytoplasmic
compatible ratiometric dyes is still under investigation. We expect

5+ .
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o §
=
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Fig. 11 Demonstration of the ratiometric principle to compensate for
major variations in dye concentration. Blue bars show the peak emission
of the rotor moiety in mixtures of ethylene glycol and glycerol at
dye concentrations ranging from 2.5 uM to 20 uM (n = 5, shown:
mean intensity and SD). Since peak intensity strongly depends on dye
concentration, a huge variation of the intensity values can be observed.
Green bars show peak rotor emission divided by peak coumarin emission
for the same samples. Variation between the samples is dramatically
reduced in spite of the high range of concentrations used.

that suitable ratiometric dyes will be an advantageous tool for the
investigation of the role of viscosity (membrane and cytoplasm) in
physiologic processes of the cell. On the bulk scale, the ratiometric
molecular rotor will provide an important tool to investigate
blood plasma hyper- or hypoviscosity and its relation to disease.
Although it is unknown where the established molecular rotor
DVC]J locates in the cell membrane, it can be speculated that it
is localized closely to the phospholipid head groups, similar to
DPH,® because it has been shown that the membrane dielectric
constant can be probed by the peak wavelength shift of a molecular
rotor.®* Protein binding properties and membrane localization
of the ratiometric dye systems are unknown at this time. It is
conceivable, though, that ratiometric systems with low protein
affinity can be found, similar to non-ratiometric molecular rotors
with low protein affinity.® Probes of this type, likely characterized
by multiple -OH or -COOH groups, would be excellently suited
for cytoplasmic viscosity measurement. On the other hand,
ratiometric dye systems attached to lipophilic chains (e.g. isoprenyl
chains) will be preferably localized in the cell membrane. Local
concentrations in protein-rich areas need yet to be examined.

Molecular rotors as flow sensors

Hydrophilic molecular rotors, that is, those molecular rotors that
contain polar groups (carboxylic acid, alcohol, or n-ethylene
glycol) exhibit an increase of the emission intensity in polar fluids
(e.g., water, alcohols) under shear stress.” Other dyes, such as
fluorescein (which is not a molecular rotor) or DCVJ (which does
not have a polar functional group) do not exhibit this behavior. In
a simple experiment, a 10 pM solution of CCVJ in ethylene glycol
was stirred by using a magnetic stir bar (Fig. 12). Under moderate
stirring, a 20% increase of emission intensity was observed. This
increase was not accompanied by any wavelength shift.

In a more complex system where flow could be controlled
more accurately with a syringe pump, we determined that the
intensity increase depends on both viscosity and fluid velocity in
a nonlinear fashion. Particularly, a saturation effect exists where
a further increase of flow does not measurably increase emission
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Fig. 12 Basic experiment to demonstrate shear sensitivity of molecular
rotors. In a fluoroscopic cuvette, a solution of CCVJ in ethylene glycol

is either stirred or at rest. Stirring causes an approximately 20% intensity
increase, but no emission peak shift.

intensity (Fig. 13). This saturation point depends on the fluid used.
Presently, no theory exists that could explain why molecular rotors
would exhibit such a behavior. An empirical curve fit has yielded
eqn (4),"

Al = AL, - (1 —exp (—1» : (1 —exp <—1>> )
7’/( Ve

where the intensity increase Al follows both fluid velocity v (with a
characteristic constant velocity v.) and viscosity 7 (with a constant
characteristic viscosity 7.) in an exponential-association fashion
with very high correlation.
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Fig. 13 Intensity increase of CCVJ in ethylene glycol in dependency of
flow rate and viscosity. High flow rates as well as high-viscosity fluids lead
to a saturation where increased flow does not further increase emission
intensity.

Molecular rotors are extraordinarily sensitive flow sensors
with the ability to sense fluid velocities of 0.5 mm s™' and less.
Only very expensive instrumentation can match this sensitivity.
Furthermore, molecular rotors, as discussed above, have high
spatial and temporal resolution. It is therefore possible to observe
flow patterns in flow chambers or other fluidic systems (examples
in Fig. 14 and 15). In circular tubes, Poiseuille flow follows a
parabolic velocity profile where the flow is fastest in the center
of the tube and slowest near the walls. The emission intensity,
acquired with an optical fiber, followed closely the expected
parabolic profile (Fig. 14). The flow chamber (Fig. 15) exhibits
a high fluid velocity in the narrow channel at the top. The flow
velocity decreases as the fluid enters the wider basin. Consequently,
the area of highest fluorescence intensity is the narrow entrance
channel. In the basin itself, the intensity in some areas is not

N
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Fig. 14 Parabolic fluid velocity profile acquired by positioning a fiberop-
tic tip at different radial positions in a 6 mm diameter glass tube (mean +
SD, n=3).

elevated above background fluorescence (top right). In these areas,
the flow is stagnant. Since the spatial and temporal resolution of a
flow sensing system using molecular rotor fluorescence is limited
by only the image acquisition apparatus, microscopic images of
very high resolution are possible to obtain.

Conclusion

In conclusion, molecular rotors are a special subgroup of TICT-
forming fluorescent dyes that are characterized by nonradiative
decay from the TICT state. Therefore, a high rate of TICT
formation will lead to a low quantum yield and low emission
intensity. Since the TICT formation rate is determined by the
solvent’s viscosity, molecular rotors are fluorescent probes for
viscosity with real-time response and high spatial resolution.
Chemical synthesis allows the modification of molecular rotors
to target specific sites, such as the cell membrane or aqueous
partitions. A rigid mathematical relationship (eqn (1)) between
viscosity and intensity exists that allows backcalculating the
viscosity from emission intensity, provided that the calibration
fluids are known. This relationship holds over three orders of
magnitude. Therefore, fluorescence-based viscosity measurement
is faster and more precise than conventional, mechanical viscom-
etry. In addition, some molecular rotors can be used to probe flow
with similarly high resolution and real-time response time. The
sensitivity of molecular rotors as flow sensors meets or exceeds
any mechanical instrument. Future work will include several
thrust areas. Viscosity sensitivity may be exploited in two ways:
with the help of a specialized instrument, rapid bulk viscosity
measurement can be performed, ideally based on disposable
sets. Such an instrument needs the ability to compensate for
fluid optical properties,* but it would allow rheological tests
to be performed with an accuracy comparable to mechanical
instruments, but with higher precision and dramatically higher
speed. For cell signaling and drug studies on the cellular level,
emphasis will be put on the development of membrane- and
cytoplasm-compatible ratiometric probes. Lastly, exploitation of
the flow-sensitive behavior requires the determination of the exact
underlying mechanism at the molecular level. From this point,
instruments for flow measurement or feedback flow control could
be developed. In summary, the development of molecular rotors
promises a new approach to measuring viscosity in large series
(e.g. in a clinical setting) or on microscopic scales, and it may well
provide an emerging new tool in basic science and diagnostics.
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Fig. 15 Fluorescence patterns in a flow chamber where flow enters a
wide basin from a narrow channel (top). The photos below show the
fluorescence emission intensity, corrected for no-flow intensity (difference
image) for flow rates of 250 I min~', 500 I min~', and 1000 I min~" (top to
bottom). The relationship between fluid velocity and intensity can clearly
be seen.
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A series of thiourea and guanidinium derivatives have been prepared and their ability to bind a
carboxylate group has been investigated. Guanidinium 33, featuring two additional amides and a
pyridine moiety, proved to be the most potent carboxylate binding site and was able to bind acetate in
aqueous solvent systems (K, = 480 M~" in 30% H,O-DMSO). The pyridine moiety is critical to
obtaining strong binding, and comparison with the binding properties of analogous compounds in
which the pyridine is replaced by a benzene ring provides a striking example of enthalpy—entropy

compensation.

Introduction

The carboxylate group is a very common functional group
in biological molecules and there is considerable interest in
developing binding motifs for carboxylate functionality' which
can then be incorporated into larger receptor structures for binding
of complex biological molecules such as amino acids and peptides,
particularly in aqueous solvents.>?

Thioureas and guanidinium salts have been popular as carboxy-
late recognition motifs,! providing a pair of suitably aligned hy-
drogen bond donors to interact with the carboxylate oxygens, and,
in the case of a guanidinium cation, providing a complementary
electrostatic interaction with the carboxylate anion.* However,
simple thioureas and guanidinium salts have limited binding
properties in competitive solvents, and particularly in aqueous
media. Increased binding can be achieved by incorporating further
hydrogen bonds to interact with the carboxylate guest and a
number of approaches have been adopted to achieve this. Thus,
for example, we have studied® the binding properties of thioureas
1 and 2 (Fig. 1), with the amides providing hydrogen bonds
to a carboxylate guest in addition to those from the thiourea.
Incorporating a pyridine in 1 has the potential to help preorganise
the binding cavity into the desired conformation by weak hydrogen
bonds between the pyridine N-lone pair and NH' and NH?,
but this preorganisation is not available in the benzo-analogue
2. A pyridine dicarboxamide motif has been used elsewhere to
preorganise macrocyclic and simple acyclic receptors,® but the
benefit of this preorganisation for the complexation of anions
can be outweighed by the unfavourable electrostatic interaction
between the pyridine N-lone pair and the guest anion.” In the
case of 1 and 2 the binding constants with phenylacetate as guest
were very similar in 10% DMSO-d,—CDCI; indicating that the
benefits of preorganisation in 1 were effectively balanced by the
unfavourable electrostatic interaction in 2.

School of Chemistry, University of Southampton, Southampton, UK SO17
1BJ

T Electronic supplementary information (ESI) available: The synthesis and
characterisation data of compounds 6-8, 20, 24, 29 and 31. NMR and ITC
titration data for all binding studies reported in Tables 1 and 2 of this paper.
See DOI: 10.1039/b700988g

Fig.1 Thiourea and guanidinium derivatives as carboxylate binding sites.

Schmuck ez al. have studied® a range of acylated guanidinopy-
rroles 3 and 4 and found that the combination of additional hydro-
gen bonding and the enhanced hydrogen bonding potential of the
acylated guanidinium produces particularly effective carboxylate
receptors (e.g. with the picrate salt of 3, R = Et, using Ac-L-Ala—
O~ as a guest in 40% H,0-DMSO (dimethylsulfoxide):* K, =
770 M), although acylation also has the effect of lowering the pK,
of the guanidinium. Schmuck and Machon have also described an
analogous binding site 5, again with an acylated guanidinium, but
using a pyridine in place of the pyrrole moiety.*” These receptors
also bound carboxylates in 40% H,O-DMSO solvent mixtures,
but less strongly than the pyrrole analogues.

In other work we have successfully used a combinatorial
approach to prepare tweezer receptors able to bind peptides
with a free carboxylate terminus in aqueous solvents, using
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a guanidinium group as the binding site for the carboxylate
terminus.®*® Although the combinatorial approach provides a
powerful method for identifying suitable receptors it was clear
that we had not necessarily optimised the receptor to maximise
the binding interaction with the carboxylate, or to preorganise the
side arms of the ‘tweezer’ to interact with the peptide backbone.
We therefore set out to prepare thiourea and guanidinium
derivatives with additional hydrogen bonding functionality, de-
signed to optimise the binding affinity with a carboxylate. At
the same time we wanted to provide a functionalised scaffold
which could be readily synthesised and incorporated into more
sophisticated structures in the future. In particular, examination
of molecular models suggested that such a scaffold could be used
to produce tweezer receptors with peptidic side arms correctly
orientated to form B-sheet interactions with peptide guests (Fig. 2).

4 4
YYN\H:} H YYN\H3|:,|
o
N N
SH2 — \H? /J\
°
= Ix H = Ix Y
1 U
N N_ ™ N_
R R
(0] (0]
(0] RS H
N

Fig. 2 New guanidinium and thiourea derivatives as carboxylate recep-
tors and scaffolds for peptide tweezer receptors: X =N, CH; Y =S, NH,*;
n=12.

Herein are described the results of these studies which have
led to the development of a potent carboxylate binding cleft
and have also revealed a striking example of enthalpy—entropy
compensation in the binding properties of closely related receptor
structures.

Results
Synthesis

In order to probe the optimal structure for a carboxylate
binding site scaffold a series of thioureas, 9-13 and 21-23,
and guanidinium salts, 27, 28 and 33, have been prepared
incorporating an additional amide on one side separated by one

or two methylene units, and/or with an additional amide on the
other side separated by a benzyl or pyridyl moiety. Although
these compounds were designed to provide a binding cleft for
carboxylates (Fig. 1), it is clear that they may exist in solution in
a variety of conformations stabilised by intramolecular hydrogen
bonds, and some of these conformations may not be suitable for
strong carboxylate binding. As outlined above, the pyridyl moiety
has the potential to help preorganise the binding cavity into the
desired conformation for carboxylate binding whilst potentially
introducing an unfavourable electrostatic interaction between the
pyridine N-lone pair and the guest anion.

The thiourea derivatives were prepared by coupling an amine
with an isothiocyanate. Thus 3-cyanobenzoic acid was converted
to the corresponding benzamide 6, the nitrile group was reduced
to give amine 7 and then converted to the isothiocyanate 8
(Scheme 1). Thiourea 9 was prepared directly from amine 7 by cou-
pling with benzylisothiocyanate, and coupling of isothiocyanate
8 with the amines 14 and 15 (Scheme 2) gave thioureas 10 and
11 respectively. Similarly, thioureas 12 and 13 were prepared by
coupling amines 14 and 15 with benzylisothiocyanate.

NH, NCS
CN
i H ii H
COR “Me “Me
0 o)
R =OH ) 7 8
6 R=NHMe <
Z iv v
o)

Ph
(ﬁn)kl?l/\Ph

SYN\H H

(On \H N\H N

N—H H
® A 0
N—H N N
< Me Me

Ph 0 e}

12 n=1 9 10 n=1

13 n=2 1M1 n=2

Scheme 1 1) a) SOCl,, MeOH; b) 40% MeNH,-H,0, MeOH; ii) H,, Pd,

C;1ii) CL,C=S, K,COs;, H,0, MeOH; iv) 14 or 15, CH,Cl,; v) amine 14 or
15, CH,Cl,.

Pyrido ester 19 was prepared from pyridine dicarboxylate 18 as
previously described and on treatment with excess methylamine
led to aminolysis of the ester, with concomitant removal of the
phthalimide protecting group to give amine 20. Amine 20 could
not, however, be cleanly converted to the corresponding isothio-
cyanate, and instead was coupled with benzylisothiocyanate to
give 21 or with isothiocyanates 16 or 17 to give thioureas 22 and
23 respectively.

Attempts to convert the various thiourea derivatives directly
to guanidiniums via the S-methyl thiouroniums were largely
unsuccessful. However, this difficulty was circumvented using a
carbodiimide mediated coupling of an amine with a carbamoyl
activated thiourea."! Hence amine 7 was converted to thiourea 24
and then coupled with amine 14 or 15 to give the Cbz-protected
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Scheme 2 i) Cl,C=S, NaHCO;, CH,Cl,, H,O; ii) 40% MeNH,-H,O;

iii) PhCH,NCS, CH,Cl,; iv) 16 or 17, CH,Cl,.

guanidines 25 and 26 (Scheme 3). Removal of the Cbz-group and
treatment with HPF¢ gave the guanidiniums 27 and 28 as the
hexafluorophosphate salts.
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Scheme 3 i) CbzNCS, CH,Cl,; ii) 14 or 15, EDC, DIPEA, CH,Cl,;
iii) a) H,/Pd/C, MeOH; b) HPF,, H,O.

Amine 20 could also be converted to the corresponding
carbamoyl thiourea 29 but attempted carbodiimide mediated
coupling of this product with amines 14 or 15 led only to the
imidazo[1,5-a]pyridine derivative 30 (Scheme 4)."2

NHCbz

H
NH, N\H/
SN H o~y S i
sohn I X
“Me S “Me
(e} (e}
20 29

i) CbzNCS, CH,Cl,; ii) 14 or 15, EDC, DIPEA, CH,Cl,.

Scheme 4

However, amine 15 could be converted to Cbz activated thiourea
31 and hence coupled with amine 20 to give the corresponding
Cbz-protected guanidine 32 (Scheme 5). Removal of the Cbz
group and treatment with HPF, gave guanidinium 33 as the
hexafluorophosphate salt. Analogous conversion of amine 14 to
the corresponding guanidinium could not be successfully carried
out.

HoN HN

Scheme 5 i) CbzNCS, CH,Cl,; ii) 20, EDC, DIPEA, CH,Cl;
iii) a) H,/Pd/C, MeOH; b) HPF,, H,O.

All of the thiourea and guanidinium derivatives were freely
soluble in DMSO. Analysis of the 'H NMR spectra (in DMSO-d)
revealed that for the pyrido derivatives the signals for the various
NH were generally downfield relative to those for the analogous
benzo derivatives, with the effect being most significant (Ad ~
0.25 ppm) for NH' (Fig. 2). These observations are consistent
with a weak intramolecular hydrogen bond interaction of NH'
and NH? with the pyridine nitrogen, and the anticipated partial
preorganisation of the pyridyl series, but may also indicate stronger
hydrogen bond interactions with solvent molecules.

Binding studies

The binding properties of the various thioureas were investigated
using both NMR titration experiments and isothermal calorime-
try (ITC), with tetrabutyl ammonium actetate as the guest, and
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Table 1 Binding data for thiourea derivatives with tetrabutylammonium acetate in DMSO

"H NMR titration® Isothermal calorimetry
Thiourea K, /M™? AG/kJ mol™! K, /M AG/kJ mol™! AH/kJ mol™! TAS/kJ mol™!
9 260 —13.8 440 —153 —-6.9 8.4
10 290 —14.0 230 —13.5 —6.3 7.2
11 200 —13.1 270 —13.9 —8.7 5.2
12 230 —13.5 370 —14.7 —4.8 9.9
13 230 —13.5 260 —13.7 —6.6 7.1
21 370 —14.7 370 —14.7 -9.7 5.0
22 950 —17.0 980 —17.1 -38 13.3
23 1740 —18.5 2200 —19.1 —4.3 14.8

“Data derived by monitoring the shift of the NH protons during titration. ® Errors in association constants were estimated as ~10%.

using DMSO as the solvent (Table 1). Dilution experiments were
conducted to confirm that these receptors do not form dimers
(as thioureas are prone to do in less polar solvents) at the
concentrations used for the binding studies.

Data from the 'H NMR titrations could be fitted to a
1 : 1 (host : guest) binding isotherm using the NMRTit HG
software,”*'* and 1 : 1 binding stoichiometry was confirmed using
Job plots.”® Tsothermal calorimetric binding data'® could also be
fitted using a one-site binding model, consistent witha 1 : 1 binding
stoichiometry. Notably the association constants obtained with
these two distinct methods were in good agreement, although the
values obtained by ITC were generally slightly larger than those
obtained from the "H NMR titrations.

In the '"H NMR titration experiments, addition of tetrabuty-
lammonium acetate to the thioureas led to significant downfield
shifts (A0 ~ 1-2 ppm) of both thiourea protons H? and H*
(for atom labels see Fig. 2) in each case, consistent with strong
hydrogen bonding interactions between the acetate and these
protons. Smaller shifts of the amide protons H' and H* were
observed, the most significant of these (Ad > 0.6 ppm) being for
methyl amide proton H' in the pyridyl series 21-23.

The binding properties of the guanidiniums 27, 28 and 33 were
initially investigated using both NMR titration experiments and
ITC,"” with tetrabutylammonium acetate as the guest, and using
DMSO as the solvent. In the '"H NMR titration experiments,
addition of acetate to the guanidiniums led to significant downfield
shifts of the various NH protons (Ad up to ~1 ppm) but also
substantial broadening in most cases and as a consequence the
data from the NMR titration experiments could not be reliably
fitted to give binding constants.

Isothermal calorimetric binding data obtained using DMSO as
the solvent could, however, be fitted using a two site model,'”

and gave a large 1 : 1 binding constant and a much smaller 1 : 2
(receptor : acetate) binding constant (K,,'? < 150 M™") in each
case (Table 2).

Binding studies were also conducted using ITC with 27, 28 and
33 in H,O-DMSO solvent mixtures. In these more competitive
solvent mixtures the data for the pyridoguanidinium 33 could
be fitted to a simple 1 : 1 binding model with no evidence of
appreciable 1 : 2 binding. Binding of acetate was significant even
in 30% H,O-DMSO (the limit of solubility of the receptor), but
the presence of water effectively prevented binding by the benzo
analogues 27 and 28.

Discussion

Comparing the binding data for the thioureas (Table 1) it is clear
that the binding constants for all of the benzo derivatives 9-13 are
essentially the same and indeed are little different from literature
values for binding simple carboxylates with unfunctionalised
thioureas in DMSO."™ The results indicate that the incorporation
of additional hydrogen bonding interactions in this series is not
effective in producing more potent carboxylate binders. In the
pyrido series however it is apparent that binding of acetate can
be improved by incorporation of additional hydrogen bonding
functionality and both 22 and 23 are stronger receptors (AAG =
3-4 kJ mol™') than any of the other thioureas tested. Notably
the enthalpic contribution to binding in the pyrido compounds
22 (AH = —3.8 kJ mol™") and 23 (AH = —4.3 kJ mol™') is in
fact smaller than that for the analogous benzo compounds 10
(AH = —6.3 kJ mol™") and 11 (AH = —8.7 kJ mol~"). However,
the entropic contribution to binding is much greater for the
pyrido compounds (TAS = 13-15 kJ mol™") than for the benzo
compounds (TAS = 5-7 kJ mol™"). The improvement in binding

Table 2 Binding data for guanidinium salt derivatives with tetrabutylammonium acetate in various solvents

Guanidinium salt* Solvent K, /M AG/kJ mol™! AH/kJ mol™! TAS/kJ mol™!
27 DMSO 6900° -21.9 —19.6 2.3
28 DMSO 5300¢ —-21.2 —-194 1.8
33 DMSO 22000¢ —24.8 —8.0 16.8
33 10% H,O-DMSO 39004 -20.5 -7.4 13.1
33 30% H,O-DMSO 4804 —15.3 -2.0 13.3
Dibenzyl guanidinium DMSO 3100¢ -20.0 -21.8 -1.8

« All guanidinium salts were used as the hexafluorophosphate salts. * Errors in association constants were estimated as ~10%. < ITC data were fitted using
a two site model, giving the reported 1 : 1 binding constants and much smaller 1 : 2 binding constants (K,.'? < 150 M~" in each case). “ ITC data was

fitted using a one site (1 : 1) binding model.
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for the pyrido compounds, perhaps surprisingly, is more marked
with the longer and more flexible B-alanine derived side-arm.
Notably the improvement is only observed with incorporation
of additional functionality on both arms of the thiourea (thiourea
21 is only a marginally stronger receptor than, for example, 9, and
neither 12 nor 13 is any stronger than simple, unfunctionalised
thioureas) suggesting a significant cooperative effect for 22 and
239

As with the thiourea series, the pyridoguanidinium 33 proved to
be a much more effective receptor than the benzo compounds 27
and 28. Indeed 27 and 28 appear to be only marginally better car-
boxylate receptors than unfunctionalised dibenzylguanidinium.
Receptor 33, however, proved to be sufficiently good at carboxylate
binding so that a reasonably strong complex (K,, = 480 M)
could be formed with acetate even in a 30% H,O-DMSO solvent
mixture, which compares favourably with systems developed by
Schmuck et al.® However, neither 27 nor 28 gave a measurable
binding constant in 10% or 30% H,O0-DMSO solvent mixtures
using ITC. Notably binding by the benzo derivatives 27 and
28 in neat DMSO was highly exothermic (i.e. almost entirely
enthalpically driven) as was the case with dibenzyl guanidinium.
Previous studies of guanidinium—carboxylate complexation using
isothermal calorimetry have similarly found that binding is
generally strongly exothermic.”” Binding by 33, however, was
largely entropically driven in DMSO, and almost entirely so in
the more competitive H,O-DMSO mixtures.

Presumably in the pyrido series of compounds, the intramolec-
ular hydrogen bonds between the pyridine nitrogen lone pair
and adjacent amide and thiourea/guanidinium NH’s create
a preorganised binding pocket that binds tightly to solvent
molecules. Hence the entropic cost of organizing the receptor into
a productive conformation for binding is reduced, and there is a
significant entropic gain on binding a carboxylate from the release
of tightly bound solvent molecules. The enthalpic contribution
to binding may be relatively small because of the unfavourable
electrostatic interaction between the pyridine nitrogen lone pair
and the guest anion, and because strong hydrogen bonds to the
solvent have to be broken. The benzo derivatives, on the other
hand, lack any preorganisation, so there is little contribution to
binding from the amide moieties, and solvent is less tightly bound.
Hence, on binding acetate there is less entropic gain from release
of solvent, but greater enthalpic gain from the formation of strong
hydrogen bonds, largely involving the thiourea/guanidinium
NH’s, and the carboxylate, as also observed with unfunctionalised
dibenzylguanidinium.

Conclusion

Tight binding of guest molecules is generally best achieved
using highly preorganised receptors which often require complex
synthesis (for example to give constrained macrocyclic systems).
Conversely, ease of synthesis may come at the price that the
receptor is poorly preorganised and gives only weak binding. In the
case of guanidinium 33, however, an appropriate balance between
ease of synthesis and degree of preorganisation appears to have
been achieved since 33 is able to bind a carboxylate in competitive
solvent, while the synthesis is sufficiently straightforward to
suggest that it may be readily incorporated into more sophisticated
architectures such as tweezer receptors (Fig. 2). For 33 (and

thioureas 22 and 23) introduction of a pyridine moiety has a very
beneficial effect in preorganising an otherwise very flexible binding
pocket, which outweighs the detrimental electrostatic interaction
between pyridine nitrogen lone pair and anionic guest. [sothermal
calorimetry experiments show that binding a carboxylate by
33 in aqueous solvents is driven almost entirely by entropy,
and comparison of the enthalpic and entropic contributions to
binding of acetate by the series of benzo and pyrido derivatives
provides a particularly striking example of enthalpy-entropy
compensation.”

Experimental
General experimental

Reactions requiring a dry atmosphere were conducted in oven-
dried glassware under nitrogen. Where degassed solvents were
used, a stream of nitrogen was passed through them immediately
prior to use, unless otherwise stated. Solvents were of commercial
grade and were used without further purification unless otherwise
stated. Dichloromethane was distilled over calcium hydride, as
was petroleum ether where the fraction boiling between 40 °C
and 60 °C was used. TLC analysis was carried out using foil-
backed sheets coated with silica gel (0.25 mm) and containing the
fluorescent indicator UV,s,. Flash column chromatography was
performed, on Sorbsil C60, 40-60 mesh silica.

Instrumentation

Proton NMR spectra were obtained at 300 MHz on a Bruker AC
300 and at 400 MHz on a Bruker DPX 400 spectrometer. Carbon
NMR spectra were recorded at 75 MHz on a Bruker AC 300
spectrometer and at 100 MHz on a Bruker DPX 400 spectrometer.
Chemical shifts are reported in ppm on the J scale relative to the
signal of the solvent used. Coupling constants (J) are given in
Hz. Signal multiplicities were determined using the distortionless
enhancement by phase transfer (DEPT) spectral editing technique.
For certain compounds quaternary carbons were not observed
due to long relaxation times; these are stated in the appropriate
sections.

Infra-red spectra were recorded on a BIORAD Golden Gate
FTS 135. All samples were run either as neat solids or as oils.
Melting points were determined in open capillary tubes using
a Gallenkamp Electrothermal melting point apparatus and are
uncorrected.

Mass spectra were obtained on a VG analytical 70-250 SE nor-
mal geometry double focusing mass spectrometer. All electrospray
(ES) spectra were recorded on a Micromass Platform quadrupole
mass analyser with an electrospray ion source using acetonitrile
as the solvent. High resolution accurate mass measurements were
carried out at 10 000 resolution on a Bruker Apex II1 FT-ICR mass
spectrometer. Microanalyses were performed by MEDAC Ltd.,
Surrey. Calorimetry experiments were performed on an isothermal
titration calorimeter from Microcal Inc., USA.

"H NMR titration experiments'

All "H NMR titration experiments were conducted on a Briiker
AM 300 spectrometer at 298 K, unless otherwise stated. A sample
of host was dissolved in the deuterated solvent. A portion of this

1710 | Org. Biomol. Chem., 2007, 5, 1706-1714

This journal is © The Royal Society of Chemistry 2007





solution was used as the host NMR sample and the remainder
used to dissolve a sample of the guest, so that the concentration
of the host remained constant throughout the titration. Guest
stock solutions were typically prepared such that 10 pL of that
solution contained 0.1 equivalents of guest with respect to host.
Successive aliquots of the guest solution were added to the host
NMR sample and 'H NMR sample recorded after each addition.
The changes in chemical shifts of various signals as a function
of guest concentration were analysed using the NMRTit HG
software,”® assuming a 1 : 1 or a 1 : 2 binding stoichiometry.

Isothermal calorimetry titrations'

All experiments were performed using an isothermal titration
calorimeter from Microcal Inc. (Northampton, MA). In a typical
experiment a 1-2 mM receptor solution was added to the
calorimetric cell. A solution of tetrabutylammonium acetate (48—
78 mM) was introduced in 50 injections of 5 uL, to a total of
250 pL of added guest. The solution was continuously stirred to
ensure rapid mixing and kept at 25 °C, through the combination
of an external cooling bath and an internal heater. Dilution effects
were determined by performing a blank experiment by adding
the same guest solution to the pure solvent and subtracting this
from the raw titration to produce the final binding curve. Binding
parameters were determined by applying either one-site or two-
sites models, using the Origin software provided. These methods
rely on standard nonlinear least-squares regression (Levenberg—
Marquard method) to fit the curves, taking into account the
change in volume that occurs during the calorimetric titration.

Synthesis

Amines 14 and 15 were prepared by hydrazinolysis of the corre-
sponding N-phthalimidoyl amides.?” The synthesis and character-
isation data of compounds 6-8, 20, 24, 29 and 31 are described in
the electronic supplementary information.}

N-1-Methyl-3-(|(benzylamino)carbothioylj]aminomethyl) benza-
mide 9. Amine 7 (58 mg, 0.27 mmol) and benzyl isothiocyanate
(0.036 cm?, 0.27 mmol) were stirred in CH,Cl, (2 cm?) for 20 h.
The solvent was removed in vacuo and purification by column
chromatography (20-60% EtOAc-CH,Cl,) gave thiourea 9 (66 mg,
0.21 mmol, 78%) as a white foam. Mp 78-81 °C; (found: C, 65.30;
H, 6.08; N, 13.21; C,;H;,N;OS requires C, 65.15; H, 6.11; N,
13.41%); Viae (solid)/cm™" 3284m, 3062w, 3033w, 2935w, 1739m,
1642s, 1536s; oy (400 MHz, DMSO-d,) 2.78 (3 H, d, J 4, CH;),
4.69 (2 H, br, CH,), 4.72 (2 H, br, CH,), 7.21-7.35 (5 H, m, Ar),
7.37-7.44 2H, m, Ar), 7.69 (1 H,d, J 7, Ar), 7.77 (1 H, s, Ar), 8.00
(2 H, br, thiourea-NH), 8.40 (1 H, q, J 4, CH;NH); 6. (100 MHz,
CDCl;) 28.0 (CHs;), 49.4 (CH,), 49.9 (CH,), 126.9 (CH), 127.2
(CH), 128.9 (CH), 129.1 (CH), 130.0 (CH), 130.1 (CH), 132.1
(CH), 135.8 (C), 139.0 (C), 140.0 (C), 170.2 (C), 184.3 (C); m/z
(ES) 336 (M + Na)*, 100%).

N-1-Methyl-3-|(]2-(benzylamino)-2-oxoethylJaminocarbothioyl)-
amino]methyl benzamide 10. Isothiocyanate 8 (57 mg,
0.28 mmol), amine 14 (91 mg, 0.56 mmol) and triethylamine
(TEA) (0.010 cm?, 0.14 mmol) were stirred in CH,Cl, (3 cm?)
for 18 h. The solvent was removed in vacuo and purification by
column chromatography (2-10% CH;OH-CH,Cl,) gave thiourea
10 (68 mg, 0.18 mmol, 64%) as a white solid. Mp 168-171 °C;

(found: C, 61.40; H, 6.04; N, 14.81; C,,H,N,O,S requires C,
61.60; H, 5.99; N, 15.12%); vuu (solid)/cm™" 3293m, 3064w,
2935w, 1727w, 1655s, 1638s, 1545s; 0y (400 MHz, DMSO-d;) 2.77
(3H,d,J4,CH;NH), 4.17(2H, d, J 6, CH,C(0)), 4.31 2 H, d,
J 6, NHCH,Ph), 4.71 (2 H, br, ArCH,NHC(S)), 7.20-7.34 (5 H,
m, Ar), 7.37-7.45 (2 H, m, Ar), 7.67-7.71 (2 H, m, Ar and
NHCH,C(0)), 7.75 (1 H, s, Ar), 8.27 (1 H, br, ArCH,NHC(S)),
839 (1 H, q, J 4, CH;NH), 848 (I H, br, NHCH,Ph); J
(100 MHz, DMSO-d,) 24.7 (CH;), 40.6 (CH,), 45.5 (CH,),
47.1 (CH,), 123.9 (CH), 124.6 (CH), 125.3 (CH), 125.7 (CH),
126.71 (CH), 126.73 (CH), 128.4 (CH), 133.1 (C), 137.7 (C),
165.1 (C), 167.3 (C); m/z (ES) 393 (M + Na)*, 100%); HRMS
(ES) C,yH»N,O,SNa (M + Na)* requires calc. 393.1355, found
393.1356.

N -1-Methyl - 3-[(|3 - (benzylamino) - 3 - oxopropyl]aminocarbo-
thioyl)aminoJmethyl benzamide 11. Isothiocyanate 8 (64 mg,
0.31 mmol) and amine 15 (61 mg, 0.34 mmol) were stirred in
CH,Cl, (4 cm®) for 24 h. The solvent was removed in vacuo and
purification by column chromatography (5% CH;OH-CH,Cl,)
gave thiourea 11 (86 mg, 0.22 mmol, 71%) as a white solid. Mp
147-150 °C; (found: C, 62.71; H, 6.18; N, 14.30; C, H,,N,O,S
requires C, 62.47; H, 6.29; N, 14.57%); Vyay (solid)/cm™" 3274m,
3074w, 2921w, 1638s, 1543s; oy (400 MHz, DMSO-d,) 2.77 (2 H,
t, J 7, NHCH,CH,), 2.77 (3 H, d, J 5, CH,), 3.65 (2 H, br,
NHCH,CH,), 4.27 (2 H, d, J 6, NHCH,Ph), 4.69 (2 H, br,
ArCH,NHC(S)), 7.19-7.33 (5 H, m, Ar), 7.35-7.43 (2 H, m, Ar),
7.56 (1 H, br, NHCH,CH,), 7.68 (1 H, d, J 7, Ar), 7.74 (1 H, s,
Ar), 8.01 (1 H, br, ArCH,NHC(S)), 8.38 (1 H, br, CH;NH), 8.40
(1 H, br, NHCH,Ph); 6 (100 MHz, DMSO-d,) 1 x CH, obscured
by solvent, 25.7 (CH;), 34.3 (CH,), 40.0 (CH,), 41.5 (CH,), 124.8
(CH), 125.7 (CH), 126.2 (CH), 126.7 (CH), 127.6 (CH), 127.7
(CH), 129.3 (CH), 134.1 (C), 138.9 (C), 139.0 (C), 166.1 (C), 170.1
(C), 176.8 (C); m/z (ES) 407 (M + Na)*, 100%), 385 (27); HRMS
(ES) for C,)H,,N,O,SNa (M + Na)* requires 407.1512, found
407.1519.

N-1-Benzyl-2-|(benzylamino)carbothioyljJaminoacetamide  12.
Amine 14 (75 mg, 0.42 mmol) and benzyl isothiocyanate
(0.051 cm?, 0.38 mmol) were stirred in CH,Cl, (2 cm®) for
24 h. The solvent was removed in vacuo and purification by
column chromatography (20% EtOAc—CH,CI, to neat EtOAc)
gave thiourea 9 (85 mg, 0.26 mmol, 68%) as a white solid. Mp
146-149 °C; (found: C, 65.27; H, 5.97; N, 13.32; C;;H,,N,OS
requires C, 65.15; H, 6.11; N, 13.41%); Vyax (solid)/cm™" 3286m,
3062w, 3036w, 2937w, 1738m, 1642s, 1537s; oy (400 MHz,
DMSO-d,) 4.15-4.18 (2 H, br, CH,C(0)), 4.29-4.32 (2 H, m,
C(O)NHCH,Ph), 4.66 (2 H, br, PhCH,NHC(S)), 7.22-7.33
(10 H, m, Ar), 7.64 (1 H, br, NHCH,C(0)), 8.21 (1 H, br,
ArCH,NHC(S)), 8.45 (1 H, br, C(O)ONHCH,Ph); . (100 MHz,
1:1CD;OD-CDCI;) 1 x CH, obscured by solvent, 43.8 (CH,),
48.1 (CH,), 127.8 (CH), 128.0 (CH), 128.0 (CH), 128.1 (CH),
129.1 (2 x CH), 138.6 (C), 170.9 (C); m/z (ES) 336 (M +
Na)*, 100%); HRMS (ES) C,;H,(N;OSNa (M + Na)* requires
336.1141, found 336.1147.

N-1-Benzyl-3-|(benzylamino)carbothioyljJaminopropanamide 13.
Amine 15 (35 mg, 0.21 mmol) and benzyl isothiocyanate
(0.035 cm?®, 0.27 mmol) were stirred in CH,Cl, (2 cm®) for 24 h.
CH,CI, (5 cm®) was added and the mixture was washed with H,O
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(5 cm?®) and brine (5 cm?®), dried (MgSO,) and the solvent was
removed in vacuo. Purification by column chromatography (2—-6%
CH;OH-CH,Cl,) and recrystallisation (EtOAc—petroleum ether)
gave thiourea 13 (46 mg, 0.15 mmol, 71%) as a white solid. Mp 143—
147 °C; (found: C, 66.31; H, 6.58; N, 12.61; C,sH,, N;O0S requires
C, 66.02; H, 6.46; N, 12.83%); vy (solid)/cm™" 3289m, 3062w,
3034w, 2936w, 1739m, 1643s, 1522s; 6, (400 MHz, DMSO-d,)
243 (2H,t,J 7, NHCH,CH,), 3.64 (2 H, br, NHCH,CH,), 4.27
(2 H, d, J 6, CCOONHCH,Ph)), 4.64 (2 H, br, PhnCH,NHC(S)),
7.34-7.22 (10 H, m, Ar), 7.52 (1 H, br, NHCH,CH,)), 7.96 (1 H,
br, P\CH,.NHC(S)), 841 (1 H, t, J 6, C(O)ONHCH,Ph); J
(100 MHz, DMSO-d,) 2 x CH, obscured by solvent, 34.4 (CH,),
42.0(CH,), 126.7 (CH), 126.8 (CH), 127.2(CH), 127.3 (CH), 128.2
(2 x CH), 139.4 (2 x C), 170.6 (C), 179.1 (C); m/z (ES) 328 (M +
H)*, 100%); HRMS (ES) for C,sH, N;OSNa (M + Na)* requires
350.1297, found 350.1294.

N -2-Methyl-6-(|(benzylamino ) carbothioyl | aminomethyl)-2-
pyridine carboxamide 21. Amine 20 (76 mg, 0.46 mmol) and
benzyl isothiocyanate (0.055 cm?®, 0.46 mmol) were stirred in
CH,Cl, (2 cm?®) for 18 h. The solvent was removed in vacuo and
purification by column chromatography (EtOAc) gave thiourea
21 (96 mg, 0.30 mmol, 73%) as a white foam. (Found: C, 61.30;
H, 6.03; N, 17.81; C,;HN,OS requires C, 61.12; H, 5.77; N,
17.82%); vy (solid)/cm™" 3288m, 3061w, 3031w, 2939w, 1739m,
1643s, 1537s; 0y (400 MHz, DMSO-d¢) 2.85(3H, d, J 5,CH;),4.72
(2H, br,CH,),4.86(2H,d, J 5,CH,), 7.23-7.36 (5 H, m, Ar), 7.46
(1 H, br, pyr), 7.88-7.97 (2 H, m, Ar), 8.13 (1 H, t, J 5, thiourea-
NH), 8.21 (1 H, br, thiourea-NH), 8.65 (1 H, q, J 5, CH;NH);
dc (100 MHz, CDCl;) 26.10 (CH;), 48.7 (CH,), 49.4 (CH,), 120.8
(CH), 124.9 (CH), 127.7 (2 x CH), 128.8 (CH), 137.6 (C), 138.3
(CH), 148.7 (C), 155.8 (C), 165.2 (C), 183.0 (C); m/z (ES) 337
(M + Na)*, 100%), 315 (61); HRMS (ES) C,;H3;N,OSNa (M +
Na)* requires 337.1093, found 337.1097.

N-2-Methyl-6-[(|2-(benzylamino)-2-oxoethyl|Jaminocarbothioyl)-
amino]methyl-2-pyridine carboxamide 22. Amine 14* (100 mg,
0.61 mmol) was dissolved in CH,Cl, (5 cm®) at 4 °C and
sat. NaHCO; (2.5 cm?®) was added. Thiophosgene (0.093 cm?,
1.21 mmol) was added to the organic phase and the reaction was
stirred at 4 °C for 10 min. CH,Cl, (5 cm®) was added, the phases
were separated, the organic phase was washed with 2 M HCl
(5 em?®) and brine (5 cm?®), and dried (MgSO,) and the solvent
was removed in vacuo to give isothiocyanate 16 which was used
without further purification. Crude isothiocyanate 16 (37 mg,
0.18 mmol) was added to amine 20 (30 mg, 0.18 mmol) in CH,Cl,
(3 cm®) and the mixture was stirred for 18 h. The solvent was
removed in vacuo and purification by column chromatography
(1-6% CH;OH-CH,Cl,) gave thiourea 22 (37 mg, 0.10 mmol,
55%) as a brown waxy solid. (Found: C, 58.46; H, 5.76; N,
18.97; C3H, N;sOS requires C, 58.20; H, 5.70; N, 18.85%); Vyux
(solid)/cm~": 3294br, 3086w, 2924w, 1656s, 1592w, 1543s; oy
(400 MHz, DMSO-d¢) 2.86 (3 H, d, J 4, CH;), 4.20 (2 H, br,
CH,C(0)),4.33(2H, d, J 6, NHCH,Ph), 4.84 (2 H, br, pyrCH,),
7.20-7.33 (5 H, m, Ph), 7.51 (1 H, d, J 8, pyr), 7.88-7.97 (3 H,
m, pyr and NHCH,C(0)), 8.43 (1 H, br, pyrCH,NH), 8.58 (1 H,
t, J 6, NHCH,Ph), 8.76 (1 H, q, J 4, CH;NH); 6. (100 MHz,
DMSO-d¢) 26.0 (CH;), 42.1 (CH,), 47.1 (CH,), 48.7 (CH,), 120.0
(CH), 123.9 (CH), 126.8 (CH), 127.2 (CH), 128.3 (CH), 138.3 (C),
139.3 (CH), 149.2 (C), 156.8 (C), 158.7 (C), 164.2 (C), 168.8 (C);

m/z (ES) 372 (M + H)*, 100%); HRMS (ES) CH, N;0,SNa
(M + H)* requires 394.1308, found 394.1308.

N-2-Methyl-6-[(]3-(benzylamino )-3-oxopropyl| aminocarbo-
thioyl)amino]methyl-2-pyridine carboxamide 23. Amine 15%
(89 mg, 0.50 mmol) was stirred in CH,Cl, (5 cm®) at 0 °C and
sat. NaHCO; (2.5 cm?®) was added. Thiophosgene (0.076 cm?,
1.00 mmol) was added to the organic phase and the reaction
was stirred vigorously for 20 min. CH,Cl, (5 cm®) was added, the
organic phase was washed with 2 M HCI (5 cm?) and brine (5 cm?),
and dried (MgSO,) and the solvent was removed in vacuo to give
isothiocyanate 17 which was used without further purification.
Isothiocyanate 17 was added to amine 20 (42 mg, 0.25 mmol) in
CH,CI, (3 cm®) and the mixture was stirred for 48 h. The solvent
was removed in vacuo and purification by column chromatography
(1-5% CH;OH-CH,Cl,) gave thiourea 23 (30 mg, 0.08 mmol,
31% overall) as a brown waxy solid. (Found: C, 59.34; H, 5.84;
N, 18.37; C;yHx;N;50,8 requires C, 59.20; H, 6.01; N, 18.17%);
Vmax (solid)/cm™" 3298br, 3087w, 2941w, 1648s, 1593w, 1536s; oy
(400 MHz, DMSO-d,) 2.47 2 H, t, J 6, NHCH,CH,), 2.96 (3 H,
d, J 5, CH;), 3.70 (2 H, br, NHCH,CH,), 429 2 H, d, J 6,
CH,Ph), 4.81 (2 H, br, pyrCH,), 7.18-7.32 (5§ H, m, Ph), 7.47
(1 H,d, J 7, pyr), 7.83 (1 H, br, NHCH,CH,), 7.87-7.96 (2 H,
m, pyr), 8.16 (1 H, br, pyrCH,NH), 8.43 (1 H, br, NHCH,Ph),
8.73 (1 H, q, J 5, CH;NH); dc (100 MHz, CD,0D) 26.4 (CH,),
36.4 (CH,), 41.6 (CH,), 44.1 (CH,), 54.8 (CH,), 121.5 (CH), 125.6
(CH), 128.1 (CH), 128.4 (CH), 129.49 (CH), 129.51 (CH), 139.4
(C), 139.9(C), 150.3 (C), 158.0 (C), 167.1 (C), 173.8 (C); m/z (ES)
386 (M + H)*, 100%); HRMS (ES) C,yH,;N;O,SNa (M + Na)*
requires 408.1464, found 408.1467.

Benzyl N-{[2-(benzylamino)-2-oxoethyljJamino(3-|(methylamino)-
carbonyl]benzylamino)methylene }carbamate 25. Thiourea 24
(70 mg, 0.20 mmol), amine 14 (64 mg, 0.39 mmol) and diisopropy-
lethylamine (DIPEA, 0.070 cm®, 0.39 mmol) were stirred in dry
CH,CI, (4 cm®) and dimethylformamide (DMF, 0.5 cm?®) under N,
at 4 °C. 1-Ethyl-3-(3'-dimethylaminopropyl)carbodiimide (EDC,
74 mg, 0.39 mmol) was added and the reaction was stirred at
4 °C for 1 h and at room temperature for 48 h. The solvent was
removed in vacuo and purification by column chromatography (1—
4% CH;0OH-CH,Cl,) gave guanidine 25 (71 mg, 0.15 mmol, 75%)
as a white solid. Mp 173-176 °C; v, (solid)/cm~"' 3309w, 1635s,
1605s, 1556s; d,; (400 MHz, DMSO-d,) 9.25 (1 H, br, NH), 8.45
(1 H, br, NH), 8.40 (2 H, m, 2 x NH), 7.80 (1 H, s, Ar), 7.71
(1 H,d, J 8, Ar), 7.38-7.48 (2 H, m, Ar), 7.18-7.38 (10 H, m,
Ar), 4.96 (2 H, s, OCH,Ph), 4.50 (2 H, d, J 6, CH,), 4.31 (2 H,
d, J 6, CH,), 3.92 (2 H, br, CH,), 2.76 (3 H, d, J 5, CH,); Jc
(100 MHz, DMSO-dy): 1 x CH, obscured by solvent, 26.2 (CHj;),
42.1 (CH,), 43.7 (CH,), 65.6 (CH,), 125.9 (CH), 126.7 (CH), 127.1
(CH), 127.5 (CH), 127.8 (CH), 128.2 (CH), 129.7 (CH), 134.5 (C),
137.8 (C), 142.1 (C), 159.9 (C x 2), 166.5 (C), 170.9 (C); m/z
(ES) 510 (M + Na)*, 100%); HRMS (ES) C,;H;)N;O, (M + H)*
requires 488.2293, found 488.2295.

Benzyl N-{[3-(benzylamino)-3-oxopropyllamino(3-[(methyl
amino)carbonyl]benzylamino)methylene } carbamate 26. Thiourea
24 (115 mg, 0.31 mmol), amine 15 (100 mg, 0.61 mmol) and
dry TEA (0.083 cm?, 0.61 mmol) were stirred in dry CH,Cl,
(5 cm®). EDC (117 mg, 0.61 mmol) was added and the reaction

1712 | Org. Biomol. Chem., 2007, 5, 1706-1714

This journal is © The Royal Society of Chemistry 2007





was stirred for 8 h at room temperature. The solvent was removed
in vacuo and purification by column chromatography (EtOAc to
10% CH;OH-CH,Cl,) gave guanidine 26 (115 mg, 0.21 mmol,
69%) as a white foam. Mp 162-166 °C; (found: C, 66.98; H, 6.22;
N, 13.71; CxH; NsO, requires C, 67.05; H, 6.23; N, 13.96%);
Vmax (s0lid)/cm™" 3285m, 3064w, 2930w, 1738w, 1640s, 1537s; oy
(400 MHz, DMSO-d¢) 2.45 (2 H, br, NHCH,CH,), 2.77 3 H, d,
J 4,CH;), 3.47 (2H, dt, J 6 and 6, NHCH,CH,), 427 2 H,d, J
5, NHCH,Ph), 4.46 (2 H, d, J 6, ArCH,NHC(S)), 4.96 (2 H, s,
OCH,Ph), 7.19-7.35 (11 H, m, Ar and NH), 7.36-7.41 (2 H, m,
Ar), 7.69 (1 H, d, J 8, Ar), 7.76 (1 H, s, Ar), 8.40 (1 H, q, J 4,
CH;NH), 847 (1 H, t, J 5, NHCH,Ph), 9.01 (1 H, br, NH); J
(100 MHz, DMSO-d¢) 1 x C not observed, 1 x CH, obscured
by solvent, 26.2 (CHj;), 35.1 (CH,), 37.3 (CH,), 42.1 (CH,), 65.5
(CH,), 118.0 (C), 126.0 (CH), 126.7 (CH), 127.2 (2 x CH), 127.4
(CH), 127.7 (CH), 128.2 (3 x CH), 129.6 (CH), 137.8 (C), 139.3
2 x C), 166.6 (2 x C), 170.3 (C); m/z (ES) 524 (M + Na)*,
100%); HRMS (ES) CxH;,NsO, (M + H)* requires 502.2449,
found 502.2451.

N-1-Methyl-3-[(ammonio|2-(benzylamino)-2-oxoethyl]amino-
methyl)amino]methylbenzamide hexafluorophosphate 27. Guani-
dine 25 (71 mg, 0.15 mmol) and 10% Pd/C (cat.) in CH;OH (3 cm?)
and CH,Cl, (1 cm?®) were stirred under a hydrogen atmosphere
(1 atm) for 2 h. The palladium residues were removed by filtration
and washed with CH;OH (10 cm?®). The filtrate was concentrated
in vacuo and the residue was dissolved in H,O (4 cm?), 60%
HPF,—H,O0 (10 drops) was added and the aqueous solution was
extracted with EtOAc (3 x 5 cm®). The combined organic phases
were washed with brine (3 cm?), and dried (MgSO,), and the
solvent was removed in vacuo to give guanidinium salt 27 (51 mg,
0.10 mmol, 70%) as a white foam. (Found: C, 39.64; H, 4.22; N,
12.46; C,yH,,N;O,PF, requires C, 39.70; H, 4.21; N, 12.18%); Vynax
(solid)/cm~" 3357w, 1737w, 1631s, 1556s; d; (400 MHz, CD;CN)
3.00(3H,s,CH;),4.01 (2H, br, CH,),4.43 (1 H,d, J 6,CH,),4.51
(2H,d,J S5, CH,), 6.51 (2 H, br, NH,), 6.69 (1 H, br, NH), 7.22
(1 H, br, NH), 7.28-7.48 (5 H, m, Ar), 7.52-7.61 (3 H, m, Ar and
NH), 7.71 (1 H, d, J 8, Ar), 7.76 (1 H, s, Ar), 8.39 (1 H, br, NH);
dc (100 MHz, CD;0D) 27.0 (CH;), 44.3 (CH,), 44.9 (CH,), 45.7
(CH,), 126.8 (CH), 127.6 (CH), 128.4 (CH), 128.6 (CH), 129.6
(CH), 130.2 (CH), 131.4 (CH), 136.0 (C), 138.2 (C), 139.4 (O),
158.5(C), 169.7 (C), 170.3 (C); m/z (ES) 354 (M — PF)*, 100%);
HRMS (ES) CyH,,N;O, (M — PF()*" requires 354.1934, found
354.1929.

N-1-Methyl-3-[(ammonio|3-(benzylamino)-3-oxopropyl]amino-
methyl)amino]methylbenzamide hexafluorophosphate 28. Guani-
dine 26 (52 mg, 0.10 mmol) and 10% Pd/C (cat.) in CH;OH (3 cm?)
was stirred under a hydrogen atmosphere (1 atm) for 2 h. The
palladium residues were removed by filtration and washed with
CH;OH (10 cm?®). The filtrate was concentrated in vacuo and the
residue was dissolved in H,O (4 cm®), 60% HPF,~H,O (10 drops)
was added and the aqueous solution was extracted with EtOAc
(3 x 5 cm?). The combined organic phases were washed with
brine (3 cm?®), and dried (MgSO,), and the solvent was removed
in vacuo to give guanidinium salt 28 (44 mg, 0.09 mmol, 83%) as a
white foam. (Found: C, 40.98; H, 4.33; N, 11.76; C,,H,xN;O,PF,
requires C, 40.80; H, 4.45; N, 11.89%); vnuy (solid)/cm™' 3275w,
2969w, 1738s, 1630s, 1543s; oy (400 MHz, DMSO-d,) | x CH,
obscured by solvent, 2.78 (3 H, d, J 4, CH;NH), 3.42 2H, q, J

6, NHCH,CH,), 429 (2 H, d, J 6, NHCH,Ph), 443 (2 H, d, J 6,
ArCH,NHC(N)), 7.21-7.34 (5 H, m, Ar), 7.41-7.46 (2 H, m, Ar),
7.51 (3 H, br, NH, and NHCH,CH,), 7.75 (1 H, d, J 7, Ar), 7.79
(1 H, s, Ar), 7.94 (1 H, br, ArCH,NHC(N)), 8.45 (1 H, q, J 4,
CH;NH), 8.52 (1 H, t, J 6, NHCH,Ph); 6. (100 MHz, CD;0D)
27.0 (CHs;), 36.0 (CH,), 39.0 (CH,), 44.2 (CH,), 45.6 (CH,), 127.1
(CH), 127.5 (CH), 128.2 (CH), 128.5 (CH), 129.5 (CH), 130.1
(CH), 131.4 (CH), 136.0 (C), 138.3 (C), 139.7 (C), 157.7 (C), 170.3
(C), 173.2 (C); m/z (ES) 368 (M — PF,)*, 100%); HRMS (ES)
CyHyN5;O, (M — PF,)* requires 368.2081, found 368.2079.

Benzyl N-5-[(methylamino)carbonyllimidazo[1,5-a]pyridin-3-yl-
carbamate 30. Thiourea 29 (74 mg, 0.21 mmol) and N-1-benzyl-
2-aminoacetamide 14 (68 mg, 0.41 mmol) were stirred in dry
CH.CI, (3 cm?)and DMF (1 cm®) at4 °C. EDC (78 mg, 0.41 mmol)
was added and the reaction was stirred at room temperature
for 8 h. The solvents were removed in vacuo, the residue was
dissolved in CHCI; (10 cm?) and the solution was extracted
with 1% HCI (3 x 5 cm?). The aqueous phases were combined,
basified (2 M NaOH, pH & 12) and extracted with EtOAc (3 x
10 cm?®). The combined EtOAc phases were dried (MgSO,), the
solvent was removed in vacuo and the product was purified by
column chromatography (CH,Cl, to 4% CH;OH-CH,Cl,) to give
imidazole 30 (27 mg, 0.08 mmol, 40%) as a yellow foam. vy,
(solid)/cm™" 3251w, 3048w, 2933w, 1732m, 1717m, 1652m, 1625m,
1542s; 0y (400 MHz, DMSO-d,) 2.78 3 H, d, J 3, CH;NH), 5.12
(2H, s, OCH,Ph), 6.79-6.88 (2 H, m, Ar), 7.36-7.46 (5 H, m, Ph),
7.48 (1 H, s, NCH), 7.68 (1 H, dd, J 9 and 1, Ar), 8.77 (1 H, q,
J 3, CH;NH), 9.42 (1 H, br, CbzNH); 6 (100 MHz, DMSO-d,)
26.5 (CHj;), 66.7 (CH,), 114.2 (C), 118.5 (CH), 118.9 (C), 120.2
(CH), 128.3 (CH), 128.5 (CH), 128.9 (CH), 130.4 (CH), 130.5 (C),
130.9 (CH), 137.0 (C), 155.1 (C), 163.6 (C); m/z (ES) 325 (M +
H)*, 100%); HRMS (ES) C,;H,;N,O; (M + H)* requires 325.1295,
found 325.1295.

Benzyl N-{3-(benzylamino)-3-oxopropyllamino|(6-](methylamino)-
carbonyl]-2-pyridylmethyl)amino]methylenecarbamate 32. EDC
(111 mg, 0.58 mmol) was added to a mixture of thiourea
31 (106 mg, 0.29 mmol), N-2-methyl-6-(aminomethyl)-2-
pyridinecarboxamide 20 (81 mg, 0.49 mmol) and dry TEA
(0.082 cm?, 0.58 mmol) in dry CH,Cl, (5 cm?®) and the reaction was
stirred for 5 h. The solvent was removed in vacuo and purification
by column chromatography (5% CH;OH-CH,Cl,) gave guanidine
32 (111 mg, 0.22 mmol, 76%) as a white solid. Mp 118-120 °C;
(found: C, 64.58; H, 6.05; N, 16.45; C,;H;,NO, requires C, 64.53;
H, 6.02; N, 16.71%); Vpa (solid)/cm™ 3349w, 2945w, 1738m,
1667m, 1620s, 1597s, 1542s; oy (400 MHz, DMSO-d¢) 1 x CH,
obscured by solvent, 2.83 (3 H, d, J 3, CH;NH), 3.52 (2 H, d, J
6, NHCH,CH,), 4.28 2 H, d, J 4, NHCH,Ph), 4.57 (2 H, d, J 4,
pyr-CH,), 4.97 (2 H, br, OCH,Ph), 7.16-7.36 (10 H, m, Ar), 7.48
(1 H, m, pyr), 7.84-8.00 (2 H, m, pyr), 8.50 (1 H, br, NHACH,Ph),
8.72 (1 H, br, CH;NH), 9.03 (1 H, br, guanidine-NH), 10.14 (1 H,
br, guanidine-NH); . (100 MHz, CD;OD) 1 x C not observed,
26.5 (CH;), 37.3 (CH,), 38.8 (CH,), 44.2 (CH,), 46.4 (CH,), 67.8
(CH,), 121.6 (CH), 125.6 (CH), 128.1 (CH), 128.5 (CH), 128.7
(CH), 128.8 (CH), 129.4 (CH), 129.5 (CH), 139.0 (2 x C), 139.7
(C), 139.9 (C), 143.3 (CH), 165.0 (C), 173.8 (2 x C); m/z (ES) 503
(M + H)*, 100%); HRMS (ES) C,;H;N;O, (M + H)* requires
503.2411, found 503.2402.
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N -2-Methyl-6-|(ammonio|3-(benzylamino)-3-oxopropyllamino
methyl)amino]methyl-2-pyridinecarboxamide hexafluorophosphate
33. Guanidine 32 (44 mg, 0.17 mmol) and 10% Pd/C (cat.) in
CH;OH (3 cm?) was stirred under a hydrogen atmosphere (1 atm)
for 2 h. The palladium residues were removed by filtration and
washed with CH;OH (10 cm®). The filtrate was concentrated
in vacuo and the residue was dissolved in H,O (4 cm?), 60%
HPF¢-H,0 (10 drops) was added and the aqueous solution was
extracted with EtOAc (3 x 5 cm?®). The combined organic phases
were washed with brine (3 cm®), and dried (MgSO,), and the
solvent was removed in vacuo to give guanidinium salt 33 (42 mg,
0.11 mmol, 91%) as a white foam. Mp 173 °C (dec.); (found: C,
38.74; H, 4.39; N, 14.41; CyH,;N;O,PF, requires C, 38.69; H,
4.27; N, 14.25%); vpa (solid)/cm™" 3468w, 3395w, 3336w, 3205w,
2970w, 1738w, 1641s, 1540m; J;; (400 MHz, DMSO-d,) 1 x CH,
obscured by solvent, 2.81 (3 H, d, J 5, CH;), 3.40 (2 H, dt, J 6
and 6, NHCH,CH,), 4.25 (2 H, d, J 6, CH,Ph), 4.51 (2 H, d,
J 6, pyrCH,), 7.15-7.28 (5 H, m, Ph), 7.45 (1 H, d, J 8, pyr),
7.55 (3 H, br, NHCH,CH, and NH,), 7.84 (1 H, br, pyrCH,NH),
7.90-7.99 (2 H, m, pyr), 8.49 (1 H, t, J 6, NHCH,Ph), 8.61 (1 H,
q,J 5, CH;NH); ¢ (100 MHz, CD;0D) 26.4 (CH,), 36.0 (CH,),
39.2 (CH,), 44.3 (CH,), 46.9 (CH,), 122.3 (CH), 125.7 (CH), 128.3
(CH), 128.5 (CH), 129.5 (CH), 139.8 (C), 140.0 (CH), 150.7 (C),
155.6 (C), 158.1 (C), 166.9 (C), 173.3 (C); m/z (ES) 369 (M —
PF¢)*, 100%); HRMS (ES) C,yH;sN¢O, (M — PF,)* requires
369.2033, found 369.2031.
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The factors affecting enzymatic protein immobilization with microbial transglutaminase (MTG) were

explored. As model proteins, enhanced green fluorescent protein (EGFP) and glutathione S-transferase
(GST) were chosen and tagged with a neutral Gln-donor substrate peptide for MTG
(Leu-Leu-GlIn-Gly, LLQG-tag) at their C-terminus. To create a specific surface, displaying reactive Lys
residues, to be cross-linked with the Gln residue in the LLQG-tag of target proteins by MTG catalysis,
a polystyrene surface was physically coated with B-casein. Both recombinant proteins were immobilized

onto the B-casein-coated surface only in the presence of active MTG, indicating that those proteins were

enzymatically immobilized to the surface. MTG-mediated protein immobilization markedly depends on
the pH and ionic strength of the reaction media. The optimal pH range of MTG-mediated
immobilization of both recombinant proteins was around 5, at which point the MTG-catalyzed
reaction in aqueous solution is not normally preferred. By utilizing a pH-dependent change in EGFP

fluorescence, we found that the apparent pH at the surface is likely to be lower than bulk pH, this
difference is not attributed to an optimal pH shift in MTG-mediated immobilization. On the other
hand, lower yields of protein immobilization at higher ionic strength suggest that electrostatic
interaction is a key factor governing MTG catalysis at a solid surface. The results of this study indicate
that, in enzymatic catalysis at a solid surface, the concentration of substrates at the surface can enhance
the catalytic efficiency, and this could alter the pH dependence of enzymatic catalysis.

Introduction

The immobilization of functional proteins is a key issue in a wide
range of protein applications. In particular, protein microarrays
have recently become a focus of proteomics, drug discovery and
diagnostics due to their potential utility in the rapid screening
of thousands of molecular events in a single experiment, which
facilitates the study of protein—protein, antigen—antibody, protein—
DNA, and protein—small molecule interactions. However, how to
maintain the conformation and biological activity of immobilized
proteins is a major concern of protein immobilization technology.!

Most available immobilization methods for proteins involve
the physical adsorption of proteins through electrostatic and
hydrophobic interactions or chemical coupling of groups within
proteins (carboxyl or amino groups) to surfaces containing
reactive groups.? In both cases, the orientation of protein molecules
immobilized to solid surfaces should be random, and proteins are
likely to be partly denatured. To solve these problems, a variety
of alternative strategies have been developed. One approach
is noncovalent and site-specific immobilization, which can be
achieved by the conjugation of an affinity peptide tag, such as
the hexahistidine tag (His-tag), to target proteins in order to fuse
proteins onto a Ni-NTA-functionalized surface by metal-chelate
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interactions,® biotinylated proteins onto an avidin-coated surface
by avidin—biotin interactions,* epitope-tagged fusion proteins onto
antibody-immobilized surface by antigen—antibody interactions,’
and a unique peptide tag for the parallel heterodimeric leucine
zipper system.® However, the specific interactions in these cases
are reversible in nature and, thus, are not stable enough over the
course of subsequent assays.! Other methods introduce reactive
peptide tags to effect covalent and site-specific immobilization. For
example, azidolated proteins immobilized by Staudinger ligation,’
hAGT (O°-alkylguanine DNA alkyltransferase) fusion proteins
immobilized onto benzylguanine-displaying surfaces® and intein-
tagged proteins immobilized using protein splicing’ have been re-
ported. Although these methods have been shown to be capable of
protein immobilization, a relatively large peptide/protein tag and
the preparation of specifically modified solid surfaces are required.
These issues led us to the development of a simple and efficient
method for covalent and site-specific protein immobilization.

To this end, we have focused on the capability of micro-
bial transglutaminase (MTG) in protein cross-linking reactions.
Transglutaminase is an enzyme that catalyzes an acyl transfer
reaction between the y-carboxyamide group of peptide-bound
Gln residue (acyl donors) and a variety of primary amines
(acyl acceptors), including the g-amino group of lysine, with the
loss of ammonia.' We have recently demonstrated the potential
of MTG in the covalent and site-specific immobilization of
proteins onto casein adsorbed on a polystyrene surface.' However,
a quantitative evaluation of enzymatic protein immobilization
was not satisfactorily conducted. Indirect estimation of protein
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loading onto the surface, on the basis of the catalytic activity of
immobilized enzymes, suggested a maximum loading of approx.
35 ng per well.

In this study, we investigated the factors affecting enzymatic
protein immobilization in detail. Our goal was thus to understand
better the catalytic properties of MTG when applied to protein
immobilization, which leads us to a potent alternative route for
the design and preparation of new functional biomaterials. For
this reason, we prepared two recombinant proteins with similar
isoelectric points bearing a neutral Gln-donor substrate peptide
at their C-termini. One of them was enhanced green fluorescent
protein (EGFP), which facilitated the quantitative evaluation of
the present immobilization method. For a solid surface with
reactive sites for MTG catalysis, we chose a polystyrene plate
physically coated with B-casein possessing reactive Lys residues
for MTG." Using B-casein-coated plates that effectively block
the non-specific adsorption of proteins while allowing the MTG-
mediated immobilization of target proteins, the unique aspects of
enzymatic catalysis at a solid surface were investigated (Scheme 1).

LLQG-tag
10 Transglutaminase-mediated
H,N immobilization

o
HN'  +NH,

p-casein-coated
surface

el
S el

Scheme 1 Covalent and site-specific immobilization of proteins onto a
B-casein-coated surface through MTG-mediated crosslinking reaction.

Results and discussion

Design of recombinant proteins

We selected EGFP and glutathione S-transferase (GST) as
model proteins, both of which have been employed frequently
in basic studies on protein immobilization.” These proteins were
expressed in Escherichia coli as recombinant proteins tagged with
a Gln donor substrate peptide (Leu-Leu-GIn-Gly = LLQG-tag)
at the C-termini. The peptide sequence of Leu-Leu-GIn-Gly is
known to be a good substrate sequence for MTG."

In the EGFP construct, a flexible linker (Gly-Gly-Gly-Ser)
was introduced between the protein and the LLQG-tag for the
relaxation of steric hindrance upon the binding of MTG to the
tag.'" It was found that the C-terminal Lys residue (K238) in the
wild-type sequence of EGFP turned out to be recognized by MTG
upon the extension of the amino acid sequence at the C-terminus
(data not shown). Therefore, K238 was substituted to Arg by site-
directed mutagenesis (Table 1).

With respect to GST, we found that one out of five Gln
residues in the wild-type sequence of GST was recognized by
MTG. From an inspection of the tertiary structure of GST,"

Table 1 Amino acid sequences of the recombinant proteins prepared in
this study”

Protein Amino acid sequences of N- and C-terminal regions

Wild-type EGFP MHHHHHHMVSKG-DELYK

CQ-EGFP MHHHHHHMVSKG-DELYRGGGSLLQOG
Wild-type GST MSPIL-GWQAT-DHPPK

Q207A GST MHHHHHHGSMSPIL-GWAAT-DHPPK
CQ-GST MHHHHHHGSMSPIL-GWAAT-DHPPKLLQG

“ Amino acid sequences of N- and C-terminal regions are shown for each
protein, with one-letter codes. The substrate peptide sequence for MTG is
in italics. Amino acids substituted by site-directed mutagenesis are shown
in bold letters. The omitted regions have the same sequence as wild-type
for both EGFP and GST.

Q207 (the accessible surface area, which scores the highest value
of all Gln residues) is likely to be the target site of MTG. Indeed,
we confirmed that substitution of Q207 to Ala makes GST an
inert substrate for MTG (data not shown). Since the labelling
of the extended peptide tag at the C-terminus of GST by small
organic molecules could affect substrate recognition,' we decided
to attach the LLQG-tag directly to the C-terminus of GST to
minimize structural perturbation.

Finally, we confirmed that neither recombinant protein suffered
from a significant loss of native function upon the incorporation
of peptide tags at the C-terminus. The resultant recombinant
proteins were abbreviated as CQ-EGFP and CQ-GST, respectively
(Table 1).

Immobilization of CQ-EGFP and CQ-GST onto a p-casein-coated
polystyrene surface

To construct a reactive surface displaying Lys residues for the
enzymatic immobilization of recombinant proteins bearing a Gln-
donor substrate peptide for MTG, we employed B-casein, because
it is a good MTG substrate and substantially prevents non-
specific protein adsorption when adsorbed on a plate surface,
while providing reactive sites for MTG catalysis."“ In fact, casein
has been widely employed as a surface-blocking reagent due to its
amphiphilic nature, which provides stable protein matrices on a
solid surface.

Fig. 1a shows the fluorescence intensity of CQ-EGFP detected
on a B-casein-coated plate after immobilization procedures. One
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Fig.1 Immobilization of CQ-EGFP and CQ-GST onto a -casein-coated
surface. The y-axis shows the relative signal intensity derived from the
proteins immobilized in 50 mM sodium acetate buffer, pH 5, (a) CQ-EGFP
and (b) CQ-GST. The maximum signal for each condition was taken as
100%. (Lane 1: LLQG-tagged protein only, lane 2: LLQG-tagged protein +
inactivated MTG, lane 3: LLQG-tagged protein + MTG, lane 4: wild-type
EGFP (a) or Q207A GST (b) + MTG.)
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can see that non-specific adsorption of CQ-EGFP was negligible
(lane 1 in Fig. 1a). Incubation with inactivated MTG also provided
no significant fluorescence on the surface (lane 2 in Fig. la).
By contrast, incubation of CQ-EGFP with MTG resulted in
an over 20-fold increase in fluorescence compared with control
experiments (lane 3 in Fig. 1a), suggesting that the immobilization
of CQ-EGFP had, in effect, proceeded enzymatically. Moreover,
incubation of wild-type EGFP with MTG resulted in a comparable
signal with non-specificadsorption (lane 4 in Fig. 1a). These results
indicate that the immobilization of CQ-EGFP is directed through
the LLQG-tag. On the other hand, CQ-GST seems to be physically
absorbed onto the surface to some extent (lanes 1 and 2 in Fig. 1b).
However, the level of CQ-GST activity detected on the plate in the
presence of MTG was about 5-fold that of the control experiments,
suggesting LLQG-tag-specific immobilization of CQ-GST (lane 3
in Fig. 1b). Since the isoelectric points (pIs) of CQ-EGFP (5.67,)
and CQ-GST (6.09,') are comparable, the difference in the non-
specific adsorption of these recombinant proteins might not be
attributable to electrostatic interaction.

To test the stability of B-casein matrices for protein immobi-
lization, changes in the fluorescence of immobilized CQ-EGFP
were followed during repeated washing of the wells. Fig. 2
depicts the number of washing cycles in which the plate was
washed three times each with PBST and 1 M NaCl per cycle. As
shown in the figure, the fluorescence of immobilized CQ-EGFP
was retained perfectly within the experimental errors, even after
repeated washing (30 times in total). The results show that f-casein
adsorbed on the polystyrene surface can work as a stable matrix
for MTG-mediated covalent protein immobilization.

0 . \ . .
0 1 2 3 4 5

Number of washing cycles

Relative fluorescent intensity [%]

Fig. 2 Stability of immobilized CQ-EGFP during repeated washing.
The original fluorescent intensity of immobilized CQ-EGFP was taken
as 100%. Each washing cycle involves PBST x 3 and 1 M NaCl x 3.

Effect of pH on CQ-EGFP immobilization

As MTG is an enzyme, solution pH should affect the protein im-
mobilization process. To attain the highest loading on the surface,
we checked the pH dependence of MTG-mediated immobilization
using CQ-EGFP as a model. Fig. 3a shows a fluorescent image of
immobilized CQ-EGFP on the plate. In the absence of MTG, little
fluorescence was detected, indicating that non-specific absorption
was negligible at all pH values examined. On the other hand,
in the presence of MTG, EGFP fluorescence was evident and,
interestingly, the efficiency of the immobilization was seen to be
markedly dependent on pH. Quantitative evaluation of fluorescent
intensity on the plate (Fig. 3b) shows that the optimal pH for
CQ-EGFP immobilization is around 5. These results confused us
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Fig. 3 Effect of pH on MTG-mediated immobilization of CQ-EGFP.
(a) Fluorescent image of immobilized CQ-EGFP in the presence (+) and
the absence (—) of MTG. (b) Effect of pH on the relative fluorescence of
immobilized CQ-EGFP: (O) sodium acetate buffer, ((J) potassium phos-
phate buffer, (A) Tris-HCI buffer. The maximum signal was normalized to
100%. The error bars represent the standard deviation (n = 3).

because the optimal pH range of MTG catalysis in solution was
reported to be around neutral pH (6 to 7) when hydroxylamine
and Z-GIn-Gly were used as substrates.”” To gain further insight
into this phenomenon, we conducted a direct comparison of MTG
catalysis in solution with that at the interface, towards the same
proteinaceous substrate, CQ-GST.

Comparison of pH dependence of MTG catalysis at a solid surface
with that in aqueous solution

We first examined the pH dependence of MTG catalysis in solution
by the labelling of CQ-GST with monodansyl cadaverine (MDC).
We observed a time-dependent increase in fluorescence due to the
labelling of the Gln residue of the LLQG-tag with MDC, by which
the local hydrophobicity around the chromophore (dansyl group)
is increased by the adjacent Leu residue. Fig. 4a shows the pH—
activity profile of MTG-mediated incorporation of MDC into CQ-
GST. As a result, the optimal pH was found to be around 8. On the
other hand, we found that the optimal pH for the immobilization
of CQ-GST is around pH 5 (Fig. 4b), showing good agreement
with the pH dependence of CQ-EGFP immobilization (Fig. 3b).
The relatively high immobilization efficiency of CQ-GST at pH 6
in comparison with that of CQ-EGFP can be attributed to the
difference in pl values, at which point the surface charge of CQ-
GST should be close to neutral. The observed discrepancy in
optimal pH of MTG catalysis was likely to be derived from the
intrinsic characteristics of enzymatic catalysis at the surface. We
first assumed that this unique catalytic behavior of MTG is due
to a change in the apparent pH at the surface away from that
of the bulk solution. To test this idea, we designed the following
experiments.

Evaluation of pH at p-casein-coated polystyrene surface by the
pH-dependent change in EGFP fluorescence

It is known that the fluorescence intensity of EGFP is pH-
dependent.’® Therefore, immobilized EGFP itself can serve asa pH
indicator for estimating local pH at the surface. We immobilized
CQ-EGFP onto a B-casein-coated surface under the optimal
conditions in Fig. 3 (50 mM sodium acetate buffer, pH 5),
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Fig. 4 Effect of pH on the MTG-mediated reactions of CQ-GST.
(a) Effect of pH on the relative activity of incorporation of MDC into
CQ-GST. (b) Effect of pH on the relative activity of immobilized CQ-GST:
(O) sodium acetate buffer, ((J) potassium phosphate buffer, (A) Tris-HCl
buffer. The maximum activity for each condition was taken as 100%.

then washed out the buffer and measured the fluorescence of
immobilized CQ-EGFP by changing the pH of the medium. The
results were compared with the pH-dependent fluorescent change
of free CQ-EGFP using the same buffered solutions.

Fig. 5 shows the relative fluorescence of free and immobilized
CQ-EGFP at different bulk pH. The fluorescence of free CQ-
EGFP is comparable to that of wild-type EGFP over the cor-
responding pH range.” On the other hand, the pH-fluorescence
profile was shifted toward a higher pH in the case of immobilized
EGFP. For instance, at pH 6, the fluorescence of free CQ-EGFP
reaches maximum whereas that of immobilized CQ-EGFP is
only 40% of the maximum intensity. These results indicate that
the apparent pH at the solid surface is lower than that of the
bulk solution, resulting in a shift of the pH-fluorescence signal
profile toward a higher pH. A similar apparent shift of pH to
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Fig.5 Effect of pH on the fluorescence of free CQ-EGFP (filled keys) and
immobilized CQ-EGFP (open keys) in (@, O) sodium acetate buffer, (H,
) potassium phosphate buffer; (A, A) Tris—-HCI buffer. The maximum
fluorescence for each condition was normalized to 100%.

higher values was observed when EGFP was placed in reverse
micelles comprised of an anionic surfactant. This apparent shift
was explained by the potential field of the negatively charged
surfactant, which attracts protons.' In the present case, the surface
would also be negatively charged at pH values above 5, due to
the isoelectric point (pl) of B-casein (ca. 5), possibly accounting
for the upward shift in optimal pH. However, this observation
cannot be correlated with the downward shift in the optimal pH for
enzymatic immobilization because, in this context, the apparent
pH at the solid surface in a pH 5 buffered solution is likely to be
lower than pH 5, at which point MTG completely loses its catalytic
activity.

Effect of ionic strength on MTG-mediated protein immobilization

Next, we focused on the local concentration of substrates at
the surface. In the final rate-limiting step of MTG-catalyzed
protein immobilization, the acyl-enzyme intermediate (i.e. MTG—
CQ-EGFP/GST complex) should contact reactive sites (i.e. Lys
residues in adsorbed B-casein) on the surface. Given that the
macromolecular interaction was affected by electrostatic interac-
tion, CQ-EGFP and CQ-GST were immobilized at different ionic
strengths—the relative signal intensities from these are shown
in Fig. 6. It was found that the higher the salt concentration,
the lower the immobilization yields are in both cases. The fact
that high ionic strength hinders the immobilization reaction
suggests that electrostatic interactions among protein components
participating in the reaction are crucial for MTG-mediated protein
immobilization. With respect to CQ-GST, the effect of ionic
strength was not significant, implying that electrostatic interaction
is not the only factor that controls its immobilization. In fact,
non-specific physical adsorption of CQ-GST was evident in
Fig. 1b, which could result in a lower sensitivity of CQ-GST
immobilization to the ionic strength of the bulk solution.
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,..
=

N A O @ o
& & &8 & 8

from immobilized protein [%]

Relative signal intensity

o
|

0 50 150 300
NaCl added [mM]

Fig. 6 Effect of salt concentration on the MTG-mediated immobilization
of CQ-EGFP. (a) Fluorescent image of CQ-EGFP immobilized with
MTG at different ionic strengths. (b) Relative signal intensity obtained
from immobilized CQ-EGFP (open bars) and CQ-GST (filled bars). The
maximum signal was normalized to 100%.

Taking electrostatic interactions into consideration, we recon-
sidered the results of Fig. 3b and 4b. The quite-similar pH
dependence of immobilization of CQ-EGFP and CQ-GST (the
amino acid sequences of which are significantly different) could
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be attributed to their similar charge properties. As MTG (pl of
8.9') is positively charged below pH 7, at which point enzymatic
protein immobilization was observed, here we focused solely on
substrate proteins. As the LLQG-tag is neutral, it is reasonable to
assume that the pls of both recombinant proteins are consistent
with the wild-type proteins. At pH 7, EGFP, GST and -
casein (pI of 4.6-5.1%°) are all negatively charged. Hence, the
electrostatic interaction between EGFP (or GST) and B-casein
is repulsive. Lowering the bulk pH to 5, the repulsive interaction
should be significantly diminished. This should increase the local
concentration of substrates at the surface, resulting in higher
immobilization yields. At pH 4, enzymatic immobilization did
not occur because MTG is considered to be inactive. As a result,
the pH dependence of MTG catalysis in protein immobilization
differed from that observed in aqueous solution, implying some
unique aspects of enzymatic catalysis at a solid surface.”

Finally, we attempted to estimate the protein loading on the
casein-coated surface by virtue of the fluorescence of EGFP
under the optimized conditions in this study. On the basis of
the calibration curve generated with free CQ-EGFP, the highest
protein loading onto the B-casein-adsorbed polystyrene surface
attained in 5 mM sodium acetate buffer (pH 5) (the fluorescent
image at the far left in Fig. 6a) was estimated to be 240 + 20 ng
per well (Fig. 7). Given that the solution structure of EGFP is
like a cylinder with a diameter of 3 nm and a height of 5 nm,*?
we calculated the surface coverage of immobilized CQ-EGFP as
it stands perpendicular to the surface. The maximum surface area
that can be adsorbed by B-casein under the present experimental
conditions was calculated to be 0.96 cm? per well (100 pl of a
f-casein solution per 0.7 cm diameter well). To this surface, ca.
8.9 x 107> mol per well of CQ-EGFP molecules was immobilized,
which corresponds to ca. 0.38 cm? per well. Therefore, the surface
coverage by CQ-EGFP was calculated to be 40%, although a
better method for accurate estimation of the protein loading
should be designed. According to technical information from the
manufacturer, the maximum protein loading onto the polystyrene
plate is ca. 650 ng cm~2, when immunoglobulin G was employed
by physical adsorption.® In our case, ca. 250 ng cm™? of a
recombinant protein was site-specifically immobilized by MTG
with the above estimation.
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Fig.7 Estimation of protein loading onto a casein-coated polystyrene sur-
face based on the calibration curve constructed with free CQ-EGFP. The
horizontal broken line indicates the fluorescence intensity derived from
immobilized CQ-EGFP.

Conclusions

The new enzymatic protein immobilization method presented here
has several advantages over conventional immobilization tech-
niques. Firstly, the experimental procedure is quite simple because
this method only requires inexpensive proteinaceous adsorbents,
such as casein, and the attachment of a substrate peptide for MTG
to target proteins by standard genetic manipulation. Secondly,
the size of the peptide tag required for protein immobilization
is quite small. In comparison with other peptide and protein
tags for protein immobilization [such as the intein tag (ca. 450
amino acids), the hAGT tag (207 amino acids) and the leucine
zipper tag (43 amino acids)], the LLQG-tag, which comprises 4
amino acids, works well for protein immobilization. Thirdly, as an
enzyme mediates the immobilization, the immobilization process
can be made highly specific under mild conditions. These features
are attractive for the fabrication of solid protein formulations
such as protein microarrays and immobilized enzymes; however,
further improvements must be achieved, especially in terms of
immobilization yields. Inspired by the marked contribution of the
electrostatic interactions of protein components at a solid surface,
we are currently designing a new surface for MTG-mediated
protein immobilization.

Experimental
Materials

MTG was provided by Ajinomoto Co., Inc. (Japan). The EGFP
and GST genes were cloned from pET32-b562-EGFP* and
pGEXG6P-3 (GE Healthcare Bio-Science Co., USA), respectively,
as template plasmids. A 96-well polystyrene plate (Nunc Maxi
Sorp) was purchased from Nalge Nunc (Denmark). Bovine f3-
casein sodium salt was purchased from Sigma-Aldrich (USA). All
other chemicals were of commercially available analytical grade.

Genetic manipulation

Recombinant proteins were constructed with a C-terminal exten-
sion of a Gln-donor substrate peptide tag (Leu-Leu-GIn-Gly =
LLQG-tag). The resultant recombinant proteins were abbreviated
as CQ-EGFP and CQ-GST. To construct CQ-EGFP and CQ-
GST, EGFP and GST, gene fragments were amplified by the
polymerase chain reaction (PCR) from pET32-b562-EGFP and
pGEXG6P-3, respectively, and cloned into the expression vector
pET22b(+) (Novagen, USA). PCR amplification of CQ-EGFP
gene fragments utilized the upstream primer (5-G GAA TTC
CAT ATG CAC CAC CAC CAC CAC CAC ATG GTG AGC
AAG GGC GAG G-3) containing a Nde I site with a translation
initiation codon (ATG) and hexahistidine tag for purification, and
the downstream primer (5-CGG GGT ACC GCG GCC GCT
TTA TCA ACC CTG CAG CAG GGA ACC ACC ACC CTT
GTA CAG CTC G-3') containing a Not I site. The PCR product
was double digested with Nde I and Not 1, and cloned into the
pET22b(+) vector, via Nde I and Not I sites, to yield pET22b-CQ-
EGFP. PCR amplification of CQ-GST gene fragments utilized
the upstream primer (5-CGG GAA TTC CAT ATG CAC CAC
CAC CAC CAC CAC GGA TC-3') containing a Nde I site with
a translation initiation codon (ATG), and the downstream primer
(5-G CCC AAG CTT TCA ACC CTG CAG TTT TGG AGG
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ATG GTC GCC AC-3') containing a Hind 111 site. The PCR
product was double digested with Nde 1 and Hind 111, and cloned
into the pET22b(+) vector, via Nde 1 and Hind 111 sites, to yield
pET22b-CQ-GST.

Expression and purification of recombinant proteins

Recombinant plasmids were transformed into E. coli BL21
(Novagen, USA), and transformants were grown in Luria—Bertani
(LB) medium supplemented with 100 pg ml~' ampicillin at 37 °C
in a shaker at 200 rpm. After reaching an OD600 of ~0.6, protein
expression was induced with 0.5 mM isopropyl thiogalactosi-
dase (IPTG) and the culture was incubated overnight at room
temperature (ca. 25 °C). Cells were harvested by centrifugation,
resuspended in lysis buffer (20 mM Tris-HCl pH 8.0, 0.5 M NaCl
and 1 mM EDTA) and lysed by sonication on ice. The cell debris
was pelleted by centrifugation and the supernatants were prepared
for protein purification. The supernatant obtained for CQ-EGFP
with an N-terminal hexahistidine tag was purified by Ni-NTA spin
columns (GE Healthcare Bio-Science Co., USA). The supernatant
obtained for CQ-GST was purified by glutathione columns (GE
Healthcare Bio-Science Co., USA). The purified proteins were
employed as CQ-EGFP and CQ-GST.

Physical adsorption of f-casein onto a polystyrene plate

An aqueous solution of B-casein (5 mg mL™") was prepared in
50 mM Tris-HCI buffer (pH 7). One hundred microliters of the
f-casein solution was added to each well of a 96-well polystyrene
plate, which was then incubated at 4 °C for 16 h. Wells were washed
with PBST [phosphate buffer saline plus 0.05% (v/v) Tween20]
three times, to wash out the residual soluble -casein fraction. The
surface-treated plate was employed as the B-casein-coated surface.

Immobilization of CQ-EGFP and CQ-GST onto p-casein-coated
surface

A typical procedure for the immobilization of CQ-EGFP and
CQ-GST onto B-casein-coated plates was carried out as follows.
Reaction mixture solutions of which total reaction volume 100 pul
per well were prepared for CQ-EGFP (10 pg per well) or CQ-GST
(10 pg per well) and MTG (0.042 U per well) in 50 mM sodium
acetate buffer (pH 5), and added in each well of the B-casein-coated
plate. Enzymatic immobilization was conducted at ca. 25 °C for
2 h. As controls, physical adsorption of CQ-EGFP and CQ-GST
was investigated in the absence of MTG and in the presence of
thermally-inactivated MTG under the same conditions. Inacti-
vated MTG was prepared by heating the aqueous solution of MTG
at 95 °Cfor 1 h. After these enzymatic and physical immobilization
procedures, the wells were washed with PBST three times before
the fluorescence or enzymatic activity measurements.

Effect of pH on MTG-mediated protein immobilization

The immobilization of CQ-EGFP and CQ-GST onto the B-casein-
coated plates was conducted in different pH conditions. Reaction
mixture solutions were prepared for CQ-EGFP (10 pg per well) or
CQ-GST (10 pg per well) and MTG (0.042 U per well) in 50 mM
buffered solutions: sodium acetate buffer (pH 4, 5), potassium
phosphate buffer (pH 5, 6, 7), and Tris-HCI buffer (pH 7, 8, 9).

Enzymatic immobilization was conducted in each well at room
temperature (ca. 25 °C) for 2 h. After incubation, the wells were
washed with PBST three times before the measurement of protein
function.

Effect of ionic strength on MTG-mediated protein immobilization

The immobilization of CQ-EGFP and CQ-GST onto the -casein-
coated plates was carried out under different salt concentrations.
Reaction mixture solutions were prepared for CQ-EGFP (10 g
per well) or CQ-GST (10 pg per well) and MTG (0.042 U per well)
in 5 mM acetate buffer (pH 5.0) plus 50, 150 and 300 mM NaCl.
After enzymatic immobilization at room temperature (ca. 25 °C)
for 2 h, the wells were washed with PBST three times, then the
fluorescence or enzymatic activity in each well was measured.

Measurement of fluorescent image and intensity of immobilized
EGFP

Fifty mM Tris-HCl buffer (pH 7.0, 100 uL) was added to each well
of the EGFP-immobilized plate. The fluorescence intensity was
measured at 25 °C, at the excitation wavelength of 488 nm with a
530 nm band pass filter using a Molecular Imager FX Pro (Bio-
Rad Inc., USA). The background signal from non-modified B-
casein-coated plates was subtracted from the raw data, to evaluate
the fluorescence signal solely due to the immobilized CQ-EGFP.

Measurement of enzymatic activity of immobilized GST

The activity of immobilized GST was measured at 25 °C using
I mM GSH and 1 mM 1-chloro-2.4,-dinitrobenzene (CDNB)
dissolved in 100 mM potassium phosphate buffer (pH 6.5) as
the substrate. The substrate solution (100 pL) was added to
each well of the GST-immobilized plate to initiate the enzymatic
reaction. Product formation was followed at 340 nm and A4, was
measured for 5 min using a Power Wave X (Bio-Tek Instrument
Inc., USA).

Measurement of the catalytic activity of MTG in aqueous solution
at different pH values

Reaction mixture solutions were prepared for CQ-GST
(50 ug mL~"), monodansylcadaverine (MDC) (20 uM) and MTG
(0.84 U mL™") in various 50 mM buffers: sodium acetate buffer
(pH 4, 5), potassium phosphate buffer (pH 5, 6, 7), Tris-HCI
buffer (pH 7, 8, 9). The incorporation of MDC into CQ-GST was
followed by the change in fluorescence intensity with excitation
and emission wavelengths set at 340 and 550 nm, respectively, for
30 min at 25 °C.

Fluorescence measurements of immobilized CQ-EGFP and soluble
CQ-EGFP

CQ-EGFP was immobilized onto -casein-coated plates in 50 mM
sodium acetate buffer (pH 5) at ca. 25 °C overnight. After washing
wells with PBST three times, 50 mM buffered aqueous solutions
with different pH (see effect of pH on MTG-mediated protein
immobilization) were placed in each well and the fluorescence of
EGFP was measured. In the case of soluble CQ-EGFP, CQ-EGFP
aqueous solutions (1 ug mL™") were prepared using the same-
buffered solution. Solutions (100 uL) were placed in each well of a

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1764-1770 | 1769





[B-casein coated plate, and the fluorescence of free CQ-EGFP was
measured. The amount of immobilized EGFP was estimated by
the calibration curve constructed from 100 pL of pH 7 phosphate
buffered solution of CQ-EGFP with different concentrations. The
linearity range was 50-500 ng per well.
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We report on the dual reactivity, i.e. anionic Meisenheimer sigma adduct formation and Diels—Alder
adduct formation, of a series of heteroaromatic super-electrophiles, including 4,6-dinitro-benzofuroxan,
-N-arylbenzotriazoles (4), -benzothiadiazole and -benzoselenadiazole. Measured pK, "2° values for
sigma adduct formation provide a quantitative measure of super-electrophilic reactivity with a
satisfactory correlation between the Mayr E electrophilicity parameter and pK,"2°:

E = —0.662 pK,"2° (or pKy,) —3.20 (* = 0.987)

The most highly electrophilic, pre-eminent super-electrophile is 4,6-dinitrotetrazolopyridine (£ =
—4.67, pK,™° = 0.4), which supercedes the reference Meisenheimer super-electrophile,
4,6-dinitrobenzofuroxan (£ = —5.06, pK, = 3.75), having itself an E value superior by 8 orders of
magnitude compared to 1,3,5-trinitrobenzene as the benchmark normal Meisenheimer electrophile

(E = —13.19, pK,"° = 13.43). (For relevant kinetic parameters as well as £ and pK, values, see

Table 1.) In a parallel study we have investigated Diels—Alder (normal and inverse electron demand)
reactivity of this series of heteroaromatic electrophiles and have shown that Mayr E values are valid
predictors of whether DA adducts will form and how rapidly. The observed order of pericyclic reactivity
corresponds to £ = —8.5 as the demarcation E value, in close agreement with sigma complexation; thus

pointing to a common origin for the two processes, i.e. an inverse relationship between the degree of
aromaticity of the carbocyclic ring and ease of sigma complexation, or DA reactivity, respectively.

Introduction

The field of electrophile-nucleophile combinations has, during
the last two decades, received a boost in the discovery of a novel
class of aromatic and heteroaromatic highly electrophilic species,
termed herein as super-electrophiles. Moreover, it is shown that
not only is this super-electrophilic reactivity exhibited in anionic
o-complexation but also extends to Diels—Alder reactivity. The
propensity of the most electron-deficient substrates such as 4,6-
dinitrobenzofuroxan (DNBF, 1a) to form persistent anionic o-
adducts™ (Meisenheimer complexes, e.g. 1a-OH) with extremely
weak carbon nucleophiles, such as polyhydroxybenzenes, anilines,
or m-excessive heterocycles, including pyrroles, indoles and furans,
delineates the super-electrophile class*>7!** from the latter tradi-
tional electrophilic aromatics exemplified by 1,3,5-trinitrobenzene
(TNB), as the other class.">*® Evaluation of thermodynamic
reactivity for these Meisenheimer electrophiles was afforded from
acomparison of pK, values for H,O addition to yield the respective
o-complexes: pKPNPF = 3.75%15 yersus pKTN® = 13.43' (Scheme 1
for DNBFE, 1a) and supports the definition of DNBF and a set of
structural analogues as super-electrophiles.'**!7-* The reactivity

“Institut Lavoisier de Versailles, UM R CNRS 8180, Université de Versailles,
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(e) X =NO,, Y = H, (4-NBF)

Scheme 1

of these compounds has led to many synthetic, analytical and
biological applications.?*2*

Recently we applied the methodology of Mayr® to the assess-
ment of the intrinsic electrophilicity (E) of a series of neutral
Meisenheimer electrophiles, namely, 1a—d, 1f-g, 2a-b, 4 (TNB)
and 5."® Via reaction with a series of reference nucleophiles
(including N-methylpyrrole, N-methylindole and a group of
enamines) these electrophiles were ranked on the comprehensive
Mayr electrophilicity scale. Measured E values were found to cover
a large domain of reactivity, varying from ~ —5 for the most
electron-deficient substrates, i.e. 1a—b, 1g, 2a, to —13.19 for the less
electron-deficient substrate i.e. TNB 4, thus validating previous
qualitative ordering of such electrophiles.! Further, an apparent
correlation emerged between the electrophilicity parameter £ and
the pK, M2 value for this set of Meisenheimer electrophiles,'® which
in fact coincides with the comparable correlation reported by the
Mayr group for addition of H,O to carbocations.?** Hence, if the
correlation holds more generally for Meisenheimer electrophiles
the quantification of the electrophilicity of these important
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reaction partners could be made solely on the basis of their
tendency to form c-adducts with water.”” Herein we strengthen
the general character of this correlation, showing that it describes
nicely the electrophilic behaviour of a new series of six het-
eroaromatics consisting of 4,6-dinitro-2,1,3-benzoselenadiazole
1h (DNBSe), 4,6-dinitro-2,1,3-benzothiadiazole 1i (DNBS) and
the four benzotriazoles 3a—d. Also, we demonstrate its application
to the prediction of Diels—Alder reactivity for these Meisenheimer
electrophiles, with important synthetic consequences.

Results and discussion

Reaction of the weak nucleophile, H,O, with an electron-deficient
substrate to give an anionic c-adduct is a sensitive measure
of the electrophilicity of the substrate.!*'5?® For most of the
compounds identified in Scheme 1 and Chart 1, Table 1 lists this
thermodynamic reactivity parameter as pK,™° and related rate
constants (as defined in Scheme 1 for 1a; k,"2°, k"F, kM, k_,) for
o-adduct formation and decomposition in aqueous solution.

Fig. 1 shows the unique correlation (r* = 0.987) line obtained
from plotting E values against either pK,"2° for addition of water
to la—d, 1f-g, 2a-b*+*** 4 (TNB)' and 5" or pKy, for the
Lewis acidities®* of members of a set of resonance-delocalized
carbocations such as diphenylmethyl, di-4-methoxyphenylmethyl
and N-methylquinolinium carbocations. The equation of the
linear regression fit is:

E = —0.662 pK,"2° (or pKy,) —3.20 3)

Assuming that this correlation is suitable to describe the o-
complexation reactivity of Meisenheimer substrates generally, the
E values for 1h-i and 3a—d can be readily estimated from eqn (1)
by referring to the measured pK,"2° values for these compounds.
Thus, a critical test for the significance of these E values can
be made by checking whether they fit or not the three parameters
eqn (4) introduced by Mayr et al. to describe the rate, i.e. log k, of a
large variety of nucleophilic—electrophilic combinations.?** In this
equation, the aforementioned E parameter measures the strength

N N NN
z \
) m O.H*
X ~7F/ \ﬁ
ON N, ON \
[ H OH O
1f 1f,0H
NO, NO,, H
N N
X X
Y \N/ Y
1g-j H OH
1g-j,OH

(2) X=0, Y =NO, (DNBZ); (h) X = Se ,Y =NO,(DNBSe) ; (i) X =S, Y =NO, , (DNBS);
() X=0, Y=H, (4-NBZ)
X, H*

=N
N~/ 0 N ‘
2a-b

2a-b,0H

NO, , H*

JE‘;E\

2 :(a) X = NO, (DNTP); (b) X =H (6-NTP)
HO H

ﬁtﬁ \
3a-d,OH

(a) Ar= Picryl, (Pi-DNBT); (b) Ar = 2,4-dinitrophenyl, (DNP-DNBT);
(c) Ar = 4-nitrophenyl, (NP-DNBT); (d) Ar = phenyl, (P-DNBT)

NO.
ON NO,
I\
ON S
NO,

5
4, TNB

Chart 1 Structures and numbering of electrophiles and related hydroxy
adducts.

of the electrophile while the N and s parameters characterise the
reactivity of the nucleophilic partner.

logk (20°C) =5 (N + E) )

For this purpose, the o-complexation reactions of 1h-i and 3a-
d with at least two of the following reference nucleophiles, i.e.

Table 1 Kinetic and thermodynamic parameters for covalent hydration of nitrobenzofuroxans and related heteroaromatics at 7' = 25 °C in aqueous

solution”
Electrophile pK,1° k10 /g7t k" /s kM /s k_»/s7! k"0 /k_, E value
2a, DNTP 0.4 1.93 3.87 — — —4.67°
1b 2.95 0.15 100.3 7.2 x 10* 10-¢ 1.5 x 10° —4.91°
la, DNBF 3.75 3.5%x 1072 146 33500 2.5%x10° 14000 —5.06
1g, DNBZ 3.92 2.0 x 102 127 15300 1.7 x 10°° 12000 —5.46
1d 4.65 103 31 1060 10-¢ 1000 —7.01%
1c 5.86 2.6 x 1073 3700 2740 3x10°° 87 —6.41°
1h, DNBSe 6.34 5x 1073 11350 305 5x10°¢ 1000 —7.40¢
3a, Pi-DNBT 6.70 1.1 x 1073 4215 392 2x 107 60 —7.63¢
3b, DNP-DNBT 7.15 6.7 x 10~ 7050 1000 1.4 x 10~ 4.8 —7.93¢
2b, 6-NTP 7.55 1.6 x 107° 630 285 9.5x 10°° 1.7 x 107! —9.05%
1i, DNBS 7.86 2.8 x 10~ 17300 9400 5x 1073 6x 1072 —8.40°
3¢, NP-DNBT 9.00 1.8 x 10~ 13300 680 3.5%x 1073 5x10°° —9.16°
1j, 4-NBZ 10.07 — — 59 1.1 x 1072 — —9.85%
le, 4-NBF 10.37 — — 30 1.1 x 102 —10.04%
3d, P-DNBT 10.73 8.3 x 1077 33000 680 3.5%x 1073 2.4 x 10 —10.30°
4, TNB 13.43 — — 37 9.8 — —13.19*

“ Rate constants (k_,"" and A" in dm® mol™!

s7!, k™% and k_, in s7') and pK, values taken from ref. 285 (2a,2b), 28¢ (1b); 3a (1a), 28a (1g—i), 28¢ (1¢,1d),

15 (3a—d), 19 (1e,1j). ® E values experimentally determined in ref. 18 and 24a. ¢ E values calculated in this work from known pK,":© values through the £

vs. pK, correlation of eqn (3).
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E=-0,662pKa- 3,2
2 _
15 4 R"=0,987

PK4(Hz0) ous K,

Fig. 1 Correlation of the electrophilicity parameter E of nitrobenzo-
furoxans and related neutral heterocycles (®) and some carbocations
(®) with the corresponding pK,™° or pKy, values of these species in
aqueous solution (data taken from ref. 18 and ref. 25-26). Application to
the determination of E values for 3a—d and 1h-i.

5-hydroxyindole (Ia), 5-methoxyindole (Ib), 5-methylindole (Ic),
indole (Id), 5-chloroindole (Ie), 1-(N-morpholino)cyclohexene
6, and 1-(N-morpholino)cyclopentene 7 have been kinetically
studied under the same first-order conditions (excess nucleophile)
as those previously used for the similar couplings of 1a—d, 1f-g,
2a-b, 4 and 5 in acetonitrile.”®*” Eqn (5) and (6) exemplify the
processes studied by using the reaction of Pi-DNBT with indoles
and the reactions of DNBSe with enamines as prototype systems.

R ON

(6)

The oscilloscope trace shown in Fig. 2 is illustrative of the unique
first order process associated to the formation of the expected
indole and enamine adducts through reactions (5) and (6). For
all electrophile-nucleophile combinations studied, the general
expression for the observed first-order rate constant, k., for
the formation of the adducts, e.g. 3a, Ia—d, 1h, 6 and 1h, 7, as
derived under the assumption that the zwitterion ZH + are low
concentration intermediates, is given by the following equation in
which Nuc denotes the indole or enamine nucleophile used.
o %[Nuc] = k[Nuc] )
In accordance with eqn (7), excellent straight lines with zero
intercepts were obtained in all systems, when the k,,,, values were
plotted vs. the indole (Fig. 3) or enamine (Fig. 4) concentration.

0.8 4

Absorbance (Al)

0.6 -
0.4 -

0.2

2000 4000 6000 8000 10000 “imecs)

Fig. 2 Oscilloscope picture showing the unique relaxation process
observed in the reaction of 3b (6 x 10~ M) with Ie (5 x 107> M) at
T =20 °C in acetonitrile.

0,002 | . I
0,0015
0,001
0,0005
0 | | | | |
0 0,01 0,02 0,03 0,04 0,05 0,06
B]/M

Fig. 3 Effect of the concentration of indole (Id) on the observed
rate of formation of the adduct 3alId of N-2-picryl-4,6-dinitro-
benzotriazole-1-oxide 3a at 20 °C in CH;CN.

600

S
obsd”

400 —

300 —

100 —

0 ! 1 L 1 L
0 0,001 0,002 0,003 0,004 0,005 0,006
(61, M

Fig. 4 Effect of the concentration of enamine (6) on the observed rate of
formation of the adduct 1i,6 of 4,6-dinitrobenzothiadiazole 1i at 20 °C in
CH;CN.
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Determination of the second order rate constants k from the
slopes of these lines was therefore straightforward. Importantly,
a number of experiments were carried out with indole-1,3-d2 and
5-methylindole-1,3-¢d2 which did not reveal a significant influence
of the nature of the isotopic substitution at C-3 of indoles on
the rates of formation of the adducts 3a,Ia—d. The experimental
ku/kp ratios were all in the range of 1.1 & 0.1. This leaves no
doubt that the electrophilic addition step is largely rate-limiting
in reactions (5), i.e. we have k, > k_,. Thus, the second order rate
constant & is identical to the second-order rate constant k, for the
C-C coupling step, as found for all similar couplings involving
previously studied electrophiles, i.e. 1a—d, 1f-g and 2a-b. In as
much as the required deuterated enamines were not available, firm
evidence that reactions of type (6) also involved a rate limiting
coupling step could not be obtained through isotope effects.
However, this situation can be reasonably postulated since proton
removal from the zwitterion is strongly favored by the adjacent
iminium moiety.

As can be seen in Tables 2 and 3, the k, values thus obtained
for 1h—i and 3a—-d are in remarkable agreement with the rate
constants k, calculated from eqn (4) using the afore estimated E
values for these six substrates and the relevant N and s parameters
previously determined by Mayr e al. for the nucleophilic partners
at hand.??* In the case of 2-N-picryl-4,6-dinitrobenzotriazole
3a, eqn (4) predicts the rate constants k, within a factor 3-8,
an accuracy which remains largely in the acceptable domain of
prediction of eqn (4) (within a factor of 20).222¢ In the other
systems, the consistency of A and k™ is very nice and in
itself evidence that the correlation of Fig. 1 applies not only
to carbocationic electrophiles but also to the whole family of
uncharged electron-deficient m-systems (see Chart 1).

At this stage, the whole set of E values quoted in Table 1
is worthy of comments. With an E value of —4.67, the 4,6-
dinitrotetrazolopyridine 2a is the most reactive and also exhibits
the smallest pK,™° (0.4). In this regard, 2a is also markedly
more electrophilic than DNBFE, 1a (E = —5.06; pK,™2° = 3.75).
While 1a has been taken to be the reference Meisenheimer super-
electrophile®**? it is apparent that 2a is the pre-eminent member of
this class.®® At the other extreme, TNB which does not undergo
measurable addition of water to give the corresponding hydroxy
adduct, 5-MC, is the least electrophilic polynitro substrate studied,
in accord with its £ value (—13.19); TNB serves as the benchmark
normal Meisenheimer electrophile.’”” From Table 1, the order
of electrophilicity in c-adduct formation (pK,"2°; E) for the
heteroaromatics activated by two NO, groups in the six membered
ringis: DNTP (0.4; —4.67) > DNBF (3.75; —5.06) ~ DNBZ (3.92;
—5.46) > DNBSe (6.34; —7.40) ~ Pi-DNBT (6.70; —7.63) >
DNBS (7.86; —8.40) > NP-DNBT (9.00; —9.16).

Comparison of individual pairs of electron-deficient substrates
emphasizes the generality of this approach and reveals interesting
structure—reactivity relationships. Replacement of X = O in 1g
by Se in 1h, for example, results in a decrease in electrophilicity
for 1h of 2.3 F units, i.e. E(1g) — E(1h) = AE = 2.3. However,
substitution of X = Se in 1h by X = N-2,4,6-trinitrophenyl in 3a
yields a small change in electrophilicity (AE = 0.36).

Low pK,™° values which reflect high Meisenheimer elec-
trophilicity require an effective contribution of the water pathway
(k,"12°, Scheme 1 for example) to the formation of hydroxy o-
adducts in aqueous solution. As elaborated on in detail in previous

20°C)

Table 2 Comparison of measured and calculated rate constants for the coupling of heterocycles 1h—i and 3a—d with reference indole nucleophiles Ia—e in acetonitrile (7'
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Table 3 Comparison of measured and calculated rate constants for the
coupling of heterocycles 1h and 3a—d with reference enamine nucleophiles
6 and 7 in acetonitrile (7" = 20 °C)

7 6
Nc SC NL‘ SC
11.40 0.83 13.41 0.83
Electrophlle pKd H,0a Eb kmc‘dbd kcu]cd kmcusd kculcd
3a 6.70 —7.63 8950 1350 — —
3b 7.15 —7.93 1300 760  — —
3c 9.00 —9.16 116 723 — —
3d 10.73 —-10.30 — — 85 380
1h 6.34 —7.40 6450 2090 10° 9.7 x 10*

“pK, "0 values from ref. 15 and 28a; k™*¢ and £**! in dm® mol~' s™'. * E
values determined through the E vs. pK,":© correlation of eqn 3. ¢ N and
s values taken from ref. 254 and 26.

kinetic and thermodynamic investigations of c-complexation in
aqueous solution,**'>® a primary requirement for having H,O
compete effectively as a nucleophile with OH™ in the formation
of a hydroxy c-adduct is that the first-order rate constant k,"2°
be appreciably greater than the first-order rate constant k_, for
spontaneous decomposition of this species, i.e. k,"2° > k_,. Table 1
lists the ratio of these constants (k,™2°/k_,) and from the table it
is apparent that the ratio is large for all systems with E values
less negative than about —8. This region, then, demarcates the
boundary between super-electrophiles and normal electrophiles
in o-complexation. Thus, Pi-DNBT is situated on one side of the
border and DNBS on the other side; these are borderline super-
electrophiles, while TNB (£ = —13.19) remains a classical albeit
important Meisenheimer electrophile and DNTP (E = —4.67)
and DNBF (E = —5.06) and DNBZ (E = —5.46) are benchmark
super-electrophiles.

On the basis of the Diels—Alder reactivity of a series of
Meisenheimer electrophiles—this includes 1a-b, 1f—i, 2a-b and
3a with cyclopentadiene, where normal electron-demand (NED)
and inverse electron-demand (IED) Diels—-Alder adducts may
initially form and where diadduct formation may subsequently
occur, we suggested that the reactivity of these electrophiles in
o-complexation and pericyclic reactivity were linked.?? Since

Table 4 Diels—Alder reactivity for selected nitro-substituted heteroaromatics

the degree of aromaticity in heteroaromatic systems has been
recognized to be inversely proportional to the Meisenheimer
reactivity of a heterocycle such as 1a as compared to 4, for example,
we speculated that pericyclic reactivity in these electrophiles was
also governed by this aromaticity factor.

To further extend the generality of the Mayr electrophilicity
scale to these super-electrophilic systems and further define the
line of demarcation between super- and normal-electrophiles, we
examined Diels—Alder adduct formation for 1a, 1g—i, 2a-b and 3a
where cyclohexadiene was chosen as the reactive diene. Table 4
presents the results of these Diels—Alder (DA) reactions. The
reactions were performed by combining equimolar amounts of
the reagents at room temperature in acetonitrile; the reactions were
monitored at 2 h, 8 h, 24 h, 48 h and 7 days from time of mixing by
NMR by following the appearance of the DA adduct, 1a,DA, 1g—
i,.DA, 3a,DA (shown in eqn (8) and (9)) and 2a-b,DA (the DNTP
and 6-NTP analogues of 1a,DA). Where adducts formed, one
equivalent of cyclohexadiene added via the NED process involving
the nitroactivated C(6)-C(7) double bonds of the heteroaromatics
as dienophilic centers to yield monoadducts in their racemic forms.

X _—
ON N

(0),

1a
1g-i 1a,DA
1g-i,DA
1:(a)x=1, X=0, (DNBF); (g) x=0, X = O, (DNBZ); (h) x= 0, X = Se,
(DNBSe); (i) x = 0, Y= NG, X= S 8)

e
=N

— /N-Pl

ON N

3a

)

Electrophilic reactivity

Pericyclic reactivity adduct formation (%)*

Parent electrophile E* 2h 8h 24 h 48 h 7 days
2a DNTP —4.67° 87 100 100 100 100
la DNBF —5.06 70 100 100 100 100
1g DNBZ —5.46° 65 100 100 100 100
3a Pi-DNBT —7.63 — 38¢ 62 100 100
1h DNBSe —7.40 — — ~10 30 60
3b DNP-DNBT -7.93 — — — ~10 ~30
1i DNBS —8.40 — — — ~17 40
2b 6-NTP —9.05" — — — ~5 ~15
3c NP-DNBT —9.16 — — — — —
1j 4-NBZ —9.85 — — — — —
le 4-NBF —10.04° — — — — —

“ As measured with reference to mixing of equimolar amounts of the electrophile and cyclohexadiene and NMR monitoring of the conversion into the
DA monoadduct at room temperature in acetonitrile, see text. * E values from ref. 18. ¢ Four hours after mixing.
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As highlighted by Table 3, the Mayr E values for the 5 het-
erocyclic electrophiles studied are valid predictors of whether
Diels—-Alder adducts will form and how rapidly. The order of
pericyclic reactivity is 2a > la > 3a >> 2b ~ 1i. DA adduct
formation with 3a and 2b further define the demarcation line for
Meisenheimer and pericyclic reactivity; a value of E ~ —8.5 which
corresponds to pK,™° of 8-8.5 for Meisenheimer complexation
with water demarcates the boundary between super- and normal-
electrophiles and between reactive dienophiles and inert partners
in DA adduct formation.

In conclusion, we have shown that the Mayr electrophilicity
scale can be generalized to neutral electron-deficient heteroaro-
matic substrates and that the E scale correlates with pK,™2° for
addition of water to the Meisenheimer electrophiles. The boundary
between super- and normal-electrophilicity is defined at an E value
of ~ —8.5 and the heteroaromatics having less negative E values
form DA adducts with cyclohexadiene while those with more
negative E values do not. Further, as shown by Mayr,” such a
positioning of an electrophile on the E scale can be very useful in
identifying whether Diels—Alder cycloadditions take place through
a concerted pathway or proceed in two steps with an initial
electrophile—nucleophile combination of the two partners. Beyond
such mechanistic considerations the correlation also demonstrates
the predictive power of the E scale in determining pericyclic
reactivity and, so, will be of real benefit in synthetic organic
chemical applications.

Experimental
Materials

All electrophilic reagents referred to in this work, including the
test series consisting of 1h, 1i and 3a—d, were available from pre-
vious studies.*'®23¢ Reference nucleophiles, i.e. 5-hydroxyindole
(Ia), 5-methoxyindole (Ib), 5-methylindole (Ic), indole (Id), 5-
chloroindole (Ie), 1-(N-morpholino)cyclohexene 6, and 1-(N-
morpholino) cyclopentene 7, were commercial products which
were purified by recrystallization or distillation prior to use.
Cyclohexadiene was used without purification. The synthesis and
characterization of the Diels—Alder adducts whose formation
could be kinetically investigated, i.e. 1a,DA, 1g-i,DA, 2a-b,DA
and 3a,DA (see eqn (8) and (9) as well as Table 4) have been
previously reported. #2327

All 6-adducts resulting from the reactions of various indoles and
enamines with compounds 1a—g and 2a-b have been previously
isolated and structurally characterized in their acid form as well
as sodium salts."**® This work has revealed that changes in the
substitution pattern of the carbocyclic ring or in the nature of
the annelated ring of the electrophile had no influence of the
mode of 6-complexation. This synthetic work has therefore been
extended to the adducts 3a—c,Ib and 1h—i,Ib as a model series
corresponding to the c-complexation of 1h—i and 3a—c reacting
with 5-methoxyindole Ib. The general procedure is as follows: a
solution of 1 mmol of the electrophile (1h—-i, 3a—c) in acetonitrile
(2 ml) and a solution of I mmol of 5-methoxyindole in acetonitrile
(2 ml) were mixed with stirring at room temperature. Subsequent
addition of diethyl ether resulted in the formation of a precipitate
which was collected by filtration, washed with copious amounts
of diethyl ether and dried thoroughly under vacuum to give the

expected c-adducts in their acid form in good yields (60-90%).
Representative NMR ("H, *C), UV-visible and mass spectroscopy
data are given below. As with all 6-adducts of nitrobenzofuroxans
and nitrotetrazolopyridines so far obtained,*>'*!%182 the red-
orange solids obtained for 3a—c,Ib and 1h-i,Ib did not melt
prior to decomposition (vigorous in most cases) and attempts
to obtain satisfactory elemental analyses have been unsuccessful.
However, dissolution of these solids in d,-DMSO gave NMR
spectra identical to those recorded in the in situ generation of
these adducts in this solvent. Among other diagnostic features
for the proposed structures, there is the fact that the H-7" and
C-7' resonances of the electrophilic moieties are in the ranges of
5.64-5.83 and 30.4-32.4 ppm, respectively, which are typical for C-
adduct formation."**® Also noteworthy is that the o-complexation
process goes along with the loss of the resonance of the H-3
proton of the parent 5S-methoxyindole. Concomitantly, there is a
significant low-field shift of the C-3 resonance, in agreement with
the fact that the negatively charged dinitrobenzoselenadiazole,
dinitrobenzothiadiazole and dinitrobenzotriazole structures of the
adducts still exert, as does a negatively charged DNBF structure,
a strong —I effect. Definitive evidence that the adducts 3a—c,Ib and
1h—i,Ib*'31823:2428 were actually isolated in their acid form comes
from mass spectra experiments performed with the electrospray
technique. Also, the UV-visible spectra of these adducts exhibit
a strong absorption maximum at /4 = 470-480 nm, a wavelength
typical for the o-complexation of 1h—i and 3a—c in acetonitrile.

3a,Ib. Red solid; yield 90%; m/z (CI) : 582 (M — H)*. 'H
NMR (200 MHz, Me,SO-d;): 3.63 (s, 3H, OMe), 5.73 (s, IH, H,),
6.65(dd, 1H, J =2.1 Hz, J = 8.8 Hz, Hy), 6.80 (d, 1H, J = 2.1 Hz,
H,), 7.16 (d, IH, J = 8.8 Hz, H,), 7.21 (d, 1H, J = 2.2 Hz, H,),
8.72 (s, 1H, Hy), 9.18 (s, 2H, Hy» and Hy»), 10.84 (bs, 1H, NH). *C
NMR (75 MHz, Me,S0O-d;): 32.0 (C;), 55.2 (OMe), 100.8 (C,),
110.7 (C5), 111.2 (Cy), 111.4 (Cy), 112.6 (C,), 123.6 (C,»), 123.8
(Cy), 125.3 (Cyr, Cy), 125.9 (C,), 126.2 (Cy), 127.92 (Cy), 129.9
(Cy), 131.6 (Cy), 141.7 (Cy), 145.3 (Cyr, Cq), 147.8 (Cyr), 153.4
(C).

3b,Ib. Redsolid; yield 92%; m/z (CI): 537 (M — H)*.'"HNMR
(200 MHz, Me,SO-d;): 3.62 (s, 3H, OMe), 5.69 (s, IH, H;), 6.66
(dd, 1H,J =2.1 Hz, J = 8.8 Hz, Hy), 6.81 (d, 1H, J = 2.1 Hz, H,),
7.18 (d, 1H, J = 8.8 Hz, H;), 7.22 (d, 1H, J = 2.2 Hz, H,), 8.04
(d, 1H, J = 8.8 Hz, H,»), 8.63 (dd, 1H, J = 1.9 Hz, J = 8.8 Hz,
Hy), 8.76 (s, 1H, Hy), 8.80 (d, 1H, J = 1.9 Hz, Hy), 10.84 (bs,
IH, NH). "C NMR (75 MHz, Me,SO-d;): 31.5 (Cy), 54.9 (OMe),
100.6 (C,), 110.6 (C;), 111.4 (Cy), 111.6 (Cy), 112.6 (C;), 121.0
(Cyr), 1234 (Cy), 125.4 (Cr), 125.4 (C,), 125.8 (Cy), 127.4 (Cy),
129.0 (Cyr, Cy), 129.7 (Cy), 131.2 (Cy), 140.2 (Cy), 142.7 (Cy),
146.7 (Cy), 152.9 (Cy).

3¢,Ib.  Red solid; yield 85%; m/z (C1): 492 (M — H)*. '"HNMR
(200 MHz, Me,SO-d,): 3.60 (s, 3H, OMe), 5.71 (s, 1H, H;), 6.65
(dd, 1H,J =2.1 Hz, J = 8.8 Hz, Hy), 6.81 (d, 1H, J = 2.1 Hz, H,),
7.18(d, 1H,J = 8.8 Hz, H,), 7.27 (d, 1H, J = 2.2 Hz, H,), 8.37 (d,
2H, J = 8.8 Hz, Hy;» and Hy), 8.20 (d, 2H, J = 8.8 Hz, H,» and
Hg), 8.75 (s, 1H, Hy), 10.84 (bs, IH, NH). *C NMR (75 MHz,
Me,SO-d,): 31.5 (Cy), 54.9 (OMe), 100.5 (C,), 110.3 (Cy), 111.1
(Cy), 111.6 (Cy), 112.3 (C,), 120.7 (Cyr, Cqr), 124.4 (Cy), 124.5
(Cyr), 24.8 (Cyr, Cy), 125.9 (C,), 126.0 (Cy), 127.2 (Cy), 129.8
(Cy), 131.2 (Cy), 139.8 (Cy), 145.8 (Cyr), 152.9 (C5).
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h
NO; ,H*

1h,Ib 1i,Ib

1h,Ib. Red solid; yield 75%; 418 (M — H)*. 'H NMR
(300 MHz, Me,SO-d,): 3.52 (s, 3H, OMe), 5.92 (s, 1H, H,), 6.50
(d, 1H, J = 2.31 Hz, H,), 6.53 (dd, 1H, J = 2.3 Hz, J = 8.5 Hz,
H,),7.05(d, 1H, J =8.5Hz H,), 7.31 (d, IH, J = 2.2 Hz, H,), 8.74
(s, 1H, Hy), 10.67 (bs, 1H, NH). *C NMR (75 MHz, Me,SO-d,):
37.3(Cy), 54.7 (OMe), 99.8 (C), 108.8 (Cy), 110.9 (C,), 111.2 (C,),
117.4 (Cy), 125.5 (C,), 126.2 (Cy), 126.6 (Cy), 128.07 (Cy), 129.9
(Cy), 150.3 (Cy), 152.7 (C5), 160.3 (Cy).

1i,Ib. Red solid; yield 88%; m/z (CI): 371 (M — H)*. '"H NMR
(300 MHz, Me,SO-d;): 3.65 (s, 3H, OMe), 5.89 (s, 1H, H,), 6.67
(dd, 1H, J = 2.3 Hz, J = 8.5 Hz, H¢), 6.96 (d, 1H, J = 2.31 Hz,
H,),7.11(d,1H,J=2.2Hz,H,),7.19(d, 1H, J =8.5Hz, H;), 8.49
(s, IH, Hy), 10.78 (bs, 1H, NH). *C NMR (75 MHz, Me,SO-d;):
41.1 (Cy), 55.5 (OMe), 101.0 (C,), 111.3 (Cy), 112.3 (Cy), 114.6
(Cy), 119.7 (Cy), 123.5 (C,), 124.6 (Cy), 125.9 (Cy), 131.4 (Cy),
131.7 (Cy), 150.9 (Cy), 153.5 (C5), 163.5 (Cy).

Rate measurements

Most of the couplings of 1h—i and 3a—d with the reference indole
and enamine nucleophiles studied in this work (see Tables 2
and 3), were kinetically followed by the stopped flow technique.
Measurements were performed on a stopped flow spectropho-
tometer, the cell compartment of which was maintained at 20 +
0.1 °C. A conventional spectrophotometer was also used to follow
the slowest processes. All kinetic runs were carried out in triplicate
under pseudo first order conditions with an electrophile (1h—i and
3a-d) concentration of ca. 3-5 x 107> mol dm~ and a nucleophile
(indoles, enamines) concentration in the range 1073~ 0.1 mol dm~3.
In a given experiment, the rates were found to be reproducible to
+2-3% and to be similar whether the unique and clean process
observed was followed by monitoring the increase in absorbance
at Ay, of the resulting adducts or the decrease in absorbance at
Amax Of the parent electrophile substrate as a function of time.
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The synthesis of the lipophilic chiral amino acid 1 bearing the bicyclo[1.1.1]pentane moiety is
described. Linear and cyclic hexapeptides of the type Arg-Arg-Xaa-Yaa-Arg-Phe containing 1 instead
of one or two tryptophan residues are prepared by solid phase peptide synthesis and the antimicrobial

and hemolytic activity of the peptides obtained are discussed.

Introduction

Antimicrobial peptides are important components of the animal
defence against microbial infections.! Stimulated by the challenge
of increasing bacterial resistance, considerable efforts are being
made to elucidate the structural basis of peptide selectivity and
their mechanism of action. It is generally accepted that the peptides
exert their activity by permeabilisation of the lipid matrix of
the bacterial membrane. Peptide interaction with the negatively-
charged lipid matrix of prokaryotic cells is the consequence of
several common structural features of the peptides such as cationic
charge and the tendency to adopt an amphipathic conformation
in the membrane-bound state. Because of their activity against
a broad spectrum of pathogens, but low activity against normal
eukaryotic cells and their unique mode of action, the peptides
have been heralded as new antibiotic drug candidates. But, despite
their attractive properties, and many efforts to optimise the peptide
properties with respect to high antibacterial activity and selectivity,
issues regarding toxicity and instability are unresolved and the
high production costs of the large peptides render additional
concerns. It is thus important to develop smaller antibacterial
peptides with adequate metabolic stability. There are only a few
examples of antibacterial peptides of small size in the literature.
A six-residue sequence was identified as the antimicrobial motif
of bovine lactoferricin®> and N-acetylated hexapeptides such as
Ac-RRWWRF-NH, have been identified by deconvolution of
combinatorial libraries.* A recent study to define the minimum
requirements of charge and lipophilic properties in antimicro-
bial peptides led to even shorter sequences with a remarkable
antimicrobial effect.* All these peptides are rich in arginine and
tryptophan residues which play an important role in their activity.
Studies with analogues modified in the position of the aromatic
residue have demonstrated the significance of the size, shape and
character of the side chain for the antimicrobial effect.*” Our
recent studies showed that cyclisation of RRWWRF distinctly
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enhances the antimicrobial activity by inducing a constrained am-
phipathic structure, and additionally increases resistance against
proteolysis.”® The effect of cyclisation on the enhancement of the
antimicrobial activity is especially pronounced for the tryptophan-
containing sequences. The substitution of tryptophan by the more
lipophilic 2-naphthylalanine (2-Nal) increases the antimicrobial
effect of the linear sequences, and transformation into the cyclic
analogues does not result in further improvements.*” Remarkably,
the insertion of the lipophilic, aromatic Nal residues increases also
the lysis of erythrocytes,” thus making these peptides less suitable
as potential antimicrobial reagents.

In order to study the influence of lipophilic, non-aromatic
amino acid side chains on the antimicrobial and hemolytic activity,
we synthesised the corresponding linear and cyclic peptides,
containing amino acids derived from the bicyclo[1.1.1]pentane
moiety. The chemistry of bicyclo[1.1.1]pentanes has gained con-
siderable attention over the past years and a broad range of
differently substituted derivatives has been synthesised.” Among
them 2-(3'-substituted bicyclo[1.1.1]pentyl)glycines are the only
examples of c-amino acids bearing the bicyclo[1.1.1]pentane
moiety.' These compounds represent selective metabotropic glu-
tamate 1 receptor (mGluR) antagonists, with no activity at other
mGluR subtypes. Recently, the synthesis of the y-amino acid 3-
aminobicyclo[1.1.1]pentane-1-carboxylic acid and its incorpora-
tion into peptides has been reported.!

Here we report on the synthesis of the novel amino acid 1
bearing the bicyclo[1.1.1]pentane moiety, the incorporation of
1 into peptides of the type Arg-Arg-Xaa-Yaa-Arg-Phe, and the
antimicrobial and hemolytic activity of both the linear and cyclic
analogues.

Results and discussion

The synthesis of target compound 1 is depicted in Scheme 1.
Treatment of the dibromocyclopropane 2 with 2.2 equivalents
of methyllithium generated the [1.1.1]propellane 3. Addition of
tert-butylmagnesium chloride to the central bond of 3 afforded a
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Scheme 1 Synthesis of amino acid 1 and peptides containing 1.
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3-tert-butylbicyclo[1.1.1]pentyl magnesium chloride, which could
be trapped by carbon dioxide to give acid 4. This compound
was reduced to the alcohol 5 by lithium aluminium hydride
and subsequently converted to the corresponding aldehyde via a
Dess—Martin-oxidation. Condensation of the aldehyde with (R)-
2-phenylglycinol gave imine 6, which was subjected to an asym-
metric Strecker reaction.’®® The 7/3-mixture of diastereomeric
a-aminonitriles 7 and 8 was separated by flash chromatography.
Finally, the auxiliary was removed oxidatively and the nitrile
hydrolysed to give the amino acid 1.'" Treatment of (S)-1 with
base and Fmoc-protection resulted in the formation of compound
9 which is a suitable derivative for solid phase peptide synthesis
possessing good solubility in DMF.

Linear and cyclic analogues of the hexapeptide sequence
RRWWREF (10a) containing 1 instead of one or two tryptophan
residues were synthesised manually by standard Fmoc-SPPS
techniques. Rink amide and 2-chlorotrityl resins were used for
the linear peptides and for the linear precursors of the cyclic
peptides, respectively. The linear peptide amides (10a—12a) were
N-terminally acetylated. Cyclisation was achieved by activation
with HAPyU giving the cyclic analogues 10b—12b. According to
HPLC, purity of linear and cyclic peptides was >95 and >85%,
respectively. Molecular masses of all peptides were confirmed
by MALDI mass spectrometry (see the ESIf for synthesis,
purification and analytical data of the peptides 10a/b-12a/b).

Small, arginine- and tryptophan-rich hexapeptides such as Ac-
RRWWRF-NH, (10a) have been found to possess antimicrobial
activity.® Our recent studies showed that cyclisation of RRWWRF
markedly enhances the antimicrobial effect’” by inducing an
amphipathic structure.® Although the influence of the side chains
upon the structure of the cyclic peptides in a membrane-mimicking
environment was low, substitution of the aromatic side chains by
bulky residues of varying hydrophobicity and size had dramatic
consequences on the biological effect.

To further elucidate the activity-modifying character of side
chains, linear and cyclic hexapeptides were synthesised with the
novel aliphatic, highly hydrophobic amino acid 1 substituting one
or two of the tryptophan residues, respectively (Table 1).

The gradual changes in the retention times of the linear peptides
which followed the order 10a < 11a < 12a reflected changes in the
total hydrophobicity and/or amphipathicity as result of amino
acid exchange (Table 1). Comparable retention behaviour of the
corresponding cyclic compounds suggests that conformational
constraints have little influence on the surface behaviour. These
properties are also reflected in the peptide interactions with lipid
bilayers. With introduction of 1, the bilayer-disturbing activity
distinctly increased, but pronounced differences between linear
and cyclic analogues were not observed (Fig. 1B).

Table 1 Sequences and retention times of linear and cyclic peptides
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Fig. 1 (A) Reciprocal minimal inhibitory concentration (1/MIC) of
linear and cyclic peptides against E. coli and B. subtilis (white and black
bars); (B) peptide-induced dye release from mixed POPG-POPC (1 : 3)
vesicles (striped bars) measured as fluorescence dequenching (F) at Cpepiqe =
2 uM and c¢j,q = 25 uM after ¢ = 5 min.

The linear peptide 10a had little activity against bacteria, as
shown by a minimal inhibitory concentration (MIC) higher than
100 uM (1/MIC < 0.01 uM™) for E. coli (Gram-negative). B.
subtilis (Gram-positive) were slightly more susceptible (1/MIC =
0.04 uM™) (Fig. 1A). With introduction of one or two of the
bulky, highly hydrophobic residues 1, the antimicrobial effect of
the linear sequence markedly increased. These results are similar
to effects obtained by introduction of bulky aromatic residues
into lactoferricin* and confirm the important role of peptide
hydrophobicity for the activity of the hexapeptides.”

In contrast to the pronounced enhancement of the antimicrobial
activity by cyclisation of the parent peptide 10a (Fig. 1A),
the positive effect of cyclisation disappeared for the analogues

Linear Cyclic

Name Sequence tr/min® Name Sequence g /min*
10a Ac-RRWWRF-NH, 17.6 10b Cyclo(RRWWRF) 18.5
11a Ac-RRW1RF-NH, 20.1 11b Cyclo(RRW1RF) 19.9
12a Ac-RR11RF-NH, 23.0 12b Cyclo(RR11RF) 239

“ tp: retention time in RP-HPLC.
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substituted by 1. Whereas 10b exhibited a more than 16-fold
enhanced activity against E. coli and eight times higher activity
against B. subtilis than its linear counterpart, the activities of
the linear and corresponding cyclic peptides containing one
residue 1 (11a/b) were almost the same, while the activity of
12b decreases significantly when compared to 12a. Furthermore,
different to the observations in HPLC (Table 1) and the bilayer
permeabilisation assay (Fig. 1B), the biological activities of all
cyclic peptides were little differentiated. As suggested for the
naphthylalanine-containing hexapeptide, it is likely that the high
global hydrophobicity of the sequences containing 1 eliminated the
activity-enhancing effect of cyclisation-induced amphipathicity.”
Obviously, aromatic residues are not essential. Furthermore, the
different activity patterns on model membranes and bacteria show
that peptide interactions with the biological membrane are highly
complex, and hydrophobic peptide interactions with the lipid
matrix of the cell membrane are not sufficient to explain the
activity towards bacterial cell membranes.

In summary, our studies showed that substitution of tryptophan
by the highly hydrophobic and bulky residues 1 resulted in
peptides with pronounced antimicrobial activity. Comparable
to the aromatic naphthylalanine, the high hydrophobicity of 1
predominated peptide membrane interactions and the activity-
enhancing effect of cyclisation, observed for the tryptophan-
containing peptide, became negligible.

Conclusion

Synthesis of the chiral amino acid 1 was achieved in nine steps from
the tetrahalide 2. Key steps in the synthesis were the Grignard-
addition to [I.1.1]propellane 3 and the asymmetric Strecker-
reaction yielding the two glycinonitriles 7 and 8 in a diastereomeric
ratio of 7 : 3. After Fmoc-protection of 1, several linear and cyclic
peptides containing this amino acid could be synthesised by SPPS
and their antimicrobial activity was determined. Substitution of
tryptophan by 1 in the linear peptide RRWWRF (10a) enhances
both the antimicrobial and bilayer-permeabilising activity. To
the same extent, hydrophobicity increases in these compounds.
Thus, the higher activity of 11a and 12a can be attributed to a
higher membrane-disturbing effect due to higher hydrophobicity.
Cyclisation of 11 and 12 has only minor influence on bioactivity.
On the other hand, the antimicrobial activity of 10b is distinctly
enhanced upon cyclisation, while lysis remains low.

Experimental

All experiments were carried out under a nitrogen atmosphere.
Solvents were dried according to standard procedures before being
used. 1 BuMgCl was purchased from Aldrich Co. 'H and *C NMR
spectra were recorded at 300 and 75 MHz, respectively, on a Bruker
DPX 300. Mass spectra were obtained on a ThermoFinnigan LCQ
XP. Elemental analyses were performed on a Leco CHNS-932
apparatus. Optical rotations were measured on a Jasco DIP-370
polarimeter at 589 nm and are given in 10" deg cm® g'.

3-tert-Butylbicyclo[1.1.1]pentane-1-carboxylic acid (4)

MeLi (225 ml of a 1.2 M solution in diethyl ether, 0.27 mol,
2.00 equiv.) was added dropwise to a solution of 2,2-bis(chloro-

methyl)cyclopropane 2 (40 g, 0.135 mol, 1.00 equiv.) in diethyl
ether (150 ml), which was kept at —30 °C under stirring. The mix-
ture was stirred for 1 h at room temperature, until the formation
of a white precipitate was complete. The solvent and the volatile
products were distilled at 14 Torr from a 20 °C bath into a Schlenk
flask which was kept at —78 °C."? To the obtained clear solution
was added dropwise fert-butylmagnesium chloride (47 ml of 2.0 M
solution in diethyl ether, 0.094 mol, 0.70 equiv.) at —50 °C. The
reaction mixture was stirred for 4 d at room temperature. Then CO,
(from 40 g dry ice, dried over silica gel) was passed into the grey—
green reaction mixture for 2 h at —40 °C. The reaction was allowed
to warm to room temperature and then cooled to 0 °C. Aqueous
HCI (100 ml, 2 N) was added at this temperature. The organic
phase was separated and the aqueous layer was extracted with
diethyl ether (3 x 25 ml). Drying the combined organic layers over
MgSO, and evaporation of the solvent afforded carboxylic acid 4
(14.0 g, 61% from 2) as colourless crystals. Mp: 167 °C (lit.": 155-
157 °C); "H NMR (300 MHz, CDCl;) 6 0.84 (s, 9 H), 1.86 (s, 6 H),
10.54 (br s, 1 H); "C NMR (75 MHz, CDCl;) ¢ 25.9, 29.5, 35.5,
48.2,48.3, 177.4. The NMR data correspond to the literature.'

3-tert-Butylbicyclo[1.1.1]pent-1-ylmethanol (5)

To a suspension of LiAlH, (11.4 g, 0.3 mol) in THF (250 ml)
carboxylic acid 4 (20.43 g, 0.121 mol), dissolved in THF (110 ml)
was added dropwise over 30 min at 0 °C. The mixture was heated
under reflux for 1 h. After cooling to 0 °C diethyl ether (300 ml) and
a sat. aq. solution of MgSO, (40 ml) were added. The suspension
was filtrated through a pad of celite. The filtrate was extracted with
diethyl ether (3 x 50 ml). Drying the combined organic layers over
MgSO, and evaporation of the solvent afforded the target com-
pound 5 (15.98 g, 85%) as colourless crystals. Mp: 40-41 °C (lit.":
46-47°C); '"HNMR (300 MHz, CDCl;)6 0.84 (s, 9 H), 1.28 (s, 1 H,
1.48 (s, 6 H), 3.59 (s,2 H); *"C NMR (75 MHz, CDCl;) 6 26.0,29.7,
37.2,45.0,48.4,63.9. The NMR data correspond to the literature.'

3-tert-Butylbicyclo[1.1.1]pentane-1-carbaldehyde

To a solution of 3-fert-butylbicyclo[1.1.1]pentane-1-methanol 5
(10.08 g, 65.35 mmol) in CH,Cl, (200 ml) was added Dess—Martin
periodinane' (27.72 g, 65.35 mmol) at 0 °C within 10 min. After
stirring for 2 h a solution of Na,S,0; x 5 H,O (100 g) in sat. aq.
NaHCO; (400 ml) and 200 ml diethyl ether were added carefully to
the white suspension formed. After stirring for 1.5 h the layers were
separated and the aqueous phase was extracted with diethyl ether
(3 x 80 ml). Drying the combined organic phases over MgSO, and
evaporation of the solvents afforded the target aldehyde (9.64 g,
97%) as pale yellow oil. The aldehyde was used in the next step
without further purification. "H NMR (300 MHz, CDCl;) J 0.85
(s, 9 H), 1.81 (s, 6 H), 9.59 (s, 1 H); "C NMR (75 MHz, CDCl;) 6
25.8,44.9,45.9, 46.9, 48.7, 200.1.

(28,1'R)- and (2R,1’' R)-2-(3-tert-Butylbicyclo[1.1.1]pent-1-yl)-
N-(2'-hydroxy-1'-phenylethyl)glycinonitrile (7 and 8)

To a solution of 3-zert-butylbicyclo[1.1.1]pentane-1-carbaldehyde
(3.08 g, 20.2 mmol) in CH,Cl, (175 ml) was added (R)-2-
phenylglycinol® (2.78 g, 20.3 mmol) within 5 min. The solution
was stirred at room temperature for 16 h. The reaction mixture
was cooled to —65 °C and trimethylsilylcyanide (5.07 ml, 4.02 g,
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40.5 mmol) was added via a syringe. The reaction mixture was
allowed to warm up slowly to room temperature. After 20 h the
solution was cooled to 0 °C and hydrochloric acid (100 ml of 3
N aq. solution) was added via a dropping funnel and the mixture
was stirred for 1 h. The layers were separated and the organic
phase washed with hydrochloric acid (30 ml of 3 N aq. solution).
The combined aqueous layers were extracted with CH,Cl,. The
combined organic phases were washed with H,O, and dried
over MgSO,. The solvent was removed under reduced pressure
to afford a yellow oil (5.00 g), which was subjected to column
chromatography (pentane—ethyl acetate = 8 : 2) to give the pure
(2S,1"R)-derivative 7 (1.86 g, 30% from the aldehyde, colourless
crystals) and a mixture (1.22 g, 20%) of 7 and diastereomer 8. The
mixture was subjected to a second chromatography with the next
reaction batch. Compound 7: mp: 54-57 °C. "H NMR (300 MHz,
CDCl;) 6 0.85(s, 9 H), 1.54-1.68 (m, 6 H), 2.12 (br s, 2 H), 3.37 (s,
1H),3.56(d xd,J=9.0and 10.9 Hz, 1 H), 3.78 (d x d, J = 3.8
and 10.9 Hz, 1 H),4.08 (d x d,J =4.1and 9.0 Hz, 1 H), 7.24-7.41
(m, 5H); *CNMR (75 MHz, CDCl;) 25.9,29.6, 36.4,45.1,48.2,
49.7,63.1,67.6,118.8,127.7, 128.3, 128.9, 138.5. Found: C, 76.11;
H, 8.98; N, 9.19. C,,HN,O requires C, 76.47; H, 8.78; N, 9.39%.
Compound 8: yellow oil. "H NMR (300 MHz, CDCl;) 6 0.86 (s, 9
H), 1.55-1.68 (m, 6 H), 2.03 (br s, 2 H), 3.64 (d x d, J = 7.2 and
10.9 Hz, 1 H), 3.70 (s, 1 H), 3.75(d x d, J =4.5and 10.9 Hz, 1
H),3.99 (d x d,J =4.3 and 7.3 Hz, 1 H), 7.28-7.41 (m, 5 H); *C
NMR (75 MHz, CDCl;) § 25.9, 29.6, 36.8, 45.3, 48.2, 50.2, 63.2,
66.3, 118.8, 127.6, 128.4, 129.0, 139.6. Found: C, 76.18; H, 8.93;
N, 9.26. C;,H,xN,O requires C, 76.47; H, 8.78; N, 9.39%.

(S)-2-(3-tert-Butylbicyclo[1.1.1]pent-1-yl)glycine hydrochloride
1(S)-1]

To a solution of glycinonitrile 7 (1.73 g, 5.80 mmol) in a mixture
of CH,Cl,-MeOH (1 : 1, 20 ml) was added at room temperature
under stirring Pb(OAc), (3.08 g, 6.95 mmol) within 2 min. After
stirring for 15 min phosphate buffer (pH 7, 60 ml) was added
and the solution was allowed to stir for further 45 min. The
brown precipitate was filtered over Celite and the solid residue
washed with CH,Cl, (3 x 40 ml). The layers were separated and
the aqueous phase was extracted with CH,Cl, (3 x 40 ml). The
organic phases were combined and the solvent was removed under
reduced pressure. To the remaining yellow oil (1.5 g) was added
hydrochloric acid (110 ml of a 6 N aq. solution) and the reaction
mixture was refluxed for 9 h. The hot solution was decanted from
the black residue and the solution was kept in a freezer at —30 °C
overnight. The formed white precipitate was filtrated and washed
with CH,Cl, (2x 15 ml) and dried under high vacuum. The target
compound (S)-1 was obtained as a colourless powder (0.87 g,
64%). Mp: 300 °C (decomp.). '"HNMR (300 MHz, TFA-d)J 0.93
(s, 9 H), 1.88 (s, 6 H), 4.49 (s, 1 H); *C NMR (75 MHz, TFA-d)
026.6,31.4,36.8,48.2,50.5, 57.8, 174.5. Mass spectrum, m/z 198
(M*—Cl, 100%). [a]p™ 38.7 (¢ 0.715 g per 100 ml in 0.1 N HCI).
Found: C, 56.21; H, 8.84; N, 5.67, Cl, 14.87. C,,H,,CINO, requires
C, 56.52; H, 8.62; N, 5.99, Cl, 15.17%.

(S)-Fmoc-3-tert-Butylbicyclo[1.1.1]pent-1-yl)glycine (9)

To a suspension of amino acid hydrochloride (S)-1 (1.00 g, 4.27 g)
in a mixture of acetone-H,O (1 : 1, 20 ml) was added Na,CO; x

10 H,O (0.65 g). In addition, sat. aqueous Na,CO; solution was
added until pH 9. When required, further Na,CO; solution was
added to maintain pH 9. To the white suspension was added N-
(9-fluorenylmethoxycarbonyloxy)succinimide (1.44 g, 4.27 mmol).
After stirring for 12 h at room temperature the clear, yellow
solution was diluted with ethyl acetate (20 ml) and carefully
acidified with hydrochloric acid (3 N) to pH 2. The layers were
separated and the aqueous phase extracted with ethyl acetate
(2 x 20 ml). The combined organic layers were washed with
hydrochloric acid (10 ml of a 3 N aq. solution), H,O (5 ml)
and dried over MgSO,. The solvents were removed under reduced
pressure to afford the protected amino acid 8 (1.66 g, 93%). Mp:
194-195 °C (CH,Cl,). '"H NMR (300 MHz, DMSO-d,) 3 0.81 (s, 9
H), 1.51(q, / =9.4Hz, 6 H),4.08 (d, / = 8.3 Hz, 1 H), 4.16-4.34
(m,3H),7.33(t,J =7.3Hz,2H), 7.42(t,J =7.0 Hz,2 H), 7.60 (d,
J=83Hz 1 H),7.76(d,J =7.5Hz,2H),7.82(d,J =7.2 Hz, 2
H), 12.52 (br's, 1 H); *C NMR (75 MHz, DMSO-d,) d 25.8, 29.2,
35.6,45.4,46.7,46.8, 55.3, 65.8, 120.1, 125.4, 127.1, 127.7, 140.7,
143.9, 156.2, 171.8. Found: C, 74.22; H, 6.76; N, 3.15. C,sHxNO,
requires C, 74.44; H, 6.97; N, 3.34%.

Antibacterial studies

E. coli (Gram-negative, DH Sa strain) and B. subtilis (Gram-
positive, PY 22 strain) were used to test the antibacterial activity
of the peptides.” Bacteria were cultivated to the mid-logarithmic
phase of growth (ODgy = 0.5). Aliquots of the cell suspensions
were added to the wells of a microtiter plate containing peptide at
different concentrations. Final concentration of bacteria was 10°
CFU per ml. Final concentrations of peptide ranged from 0.05
to 100 uM in 2-fold dilutions. Microtiter plates were incubated
overnight at 37 °C and the absorbance was read at 600 nm
(Autoreader EL 311, Bio-Tek Instruments Inc., USA). The
minimum inhibitory concentration (MIC) of bacterial growth is
defined as the lowest concentration of peptide at which there was
no change in optical density.

Peptide-induced dye release from liposomes

To characterise the bilayer permeabilising activity against a
lipid matrix mimicking the lipid composition of a bacterial
membrane, peptide-induced calcein release from vesicles was
determined fluorimetrically, as described.” Vesicles composed of 1-
palmitoyl-2-oleoylphosphatidylcholine (POPC) and 1-palmitoyl-
2-oleoylphosphatidyl-sn-glycerol (POPG) at a molar ratio of 3 : 1
were prepared by vortexing the dried lipid in dye buffer solution
(70 mM calcein, 10 mM Tris, 0.1 mM EDTA, pH 7.4) and extru-
sion (Lipex Biomembranes Inc., Canada) through polycarbonate
filters (six times through two stacked 0.4 um pore size filters
followed by eight times through two stacked 0.1 um pore size
filters). The fluorescence was excited at 490 nm and registered
at 520 nm after 5 min after adding an aliquot of an LUV
suspension to the peptide on a LS 50B spectrofluorimeter (Perkin
Elmer Corp. Germany). The peptide concentration was 2 puM,
the lipid concentration was 25 pM. The fluorescence intensity (F)
corresponding to 100% dye release was determined by addition of
bilayer-disturbing Triton X-100.
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Abbreviations

DMF, N,N-dimethylformamide; Fmoc, 9-fluorenylmethyl-
oxycarbonyl; HAPyU, 1-(1-pyrrolidinyl-1H-1,2,3-triazolo[4,5-b]-
pyridin-1-ylmethylene)pyrrolidinium hexafluorophosphate  N-
oxide; MALDI-MS, matrix-assisted laser desorption ionisation-
mass spectrometry; MIC, minimal inhibitory concentration;
POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; POPG, 1-palmi-
toyl-2-oleoylphosphatidyl-sn-glycerol; RP-HPLC, reversed-phase
high performance liquid chromatography; SPPS, solid phase pep-
tide synthesis; TFA, trifluoroacetic acid; TMS-CN, trimethylsilyl-
cyanide.
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“0-Acyl isopeptide method” for peptide synthesis: synthesis of forty kinds of
“0-acyl isodipeptide unit” Boc-Ser/ Thr(Fmoc-Xaa)-OH T
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The O-acyl isopeptide method has recently received attention as an efficient synthetic method for
peptides. Herein, forty kinds of “O-acyl isodipeptide unit” Boc-Ser/ Thr(Fmoc-Xaa)-OH (1-40) were
effectively synthesized in two-steps without epimerization. The O-acyl isodipeptide units are important
building blocks to enable the routine use of the O-acyl isopeptide method.

Introduction

Solid-phase peptide synthesis (SPPS) has been routinely used for
chemical synthesis of peptides. Specifically, the development of
automated SPPS has enabled rapid and convenient preparation
of target peptides. However, the synthesis of “difficult sequence”-
containing peptides is still a problematic area, and the peptides of-
ten have low synthetic yield and purity in SPPS.! Current examples
of such sequences include amyloidogenic peptides and membrane
peptides that are difficult to synthesize and handle in various
conditions because of their high self-assembling characters. The
difficult sequences are generally hydrophobic and are prone
to aggregate in solvent during synthesis and purification. This
aggregation is attributed to inter-/intra-molecular hydrophobic
interactions and the hydrogen bond network among resin-bound
peptide chains, resulting in the formation of extended secondary
structures such as B-sheets.! To solve this problem, Mutter et al.
developed building blocks, named “pseudo-prolines”, which are
dipeptide derivatives, including Ser/Thr-derived oxazolidines or
Cys-derived thiazolidines." Sheppard and Johnson et al. also
reported building blocks, 2-hydroxy-4-methoxybenzyl (Hmb), as a
protecting group for the backbone amide nitrogen.'* These special
building blocks were designed to disrupt the secondary structure
formed by inter-/intra-chain interactions.

In 2003, we discovered that the presence of an O-acyl instead of
N-acyl residue within the peptide backbone significantly changed
the secondary structure of the native peptide. Moreover, the target
peptide was subsequently generated by an O-N intramolecular
acyl migration reaction. These findings led to the development
of a novel method, called the “O-acyl isopeptide method”,? for
the synthesis of peptides containing difficult sequences (Fig. 1).
The method has been successfully applied to efficiently synthesize
difficult sequence-containing peptides such as Ac-Val-Val-Ser-
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inal Science, 21" Century COE program, Kyoto Pharmaceutical University,
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Val-Val-NH, and Alzheimer’s disease-related amyloid B peptide
(AB) 1-42.2«4 Moreover, a “Click Peptide”, which provides a
new basis to investigate pathological functions of amyloid
peptides in Alzheimer’s disease by inducible activation of its self-
assembly, represents a valuable use of the isopeptide method in
chemical biology-oriented research.’#%* Furthermore we devel-
oped a “racemization-free segment condensation” based on the
O-acyl isopeptide method, in which an N-segment possessing a
C-terminal O-acyl isopeptide structure with a urethane-protected
Ser/Thr residue was employed for the segment condensation.?*
Our studies indicated that modification of the peptide backbone
to an ester structure at only one position within the whole
peptide sequence significantly changed the unfavorable secondary
structure of the native peptides, leading to improved coupling and
deprotection efficacy during SPPS. Shortly after our disclosure,
the O-acyl isopeptide method began to be utilized by several other
groups, especially Mutter ez al.,* Carpino et al.,* and Borner and
co-workers,’ indicating that the O-acyl isopeptide method is widely
advantageous for peptide preparation.

However, epimerization during esterification has been a draw-
back in the solid-phase synthesis of O-acyl isopeptides. During
the synthesis of O-acyl isopeptide H-Thr(Ac-Val-Val)-Val-Val-
NH,, epimerization at the esterified Val residue occurred during
esterification using the 1,3-diisopropylcarbodiimide (DIPCDI)—
N,N-dimethylaminopyridine (DMAP) method and the crude
deprotected mixture contained 21% of D-Val diastereomer.? Thus,
to solve this problem, we designed an “O-acyl isodipeptide unit”,
Boc-Ser/Thr(Fmoc-Xaa)-OH (Fig. 2) based on the hypothesis
that esterification-derived epimerization should be suppressed in
solution due to the faster coupling rate as compared to that
on a solid support. Along this line, we previously used Boc-
Thr(Fmoc-Val)-OH for synthesizing a small difficult sequence-
containing Ac-Val-Val-Thr-Val-Val-NH, based on the O-acyl
isopeptide method.*

In the present study, we report the synthesis of forty kinds of O-
acyl isodipeptide unit, Boc-Ser/Thr(Fmoc-Xaa)-OH 1-40, with
all naturally coded amino acids (Fig. 2). Interestingly, we did not
observe any epimerized D-derivative in each ester bond formation.
Additionally, the synthesized isodipeptide units were successfully
applied to synthesize a bioactive influenza A virus-related peptide
containing difficult sequence. The synthesis of O-acyl isodipep-
tide units required only two simple reactions with good total

1720 | Org. Biomol. Chem., 2007, 5, 1720-1730

This journal is © The Royal Society of Chemistry 2007





TFA*H,N
Xaa OH

o/?' Ry

H—<Xaa>/ \/go

pH 7.4

Xaa: amino acid

Ry :Hor CHs Ry
O-acyl isopeptides - -
(hydrophilic)
R v 0
H—{Xaa N
pH7.4 << )m\H/H( \)J\(Xaa>—OH
H n
O-N intramolecular o /Ry
HO" H

acyl migration

difficult sequence-containing peptides
(hydrophobic)

Fig.1 The “0O-acyl isopeptide method”: synthetic method for the preparation of peptides through O-N intramolecular acyl migration reaction of O-acyl
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Fig. 2 General structure of O-acyl isodipeptide units 1-40.

yields (except for the case of Cys). Using isodipeptide units, the
epimerization-inducing esterification step on the resin could be
omitted. Hence, the set of O-acyl isodipeptide units developed
herein are be important building blocks to enable the routine use
of the O-acyl isopeptide method.

Results and discussion

As a drawback of the O-acyl isopeptide method, we recently
found that epimerization at the esterified amino acid residue
occurred during the ester bond-forming reaction on the resin.
We postulated the esterification in solution should suppress the
extent of D-derivative formation due to faster coupling rate as
compared to that on a solid support. Our previous synthesis

%

\” /,RW o O.

Ry = H; Boc-Ser-OBz|
R1 = CHg; Boc-Thr-OBzI

Scheme 1 Synthetic scheme for the “O-acyl isodipeptide unit”.

N\)L

/VR1
H

Reagents and conditions:

of Boc-Thr(Fmoc-Val)-OH also indicated that the Val-Thr ester
forming reaction in solution was sufficiently fast to avoid epimer-
ization, while 21% of D-Val derivative was observed in the solid-
phase synthesis.” Hence, we envisioned synthesizing a set of O-
acyl isodipeptide units with all naturally coded amino acids by
carefully evaluating whether epimerization could be avoided in
the esterification with various amino acid residues.

Synthesis of O-acyl isodipeptide units

Forty kinds of the O-acyl isodipeptide units 1-40 (Fig. 2) were syn-
thesized according to Scheme 1. Fmoc-amino acid was coupled to
the B-hydroxyl group of Boc-Ser/Thr-OBzI® using N-ethyl-N'-(3-
dimethylaminopropyl)-carbodiimide (EDC)-DMAP method in

“@

ii oriii

S —

"O-acyl isodipeptide unit"

Ry = H; Boc-Ser(Fmoc—Xaa)-OBzI (41-60)
= CHg; Boc-Thr(Fmoc-Xaa)-OBzI (61-80)

Ry = H; Boc—Ser(Fmoc—Xaa)-OH (1-20)
= CHj; Boc-Thr(Fmoc—Xaa)-OH (21-40)

(1) Fmoc-Xaa-OH, EDC-HCI (N-ethyl-

N'-(3-dimethylaminopropyl)-carbodiimide-HCl), DMAP (N,N-dimethylaminopyridine), dry CHCl;, overnight; (ii) 10% Pd/C (10 w/w%), H,, AcOEt,
overnight (for 1-7, 10-20, 21-27, 30—40); (iii) 10% Pd/C (60 w/w%), ammonium formate (10 eq.), EEOH-H,O (95:5), 40 °C, 3 h (for 8 and 28, iii x 2 for

9 and 29).
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dry CHCI; to obtain the corresponding Boc-Ser/ Thr(Fmoc-Xaa)-
OBzl (41-80). Although this esterification was mainly performed
overnight, the reaction could be stopped after an appropriate time
(maybe a few hours) with TLC monitoring. Subsequently, the O-
Bzl esters of the fully protected dipeptides were removed using
Pd/C under hydrogen atmosphere to afford the corresponding
Boc-Ser/Thr(Fmoc-Xaa)-OH (1-7, 10-27 and 30-40). The O-
Bzl ester of Boc-Ser/Thr(Fmoc-Cys(Trt))-OBzl (48 and 68) and
Boc-Ser/Thr(Fmoc-Met)-OBzl (49 and 69), which contain sulfur
atoms, were deprotected using catalytic transfer hydrogenation
(CTH)™® at 40 °C with ammonium formate as a hydrogen donor
to afford Boc-Ser/Thr(Fmoc-Cys(Trt))-OH (8 and 28) and Boc-
Ser/Thr(Fmoc-Met)-OH (9 and 29). Boc-Ser/ Thr(Fmoc-D-Xaa)-
OBzl (81-118) were also synthesized in a similar manner described
in Scheme 1.

In Tables 1 and 2, we summarize the isolated yield, ex-
tent of epimerization and some physicochemical data of Boc-
Ser/Thr(Fmoc-Xaa)-OBzl (41-80), Boc-Ser/Thr(Fmoc-D-Xaa)-
OBzl (81-118) and Boc-Ser/ Thr(Fmoc-Xaa)-OH (1-40). All Boc-
Ser/Thr(Fmoc-Xaa)-OBzl (41-80) were obtained in high yields
(70-99%). Treatment of the protected isodipeptide units (41-47,
50-67, 70-80) with Pd/C-H, also gave the desired dipeptides in
high yields of 75-99%. However, in the treatment of Cys- and
Met-containing protected isodipeptide (68 and 69, respectively)
with Pd/C-H,, the desired compound (either 28 or 29) was not
obtained due to the catalyst poisoning® of the sulfur atom. We
therefore adopted the catalytic transfer hydrogenation (CTH)
method with ammonium formate as a hydrogen donor, which
is reported as a powerful hydrogenolysis system under mild
conditions,? for Bzl ester deprotection of 48, 49, 68 and 69. In the
CTH method, although a small amount of decomposition of Fmoc
was observed under mass spectra analysis, each desired product
was readily obtained after HPLC purification. Deprotection by
the CTH method resulted in moderate yields: 58% for 8, 30% for
28, 70% for 9, 73% for 29, respectively.

Thus, the synthesis of O-acyl isodipeptide units generally
requires only simple two reactions (Scheme 1) with moderate
to excellent total yields (55%-99%). The synthesis of O-acyl
isodipeptide units would be simpler than that of other building
blocks such as pseudo-prolines' and Hmb," for synthesizing
difficult sequence-containing peptides.

Study of epimerization during esterification

In the synthesis of thirty-eight kinds of protected isodipep-
tide units 42-60 and 62-80 with various Fmoc-protected amino
acids, we examined whether epimerization occurred during the
esterification reaction. To evaluate this matter, we synthesized
all corresponding D-derivatives 81-118. Interestingly, no de-
tectable epimerized product 81-118 was observed in crude 42—
60 and 62-80, even in the esterification with epimerization-
favored Cys’ and His" residues, indicating that epimerization
did not occur in any ester bond-forming reaction with EDC-
DMAP" although whether epimerization had occurred could
not be determined in the case of Boc-Ser(Fmoc-Met)-OBzl
(49) and Boc-Ser(Fmoc-His(Trt))-OBzl (55) because separation
of L-derivative and independently synthesized D-derivative was
achieved by neither RP-HPLC nor chiral HPLC. Fig. 3 shows the
HPLC profiles of crude Boc-Ser(Fmoc-Ser(1Bu))-OBzl (46), Boc-
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Fig. 3 Evaluation of epimerization during esterification. (A-a) crude
Boc-Ser(Fmoc-Ser(zBu))-OBzl (46); (A-b) analytical HPLC of mix-
ture of L-Ser derivative 46 and D-Ser derivative 85; (B-a) crude
Boc-Thr(Fmoc-Cys(Trt))-OBzl (68); (B-b) analytical HPLC of mix-
ture of L-Cys derivative 68 and D-Cys derivative 106; (C-a) crude
Boc-Thr(Fmoc-Arg(Pmc))-OBzl (77); (C-b) analytical HPLC of mixture
of L-Arg derivative 77 and D-Arg derivative 115. Analytical HPLC was
performed using a C18 reverse phase column (4.6 x 150 mm; YMC
Pack ODS AM302) with a binary solvent system: a linear gradient of
CH;CN (60-100% CH;CN, 40 min) in 0.1% aqueous TFA at a flow
rate of 0.9 mL min~' (40 °C), detected at 230 nm for separation 46
and 85; Chiralcel® OD normal phase column (4.6 x 250 mm; Daicel
Chemical Ind., Ltd, Tokyo, Japan) with an isocratic solvent system:
n-hexane—isopropanol or n-hexane—ethanol at a flow rate of 0.9 mL min~'
(room temperature), detected at 230 nm for separation 68 and 106
(n-hexane : ethanol = 7 : 3), 77 and 115 (n-hexane : isopropanol =
7:3).

Thr(Fmoc-Cys(Trt))-OBzl (68) and Boc-Thr(Fmoc-Arg(Pmc))-
OBzl (77). These results suggest that the coupling rate of O-
acylation with Fmoc-Xaa-OH is commonly sufficiently fast to
avoid epimerization, while products from solid-phase synthesis
exhibited large amounts of undesired diastercomers.?”

Applying the O-acyl isodipeptide unit to solid-phase
peptide synthesis

The synthesized O-acyl isodipeptide unit, Boc-Thr(Fmoc-Phe)-
OH (38) was applied to SPPS of influenza A virus matrix M1
58-66 (H-GILGFVFTL-OH, 119)* containing a difficult se-
quence. In standard SPPS (see Experimental section), the difficult
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Table 1 Data for 1-20, 41-60, 81-99 (serine series)

HRMS (FAB)*

Structure Yield“ (%0) Epimerization® RP-HPLC* #z /min Calcd Found

Boc-Ser(Fmoc-Gly)-OBzI (41) 96 — 349 597.2213 597.2217
Boc-Ser(Fmoc-Gly)-OH (1) 91 — 29.2 507.1743 507.1735
Boc-Ser(Fmoc-Ala)-OBzI (42) >99 N.D.* 35.6 611.2369 611.2373
Boc-Ser(Fmoc-p-Ala)-OBzl (81) 97 — 35.6 611.2369 611.2366
Boc-Ser(Fmoc-Ala)-OH (2) 89 — 29.8 521.1900 521.1907
Boc-Ser(Fmoc-Val)-OBzI (43) 93 N.D. 36.4 639.2682 639.2685
Boc-Ser(Fmoc-D-Val)-OBzI (82) 85 — 36.9 639.2682 639.2678
Boc-Ser(Fmoc-Val)-OH (3) 82 — 32.7 549.2213 549.2217
Boc-Ser(Fmoc-Leu)-OBzI (44) >99 N.D. 38.5 653.2839 653.2844
Boc-Ser(Fmoc-D-Leu)-OBzI (83) 92 — 38.4 653.2839 653.2845
Boc-Ser(Fmoc-Leu)-OH (4) 93 — 33.2 563.2369 563.2365
Boc-Ser(Fmoc-Ile)-OBzI (45) 84 N.D. 38.6 653.2839 653.2835
Boc-Ser(Fmoc-D-allo-1le)-OBzI (84) 97 — 38.5 653.2839 653.2835
Boc-Ser(Fmoc-Ile)-OH (5) >99 — 33.1 563.2369 563.2373
Boc-Ser(Fmoc-Ser(1Bu))-OBzI (46) 98 N.D. 38.5 683.2945 683.2939
Boc-Ser(Fmoc-D-Ser(7Bu))-OBzI (85) 98 — 38.2 683.2945 683.2939
Boc-Ser(Fmoc-Ser(Bu))-OH (6) >99 — 32.5 593.2475 593.2471
Boc-Ser(Fmoc-Thr(1Bu))-OBzl (47) >99 N.D. 39.8 697.3101 697.3096
Boc-Ser(Fmoc-D-allo-Thr(7Bu))-OBzI (86) >99 — 393 697.3101 697.3096
Boc-Ser(Fmoc-Thr(tBu))-OH (7) 89 — 34.4 607.2632 607.2639
Boc-Ser(Fmoc-Cys(Trt))-OBzl (48) >99 N.D. 42.1 885.3186 885.3179
Boc-Ser(Fmoc-D-Cys(Trt))-OBzI (87) 77 — 42.1 885.3186 885.3179
Boc-Ser(Fmoc-Cys(Trt))-OH (8) 58 — 40.2 795.2716 795.2723
Boc-Ser(Fmoc-Met)-OBzI (49) 89 Not determined” 38.6 671.2403 671.2407
Boc-Ser(Fmoc-D-Met)-OBzI (88) >99 — 37.6 671.2403 671.2410
Boc-Ser(Fmoc-Met)-OH (9) 70 — 32.6 581.1934 581.1927
Boc-Ser(Fmoc-Pro)-OBzl (50) 98 N.D. 38.5 637.2526 637.2531
Boc-Ser(Fmoc-D-Pro)-OBzI (89) 89 — 38.4 637.2526 637.2531
Boc-Ser(Fmoc-Pro)-OH (10) >99 — 32.0 547.2056 547.2061
Boc-Ser(Fmoc-Asp(O7Bu))-OBzl (51) >99 N.D. 38.3 711.2894 711.2889
Boc-Ser(Fmoc-D-Asp(OzBu))-OBzl (90) >99 — 38.2 711.2894 711.2900
Boc-Ser(Fmoc-Asp(O7Bu))-OH (11) >99 — 333 621.2424 621.2420
Boc-Ser(Fmoc-Asn(Trt))-OBzl (52) >99 N.D. 40.6 896.3523 896.3528
Boc-Ser(Fmoc-D-Asn(Trt))-OBzl (91) >99 — 41.0 896.3523 896.3528
Boc-Ser(Fmoc-Asn(Trt))-OH (12) 96 — 36.9 806.3054 806.3058
Boc-Ser(Fmoc-Glu(O7Bu))-OBzI (53) 98 N.D. 38.9 725.3050 725.3044
Boc-Ser(Fmoc-D-Glu(O7Bu))-OBzI (92) >99 — 38.7 725.3050 725.3057
Boc-Ser(Fmoc-Glu(O7Bu))-OH (13) 99 — 334 636.2581 636.2585
Boc-Ser(Fmoc-Gln(Trt))-OBzl (54) 85 N.D. 40.6 910.3680 910.3673
Boc-Ser(Fmoc-D-Gln(Trt))-OBzI (93) >99 — 40.9 910.3680 910.3677
Boc-Ser(Fmoc-Gln(Trt))-OH (14) 89 — 36.6 820.3210 820.3204
Boc-Ser(Fmoc-His(Trt))-OBzI (55) 78 Not determined” 35.2 919.3683 919.3688
Boc-Ser(Fmoc-p-His(Trt))-OBzl (94) 97 — 34.7 919.3683 919.3688
Boc-Ser(Fmoc-His(Trt))-OH (15) 81 — 31.9 829.3213 829.3208
Boc-Ser(Fmoc-Lys(Boc))-OBzl (56) >99 N.D. 38.0 768.3472 768.3468
Boc-Ser(Fmoc-D-Lys(Boc))-OBzI (95) 93 — 38.0 768.3472 768.3480
Boc-Ser(Fmoc-Lys(Boc))-OH (16) 99 — 33.1 678.3003 678.2997
Boc-Ser(Fmoc-Arg(Pmc))-OBzI (57) 94 N.D. 38.8 962.3986 962.3978
Boc-Ser(Fmoc-D-Arg(Pmc))-OBzl (96) >99 — 38.7 962.3986 962.3978
Boc-Ser(Fmoc-Arg(Pmc))-OH (17) 88 — 34.5 872.3516 872.3525
Boc-Ser(Fmoc-Phe)-OBzI (58) >99 N.D. 37.9 687.2682 687.2678
Boc-Ser(Fmoc-D-Phe)-OBzI (97) >99 — 38.3 687.2682 687.2678
Boc-Ser(Fmoc-Phe)-OH (18) >99 — 32.7 597.2213 597.2220
Boc-Ser(Fmoc-Tyr(7Bu))-OBzl (59) 91 N.D. 40.7 759.3258 759.3262
Boc-Ser(Fmoc-p-Tyr(Bu))-OBzI (98) >99 — 38.9 759.3258 759.3262
Boc-Ser(Fmoc-Tyr(zBu))-OH (19)¢ 93 — 36.4 669.2788 669.2783
Boc-Ser(Fmoc-Trp(Boc))-OBzl (60) >99 N.D. 41.2 826.3316 826.3321
Boc-Ser(Fmoc-D-Trp(Boc))-OBzI (99) >99 — 41.3 826.3316 826.3311
Boc-Ser(Fmoc-Trp(Boc))-OH (20) 91 — 37.5 736.2846 736.2840

“Tsolated yield. * Epimerization was evaluated by comparison with authentic D-derivatives. © Analytical HPLC was performed using a C18 reverse phase
column (4.6 x 150 mm; YMC Pack ODS AM302) with a binary solvent system: a linear gradient of CH;CN (0-100% CH;CN, 40 min) in 0.1% aqueous
TFA at a flow rate of 0.9 mL min~' (40 °C), detected at 230 nm. “(M + Na)*. ¢ Not detected. /In these cases, we couldn’t separate L-derivative and
D-derivative by HPLC. ¢ Ref. 2k.
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Table 2 Data for 21-40, 61-80, 100-118 (Threonine series)

HRMS (FAB)¢

Structure Yield“ (%) Epimerization® RP-HPLC® #z /min Caled Found

Boc-Thr(Fmoc-Gly)-OBzI (61) 99 — 35.8 611.2369 611.2375
Boc-Thr(Fmoc-Gly)-OH (21) 95 — 30.8 521.1900 521.1904
Boc-Thr(Fmoc-Ala)-OBzl (62) 81 N.D- 36.1 603.2706 (M + H)* 603.2703
Boc-Thr(Fmoc-D-Ala)-OBzI (100) 86 — 36.0 625.2526 625.2522
Boc-Thr(Fmoc-Ala)-OH (22) 98 — 30.5 535.2056 535.2051
Boc-Thr(Fmoc-Val)-OBzI (63) 94 N.D. 39.2 653.2839 653.2833
Boc-Thr(Fmoc-p-Val)-OBzI (101) 89 — 38.4 653.2839 653.2845
Boc-Thr(Fmoc-Val)-OH (23)¢ 92 — 33.5 563.2369 563.2373
Boc-Thr(Fmoc-Leu)-OBzI (64) >99 N.D. 39.3 667.2995 667.2999
Boc-Thr(Fmoc-D-Leu)-OBzI (102) 96 — 39.1 667.2995 667.2991
Boc-Thr(Fmoc-Leu)-OH (24) 96 — 34.3 577.2526 577.2520
Boc-Thr(Fmoc-Ile)-OBzl (65) 92 N.D. 39.1 667.2995 667.2991
Boc-Thr(Fmoc-p-allo-1le)-OBz1 (103) >99 — 39.0 667.2995 667.2991
Boc-Thr(Fmoc-Ile)-OH (25) 94 — 33.0 577.2526 577.2520
Boc-Thr(Fmoc-Ser(7Bu))-OBzI (66) >99 N.D. 394 697.3101 697.3107
Boc-Thr(Fmoc-D-Ser(1Bu))-OBzl (104) 89 — 39.6 697.3101 697.3105
Boc-Thr(Fmoc-Ser(rBu))-OH (26) 93 — 34.0 607.2632 607.2624
Boc-Thr(Fmoc-Thr(Bu))-OBzI1 (67) 86 N.D. 40.3 711.3258 711.3252
Boc-Thr(Fmoc-D-allo-Thr(1Bu))-OBzl (105) 65 — 40.0 711.3258 711.3253
Boc-Thr(Fmoc-Thr(sBu))-OH (27) 83 — 35.0 621.2788 621.2792
Boc-Thr(Fmoc-Cys(Trt))-OBzI (68) 97 N.D. 43.2 899.3342 899.3348
Boc-Thr(Fmoc-p-Cys(Trt))-OBzI (106) >99 — 43.2 899.3342 899.3348
Boc-Thr(Fmoc-Cys(Trt))-OH (28) 30 — 40.5 809.2873 809.2867
Boc-Thr(Fmoc-Met)-OBzI (69) >99 N.D. 37.2 685.2560 685.2555
Boc-Thr(Fmoc-D-Met)-OBzI (107) >99 — 36.6 685.2560 685.2554
Boc-Thr(Fmoc-Met)-OH (29) 73 — 33.5 595.2090 595.2097
Boc-Thr(Fmoc-Pro)-OBzI (70) 86 N.D. 37.8 651.2682 651.2688
Boc-Thr(Fmoc-p-Pro)-OBzl (108) >99 — 37.7 651.2682 651.2676
Boc-Thr(Fmoc-Pro)-OH (30) 96 — 31.6 561.2213 561.2220
Boc-Thr(Fmoc-Asp(OrBu))-OBzI (71) >99 N.D. 40.2 725.3050 725.3057
Boc-Thr(Fmoc-D-Asp(O7Bu))-OBzI (109) >99 — 38.7 725.3050 725.3046
Boc-Thr(Fmoc-Asp(OrBu))-OH (31) 94 — 35.1 635.2581 635.2585
Boc-Thr(Fmoc-Asn(Trt))-OBzl (72) >99 N.D. 39.7 910.3680 910.3675
Boc-Thr(Fmoc-D-Asn(Trt))-OBzI (110) >99 — 40.2 910.3680 910.3675
Boc-Thr(Fmoc-Asn(Trt))-OH (32) 78 — 36.1 820.3210 820.3205
Boc-Thr(Fmoc-Glu(OrBu))-OBzI (73) 74 N.D. 38.7 739.3207 739.3214
Boc-Thr(Fmoc-D-Glu(OrBu))-OBzI (111) 88 — 39.0 739.3207 739.3201
Boc-Thr(Fmoc-Glu(O7Bu))-OH (33) 90 — 339 649.2737 649.2728
Boc-Thr(Fmoc-Gln(Trt))-OBzI (74) >99 N.D. 41.9 924.3836 924.3830
Boc-Thr(Fmoc-D-Gln(Trt))-OBzI (112) >99 — 40.7 924.3836 924.3830
Boc-Thr(Fmoc-Gln(Trt))-OH (34) 89 — 36.9 834.3367 834.3362
Boc-Thr(Fmoc-His(Trt))-OBzl (75) 72 N.D. 353 933.3839 933.3836
Boc-Thr(Fmoc-p-His(Trt))-OBzI (113) >99 — 353 933.3839 933.3836
Boc-Thr(Fmoc-His(Trt))-OH (35) 77 — 31.7 843.3370 843.3374
Boc-Thr(Fmoc-Lys(Boc))-OBzI (76) 98 N.D. 37.8 782.3629 782.3624
Boc-Thr(Fmoc-p-Lys(Boc))-OBzI (114) >99 — 37.8 782.3629 782.3634
Boc-Thr(Fmoc-Lys(Boc))-OH (36) 96 — 35.1 692.3159 692.3154
Boc-Thr(Fmoc-Arg(Pmc))-OBzI (77) 79 N.D. 39.0 976.4142 976.4137
Boc-Thr(Fmoc-p-Arg(Pmc))-OBzI (115) 55 — 383 976.4142 976.4138
Boc-Thr(Fmoc-Arg(Pmc))-OH (37) >99 — 37.0 886.3673 886.3669
Boc-Thr(Fmoc-Phe)-OBzI (78) 94 N.D. 39.3 679.3019 (M + H)* 679.3015
Boc-Thr(Fmoc-p-Phe)-OBzI (116) 97 — 38.6 701.2839 701.2843
Boc-Thr(Fmoc-Phe)-OH (38) 96 — 33.5 611.2369 611.2375
Boc-Thr(Fmoc-Tyr(Bu))-OBzI (79) >99 N.D. 40.8 773.3414 773.3418
Boc-Thr(Fmoc-D-Tyr(zBu))-OBzl (117) >99 — 39.7 773.3414 773.3420
Boc-Thr(Fmoc-Tyr(zBu))-OH (39) 76 — 35.0 683.2945 683.2939
Boc-Thr(Fmoc-Trp(Boc))-OBzlI (80) 94 N.D. 40.8 840.3472 840.3476
Boc-Thr(Fmoc-D-Trp(Boc))-OBzI (118) 96 — 40.7 840.3472 840.3476
Boc-Thr(Fmoc-Trp(Boc))-OH (40) 91 — 37.0 750.3003 750.3007

“Tsolated yield. * Epimerization was evaluated by comparison with authentic D-derivatives. © Analytical HPLC was performed using a C18 reverse phase
column (4.6 x 150 mm; YMC Pack ODS AM302) with a binary solvent system: a linear gradient of CH;CN (0-100% CH;CN, 40 min) in 0.1% aqueous
TFA at a flow rate of 0.9 mL min~' (40 °C), detected at 230 nm. “(M + Na)*. ¢ Not detected. / Ref. 4b. ¢ Ref. 2/.
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Fig.4 HPLC profile of crude (A) peptide 119 (synthesized by standard SPPS), (B) O-acyl isopeptide 123 (synthesized without O-acyl isodipeptide unit),
and (C) peptide 119 (synthesized using O-acyl isopeptide method with Boc-Thr(Fmoc-Phe)-OH 38).

sequence-derived byproduct, Fmoc-GILGFVFTL-OH, was ob-
tained after final deprotection (Fig. 4A).

On the other hand, in the O-acyl isopeptide method without the
O-acylisodipeptide unit (Scheme 2A), Fmoc-Phe-OH was coupled
to Boc-Thr-Leu-resin (2-chlorotrityl resin) using the DIPCDI-
DMAP method in dry CH,Cl,. After continuous couplings
of Fmoc-amino acids and TFA treatment, O-acyl isopeptide
123-TFA was obtained without any undesired residue (Fig. 4B).
Hence, the protected peptide resin was efficiently synthesized
with no interference from the difficult sequences. The result is
comparable with our previous observation that modification of
difficult sequence-containing peptide to ester structure changed
the secondary structure of the peptide to that which is more
favorable for Fmoc-deprotection.? As expected, a large amount
(7.6%) of isopeptide epimer H-Thr(H-Gly-Ile-Leu-Gly-Phe-Val-
D-Phe)-Leu-OH was observed in the final deprotected mixture
(Fig. 4B), which was confirmed by an independent synthesis of
H-Thr(H-Gly-Ile-Leu-Gly-Phe-Val-D-Phe)-Leu-OH.

In these contexts, we synthesized 119 based on the O-acyl
isopeptide method using O-acyl isodipeptide unit 38 (Scheme 2B).
The use of isodipeptide unit 38 omitted the epimerization-inducing
esterification reaction on the resin. O-Acyl isodipeptide unit 38,
which readily solubilized in DMF, was coupled to H-Leu-resin (2-
chlorotrityl resin) using the standard DIPCDI-HOBt method to
obtain 121. The completeness of coupling was verified by Kaiser
test. After assembly of the remaining residues followed by TFA
treatment, O-acyl isopeptide 123-TFA was obtained. 123-TFA was
further dissolved and stirred in phosphate buffer (pH 7.4) at rt
to induce quantitative O—N intramolecular acyl migration to the
corresponding target peptide 119 with a half-life of approximately
1 min. As shown in Fig. 4C, HPLC analysis of crude 119
(synthesized using O-acyl isodipeptide unit 38) exhibited a high
purity of the desired product with no by-product derived from the
difficult sequence or epimerization. The use of isodipeptide 38 did
not lead to any additional side reaction. After HPLC purification,
the overall yield of 119-TFA was 73%.

Conclusion

Forty kinds of “O-acyl isodipeptide unit” Boc-Ser/Thr(Fmoc-
Xaa)-OH 1-40 with all naturally occurring amino acids were
synthesized in two-steps without epimerization (29-99%), starting

from Boc-Ser/Thr-OBzl. Interestingly, we did not observe any
epimerization in all ester bond-forming reactions between Fmoc-
Xaa-OH and Boc-Ser/Thr-OBzl. Additionally, the synthesized
isodipeptide unit was successfully applied in synthesizing bioactive
influenza A virus-related peptide with difficult sequences. Analysis
of the crude peptide revealed high purity of the product with no
by-product derived from the difficult sequence and epimerization.
Moreover, the use of isodipeptide did not lead to any additional
side reaction. Hence, using isodipeptide units, the epimerization-
inducing esterification on the resin could be omitted. A set of
O-acyl isodipeptide units developed herein would be important
building blocks to enable the routine use of the O-acyl isopeptide
method.

Experimental
General procedures

Fmoc-amino acid side-chain protections were selected as follows:
tBu (Asp, Glu, Ser, Thr, Tyr), Boc (Lys), Pmc (Arg), Trt (Cys,
Asn, Gln, His). All protected amino acids and resins were
purchased from Calbiochem-Novabiochem Japan Ltd. (Tokyo).
Other chemicals were purchased from commercial suppliers,
Wako Pure Chemical Ind., Ltd. (Osaka, Japan), Nacalai Tesque
(Kyoto, Japan), and Aldrich Chemical Co., Inc. (Milwaukee, WI)
and were used without further purification. Analytical thin-layer
chromatography (TLC) was performed using Merck 105715 silica
gel 60 F,s, precoated plate (0.25 thickness). Visualization of the
chromatogram was by UV illumination (254 nm), phosphomolyb-
dic acid, and ninhydrin, as appropriate. Merck 107734 silica gel 60
(70-230 mesh) was used for column chromatography. Analytical
HPLC was performed using a C18 reverse phase column (4.6 x
150 mm; YMC Pack ODS AM302) with a binary solvent system:
a linear gradient of CH;CN in 0.1% aqueous TFA at a flow
rate of 0.9 mL min~' (temperature: 40 °C), detected at 230 nm.
Preparative HPLC was carried out on a C18 reverse phase column
(20 x 250 mm; YMC Pack ODS SH343-5) with a binary solvent
system: a linear gradient of CH;CN in 0.1% aqueous TFA at a flow
rate of 5.0 mL min~' (temperature: 40 °C), detected at 230 nm.
To separate diastereomers, chiral HPLC analysis was performed
with JASCO HPLC systems consisting of following: pump, 880-
PU:; detector, 875-UV, measured at 230 nm; column, Chiralcel®

This journal is © The Royal Society of Chemistry 2007
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Scheme2 Synthesis of (A) O-acylisopeptide of influenza A virus matrix M1 58-66 (123) by the O-acylisopeptide method without O-acylisodipeptide unit,
(B) influenza A virus matrix M1 58-66 (119) by the O-acyl isopeptide method with O-acyl isodipeptide unit (38). Reagents and conditions: (i) 20%
piperidine-DMF, 20 min; (ii) Boc-Thr-OH (2.5 eq.), DIPCDI (1,3-diisopropylcarbodiimide, 2.5 eq.), HOBt (1-hydroxybenzotriazole, 2.5 eq.), DMF, 2 h;
(iii) Fmoc-Phe-OH (3 eq.), DIPCDI (1,3-diisopropylcarbodiimide, 3 eq.), DMAP (N,N-dimethylaminopyridine, 0.2 eq.), dry CH,Cl,, 16 h (x2);
(iv) Fmoc-Xaa-OH (2.5 eq.), DIPCDI (2.5 eq.), HOBt (2.5 eq.), DMF, 2 h; (v) TFA-m-cresol-thioanisole-H,O (92.5 : 2.5 : 2.5 : 2.5), 90 min;
(vi) Boc-Thr(Fmoc-Phe)-OH (38, 2.5 eq.), DIPCDI (2.5 eq.), HOBt (2.5 eq.), DMF, 2 h (vii) phosphate buffer, pH 7.4, 25 °C; (viii) HPLC purification.

OD normal phase column (4.6 x 250 mm; Daicel Chemical Ind.,
Ltd, Tokyo, Japan); mobile phase, n-hexane-isopropanol or n-
hexane—ethanol; flow rate, 0.9 mL min~' (room temperature).
Solvents used for HPLC were of HPLC grade. NMR spectra
were recorded on a JEOL 300 MHz instrument, or a 400 MHz
Varian UNITY INOVA 400NB spectrometer, and calibrated using
tetramethylsilane (TMS) as an internal reference. MALDI-TOF
MASS spectra were recorded on Voyager DE-RP using a-cyano-
4-hydroxycinnamic acid as a matrix. FAB-MS was performed
on a JEOL JMS-SX102A spectrometer equipped with the JMA-
DA7000 data system.

Solid phase peptide synthesis

In general, the peptide chains were assembled by sequential
coupling of activated N*-Fmoc-amino acid (2.5 eq.) in DMF (1.5—

2 mL) in the presence of 1,3-diisopropylcarbodiimide (DIPCDI,
2.5 eq.) and 1-hydroxybenzotriazole (HOBt, 2.5 eq.) with a reac-
tion time of 2 h at room temperature. The resins were then washed
with DMF (1.5 mL, x5) and the completeness of each coupling
was verified by the Kaiser test. N*-Fmoc deprotection was carried
out by treatment with piperidine (20% v/vin DMF) (2mL, I min x
1 and 20 min x 1), followed by washing with DMF (1.5 mL,
x 10) and chloroform (1.5 mL, x5). After complete elongation of
the peptide chains, the peptide resins were washed with methanol
(1.5 mL, x5) and dried for at least 2 h in vacuo. The peptides were
then cleaved from the resin with TFA in the presence of thioanisole,
m-cresol and distilled water (92.5:2.5:2.5:2.5) for 90 min at room
temperature, concentrated in vacuo, and precipitated with diethyl
ether (4-8 mL) at 0 °C followed by centrifugation at 4000 rpm for
5 min (x3). The resultant peptides were dissolved or suspended in
water and lyophilized for at least 12 h.
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Boc-Ser(Fmoc-Gly)-OBzl (41). EDC-HCI(0.53 g, 2.76 mmol)
was added to a stirring solution of N-(fert-butoxycarbonyl)-L-
serine benzyl ester (Boc-Ser-OBzl) (0.68 g, 2.30 mmol), N-(9H-
fluoren-9-ylmethoxycarbonyl)-L-glycine (Fmoc-Gly-OH, 0.82 g,
2.76 mmol), and DMAP (56.3 mg, 0.46 mmol) in dry CHCI;
(60 mL) at 0 °C. The mixture was slowly warmed to rt over 2 h,
stirred additionally overnight, diluted with AcOEt, and washed
successively with water, 1 N HCI, water, saturated NaHCO; and
brine. The organic layer was dried over Na,SO, and the solvent
was removed in vacuo. The resulting oil was purified by silica gel
column chromatography (AcOEt : hexane 1 : 3) to yield Boc-
Ser(Fmoc-Gly)-OBzl (1.26 g, 2.20 mmol, 96%). HPLC analysis at
230 nm: purity was higher than 95% (retention time (#z) = 34.9
min); '"H NMR (CD;0D, 300 MHz) ¢ 7.78 (d, J = 7.3 Hz, 2H),
7.65(d, J = 7.3 Hz, 2H), 7.43-7.25 (m, 9H), 5.20 (d, / = 12.4 Hz,
1H), 5.12 (d, J/ = 12.4 Hz, 1H), 4.54-4.31 (m, 5H), 4.26-4.18 (m,
1H), 3.90-3.73 (m, 2H), 1.40 (s, 9H); HRMS (FAB): calcd. for
C;,HyuN,OgNa (M + Na)*: 597.2213, found: 597.2217.

Boc-Ser(Fmoc-Gly)-OH (1). Pd/C (115 mg) was added to a
stirring solution of Boc-Ser(Fmoc-Gly)-OBzI (1.15 g, 2.00 mmol)
in AcOEt (50 mL), and the reaction mixture was vigorously stirred
under a hydrogen atmosphere overnight. The catalyst was filtered
off through Celite. The solvent was removed in vacuo and the crude
product was filtered via silica gel, at first with AcOEt : hexane 1 :
2 and then the final product was washed out by methanol to give
pure Boc-Ser(Fmoc-Gly)-OH (0.89 g, 1.83 mmol, 91%). HPLC
analysis at 230 nm: purity was 95% (fx = 29.2 min); 'H NMR
(CD,0D, 300 MHz) ¢ 7.78 (d, J = 7.3 Hz, 2H), 7.66 (d, J =
7.4 Hz, 2H), 7.42-7.26 (m, 4H), 4.55-4.46 (m, 1H), 4.41-4.19 (m,
5H), 3.94-3.81 (m, 2H), 1.42 (s, 9H); HRMS (FAB): calcd. for
C,sHxN,OgNa (M + Na)*: 507.1743, found: 507.1735.

Boc-Ser(Fmoc-Ala)-OBzl  (42). EDC-HCI (779 mg,
0.41 mmol) was added to a stirring solution of N-(tert-
butoxycarbonyl)-L-serine benzyl ester (Boc-Ser-OBzl) (50 mg,
0.17 mmol), N-(9H-fluoren-9-ylmethoxycarbonyl)-L-alanine
(Fmoc-Ala-OH, 126.5 mg, 0.41 mmol), and DMAP (2.1 mg,
0.017 mmol) in dry CHCl; (3 mL) at 0 °C. The mixture was
slowly warmed to rt over 2 h, stirred additionally overnight,
diluted with AcOEt, and washed successively with water, 1 N
HCl, water, saturated NaHCO; and brine. The organic layer was
dried over Na,SO, and the solvent was removed in vacuo. The
resulting oil was purified by silica gel column chromatography
(CHCI; : methanol 90 : 1) to yield Boc-Ser(Fmoc-Ala)-OBzl
(101.7 mg, 0.17 mmol, >99%). Epimerization during the synthesis
was not detected, confirmed by comparison with independently
synthesized D-alanine derivative 81. HPLC analysis at 230 nm:
purity was 88% (7x = 35.6 min); '"H NMR (CD,0D, 300 MHz) ¢
7.78 (d, J = 7.5 Hz, 2H), 7.66 (t, J = 7.1 Hz, 2H), 7.40-7.27 (m,
9H), 5.19-5.07 (m, 2H), 4.52-4.45 (m, 2H), 4.42-4.28 (m, 3H),
4.23-4.08 (m, 2H), 1.47-1.32 (m, 12H); HRMS (FAB): calcd. for
Cy;HyN,OgNa (M + Na)*: 611.2369, found: 611.2373.

Boc-Ser(Fmoc-p-Ala)-OBzl (81). 81 was synthesized in a
similar manner to 42. Yield: 97%; HPLC analysis at 230 nm:
purity was 95% (¢t = 35.6 min); '"H NMR (CD;0D, 300 MHz) ¢
7.78 (d, J = 7.5 Hz, 2H), 7.67-7.64 (m, 2H), 7.40-7.27 (m, 9H),
5.20(d,J=12.2Hz, 1H),5.12(d, J = 12.2 Hz, 1H), 4.52-4.44 (m,
2H), 4.43-4.26 (m, 3H), 4.24-4.12 (m, 2H), 1.45-1.26 (m, 12H);

HRMS (FAB): calcd. for C;;H3;N,OgNa (M + Na)*: 611.2369,
found: 611.2366.

Boc-Ser(Fmoc-Ala)-OH (2). 2 was synthesized in a similar
manner to 1. Yield: 89%; HPLC analysis at 230 nm: purity was
92% (tx = 29.8 min); '"H NMR (CD;0D, 300 MHz)¢ 7.78 (d, J =
7.3 Hz, 2H), 7.67 (t, J = 6.1 Hz, 2H), 7.40-7.28 (m, 4H), 4.58—
4.47 (m, 1H), 4.40-4.33 (m, 2H), 4.30-4.19 (m, 4H), 1.44-1.37
(m, 12H); HRMS (FAB): calcd. for C,sH;)N,OsNa (M + Na)*:
521.1900, found: 521.1907.

Boc-Ser(Fmoc-Leu)-OBzl (44). EDC-HCI1(0.19 g, 0.97 mmol)
was added to a stirring solution of N-(tert-butoxycarbonyl)-L-
serine benzyl ester (Boc-Ser-OBzl) (0.24 g, 0.81 mmol), N-(9H-
fluoren-9-ylmethoxycarbonyl)-L-leucine (Fmoc-Leu-OH, 0.34 g,
0.97 mmol), and DMAP (9.9 mg, 0.081 mmol) in dry CHCI,
(10 mL) at 0 °C. The mixture was slowly warmed to rt over 2 h,
stirred additionally overnight, diluted with AcOEt, and washed
successively with water, 1 N HCI, water, saturated NaHCO; and
brine. The organic layer was dried over Na,SO, and the solvent
was removed in vacuo. The resulting oil was purified by silica gel
column chromatography (AcOEt : hexane 1 : 4) to yield Boc-
Ser(Fmoc-Leu)-OBzl (0.51 g, 0.81 mmol, >99%). Epimerization
during the synthesis was not detected, confirmed by comparison
with independently synthesized D-leucine derivative 83. HPLC
analysis at 230 nm: purity was 98% (fx = 38.5 min); '"H NMR
(CD;OD, 300 MHz) ¢ 7.78 (d, J = 7.5 Hz, 2 H), 7.68-7.63 (m, 2
H), 7.40-7.26 (m, 9 H), 5.18-5.07 (m, 2 H), 4.49-4.35 (m, 5 H),
4.23-4.16 (m, 2 H), 1.69-1.53 (m, 3 H), 1.40 (s, 9 H), 0.93 (d, J =
6.4 Hz, 3 H), 0.90 (d, J = 6.4 Hz, 3 H); HRMS (FAB): calcd. for
C;sHiuN,O¢Na (M + Na)*: 653.2839, found: 653.2845.

Boc-Ser(Fmoc-p-Leu)-OBzl (83). 83 was synthesized in a
similar manner to 44. Yield: 95%; HPLC analysis at 230 nm:
purity was 93% (tx = 38.4 min); '"H NMR (CD;0D, 300 MHz) ¢
7.78 (d, J = 7.4 Hz, 2 H), 7.67-7.61 (m, 2 H), 7.40-7.27 (m, 9 H),
519(d,J =12.3Hz, 1 H), 5.13(d, J = 12.3 Hz, 1 H), 4.49-4.35
(m, 5 H), 4.23-4.15 (m, 2 H), 1.70-1.51 (m, 3 H), 1.39 (s, 9 H),
0.92(d,J =6.6Hz,3H),0.89(d, J = 6.6 Hz, 3 H); HRMS (FAB):
caled. for C;sH,,N,OgNa (M + Na)*: 653.2839, found: 653.2844.

Boc-Ser(Fmoc-Leu)-OH (4). 4 was synthesized in a similar
manner to 1. Yield: 93%; HPLC analysis at 230 nm: purity was
higher than 95% (7 = 33.2 min); '"H NMR (CD;0D, 300 MHz)
0778 (d, J = 7.4 Hz, 2 H), 7.70-7.65 (m, 2 H), 7.40-7.28 (m, 4
H), 4.53-4.49 (m, 1 H), 4.37-4.20 (m, 6 H), 1.73-1.57 (m, 3 H),
1.40 (s, 9 H), 0.95(d, J = 6.2 Hz, 3 H), 0.91 (d, J = 6.2 Hz, 3 H);
HRMS (FAB): caled. for C,yH3;N,OgNa (M + Na)*: 563.2369,
found: 563.2365.

Boc-Ser(Fmoc-Ser(1Bu))-OBzl (46). 46 was synthesized in a
similar manner to 44. Epimerization during the synthesis was not
detected, confirmed by comparison with independently synthe-
sized D-serine derivative 85. Yield: 98%; HPLC analysis at 230 nm:
purity was higher than 95% (#x = 38.5 min); 'H NMR (CD;0D,
300 MHz)6 7.79 (d, J = 7.7 Hz, 2H), 7.69-7.64 (m, 2H), 7.41-7.27
(m, 9H), 5.20 (d, J = 12.5 Hz, 1H), 5.12 (d, J = 12.3 Hz, 1H),
4.53-4.21 (m, 7H), 3.73-3.68 (m, 1H), 3.61-3.56 (m, 1H), 1.40 (s,
9 H), 1.17 (s, 9H); HRMS (FAB): calcd. for C;;H,,N,OyNa (M +
Na)*: 683.2945, found: 683.2939.
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Boc-Ser(Fmoc-D-Ser(zBu))-OBzl (85). 85 was synthesized in
a similar manner to 44. Yield: 98%; HPLC analysis at 230 nm:
purity was higher than 95% (#x = 38.2 min); '"H NMR (CD;0D,
300 MHz) 6 7.79 (d, J = 7.4 Hz, 2H), 7.68-7.64 (m, 2H), 7.40-7.27
(m, 9H), 5.22-5.12 (m, 2H), 4.51-4.06 (m, 7H), 3.71-3.67 (m, 1H),
3.61-3.57 (m, 1H), 1.40 (s, 9 H), 1.15 (s, 9H); HRMS (FAB): calcd.
for C;;HyuN,OyNa (M + Na)*: 683.2945, found: 683.2939.

Boc-Ser(Fmoc-Ser(zBu)-OH (6). 6 was synthesized in a similar
manner to 1. Yield: >99%; HPLC analysis at 230 nm: purity was
higher than 95% (7 = 32.5 min); '"H NMR (CD;0D, 300 MHz)
07.79 (d, J = 7.5 Hz, 2H), 7.69-7.66 (m, 2H), 7.40-7.28 (m, 4H),
4.54-4.21 (m, 7H), 3.81-3.76 (m, 1H), 3.65-3.60 (m, 1H), 1.42 (s,
9H), 1.19 (s, 9H); HRMS (FAB): calcd. for C;,H;xsN,OyNa (M +
Na)*: 593.2475, found: 593.2471.

Boc-Ser(Fmoc-Cys(Trt))-OBzl (48). 48 was synthesized in a
similar manner to 42. Epimerization during the synthesis was not
detected, confirmed by comparison with independently synthe-
sized D-cysteine derivative 87. Yield: >99%; HPLC analysis at
230 nm: purity was higher than 95% (#z = 42.1 min); '"H NMR
(CD,0D, 300 MHz) ¢ 7.81-7.73 (m, 2H), 7.70-7.60 (m, 2H), 7.43—
7.13 (m, 24H), 5.12-5.01 (m, 2H), 4.45-4.17 (m, 5H), 4.14-4.02 (m,
1H), 3.91-3.79 (m, 1H), 2.70-2.44 (m, 2H), 1.38 (s, 9H); HRMS
(FAB): calcd. for C;;H5N,OsSNa (M + Na)*: 885.3186, found:
885.3179.

Boc-Ser(Fmoc-p-Cys(Trt))-OBzl (87). 87 was synthesized in
a similar manner to 42. Yield: 77%; HPLC analysis at 230 nm:
purity was higher than 95% (#; = 42.1 min); '"H NMR (CD;0D,
300 MHz) 6 7.81-7.73 (m, 2H), 7.69-7.60 (m, 2H), 7.42-7.13
(m, 24H), 5.09-4.98 (m, 2H), 4.45-4.16 (m, 6H), 3.82-3.71 (m,
1H), 2.74-2.51 (m, 2H), 1.38 (s, 9H); HRMS (FAB): calcd. for
Cs5,HysyN,OzSNa (M + Na)*: 885.3186, found: 885.3179.

Boc-Ser(Fmoc-Cys(Trt))-OH (8). 8 could not be synthesized
in the same manner to 1 because the sulfur atom at the cysteine
resisted the deprotection of the O-benzyl group. Thus we adopted
catalytic transfer hydrogenation (CTH) to deprotect the benzyl
group. Pd/C (6 mg) was added to the stirring solution of the
Boc-Ser(Fmoc-Cys(Trt))-OBzl (10 mg, 0.012 mmol, 48) in EtOH
(1.0 mL) including H,O (100 pL) in the presence of ammonium
formate (7 mg) as hydrogen donor, and the reaction mixture was
vigorously stirred for 3 h under H, atmosphere at 40 °C. Once the
catalyst was filtered off using 0.46 um filter unit, Pd/C (6 mg) and
ammonium formate (7 mg) were added again, and the reaction
mixture was vigorously stirred for 3 h under H, atmosphere at
40 °C. Then, the Pd/C was filtered off using 0.46 pum filter unit,
then, next portions of Pd/C (6 mg) and ammonium formate
(7 mg) were added, and the reaction mixture was vigorously
stirred for 3 h under H, atmosphere at 40 °C. Again catalyst
was filtered off through Celite. The solvent was removed in vacuo
and the crude compound dissolved in DMSO, filtered using
0.46 pum filter unit, and immediately injected into preparative
HPLC with a 0.1% aqueous TFA-CH,;CN system. The desired
fractions were collected and immediately lyophilized, affording
pure Boc-Ser(Fmoc-Cys(Trt))-OH (4.5 mg, 0.0058 mmol, 58%).
HPLC analysis at 230 nm: purity was higher than 95% (7 = 40.2
min); '"H NMR (CD;O0D, 300 MHz) ¢ 7.79 (d, J = 7.4 Hz, 2H),
7.73-7.63 (m, 2H), 7.46-7.18 (m, 18H), 4.49-4.16 (m, 6H), 3.97-
3.84 (m, 1H), 2.76-2.65 (m, 1H), 2.64-2.52 (m, 1H), 1.39 (s, 9H);

HRMS (FAB): calced. for C;sHy,N,OgSNa (M + Na)*: 795.2716,
found: 795.2723.

Boc-Thr(Fmoc-Cys(Trt))-OBzl (68). 68 was synthesized in
a similar manner to 103. Epimerization during the synthesis
was not detected, confirmed by comparison with independently
synthesized D-cysteine derivative 106. Yield: 97%; HPLC analysis
at 230 nm: purity was higher than 95% (fx = 43.2 min); 'H NMR
(CD;OD, 300 MHz) ¢ 7.78 (d, J = 7.7 Hz, 2 H), 7.67-7.63 (m, 2
H), 7.39-7.18 (m, 24 H), 5.42-5.31 (m, 1 H), 5.04 (d, J = 12.4 Hz,
1 H),4.97(d,J = 12.4 Hz, 1 H), 4.37-4.20 (m, 4 H), 3.90-3.85 (m,
1 H),2.67-2.56 (m, 1 H), 2.51-2.41 (m, 1 H), 1.43 (s, 9 H), 1.17 (d,
J =6.2 Hz, 3 H); HRMS (FAB): calcd. for C;;Hs,;N,OsSNa (M +
Na)*: 899.3342, found: §99.3348.

Boc-Thr(Fmoc-D-Cys(Trt))-OBzl (106). 106 was synthesized
in a similar manner to 103. Yield: >99%; HPLC analysis at 230 nm:
purity was higher than 95% (¢; = 43.2 min); '"H NMR (CD;0D,
300 MHz) 6 7.78 (d, J = 7.4 Hz, 2 H), 7.68-7.61 (m, 2 H), 7.38—
7.19 (m, 24 H), 5.41-5.30 (m, 1 H), 5.02 (d, J = 12.2 Hz, 1 H),
492 (d, J = 12.2 Hz, 1 H), 4.35-4.32 (m, 3 H), 4.24-4.20 (m, 1
H), 3.83-3.79 (m, 1 H), 2.65-2.48 (m, 2 H), 1.42 (s, 9 H), 1.19 (d,
J = 6.2 Hz, 3 H); HRMS (FAB): calcd. for C5;;H;,N,OsSNa (M +
Na)*: 899.3342, found: 899.3348.

Boc-Thr(Fmoc-Cys(Trt))-OH (28). 28 could not be synthe-
sized in the same manner to 21 because the sulfur atom at the
cysteine resisted the deprotection of the O-benzyl group. Thus we
adopted catalytic transfer hydrogenation (CTH) to deprotect the
benzyl group. Pd/C (6 mg) was added to a stirring solution of the
Boc-Thr(Fmoc-Cys(Trt))-OBzl (10 mg, 0.011 mmol, 68) in EtOH
(1.0 mL) including H,O (100 pL) in the presence of ammonium
formate (7 mg) as hydrogen donor, and the reaction mixture was
vigorously stirred for 3 h under H, atmosphere at 40 °C. Once the
catalyst was filtered off using 0.46 um filter unit, Pd/C (6 mg) and
ammonium formate (7 mg) were added again, and the reaction
mixture was vigorously stirred for 3 h under H, atmosphere at
40 °C. Then, the catalyst was filtered off through Celite. The
solvent was removed in vacuo and the crude compound dissolved in
DMSO, filtered using 0.46 um filter unit, and immediately injected
into preparative HPLC with a 0.1% aqueous TFA-CH;CN
system. The desired fractions were collected and immediately
lyophilized, affording pure Boc-Thr(Fmoc-Cys(Trt))-OH (2.7 mg,
0.003 mmol, 30%). HPLC analysis at 230 nm: purity was higher
than 95% (tx = 40.5 min); '"H NMR (CD,0D, 300 MHz)¢ 7.78 (d,
J =7.4Hz, 2 H), 7.70-7.64 (m, 2 H), 7.40-7.20 (m, 19 H), 5.37—
5.28 (m, 1 H), 4.37-4.28 (m, 2 H), 4.27-4.20 (m, 2 H), 3.97-3.88
(m, 1 H),2.73-2.60 (m, 1 H), 2.54-2.42 (m, | H), 1.44 (5,9 H), 1.18
(d, J = 5.5 Hz, 3 H); HRMS (FAB): calcd. for C,cHy,N,OgSNa
(M + Na)*: 809.2873, found: 809.2867.

Boc-Thr(Fmoc-Arg(Pmc))-OBzl (77). 77 was synthesized in
a similar manner to 103. Epimerization during the synthesis
was not detected, confirmed by comparison with independently
synthesized D-arginine derivative 115. Yield: 79%; HPLC analysis
at 230 nm: purity was 94% (fr = 39.0 min); '"H NMR (CD;OD,
300 MHz)6 7.78 (d, J = 7.5 Hz, 2H), 7.65-7.60 (m, 2H), 7.39-7.24
(m, 8H), 5.44-5.41 (m, 1H), 5.10(d, / = 12.2 Hz, 1H), 5.01 (d, J =
12.2 Hz, 1H), 4.39-4.34 (m, 3H), 4.20 (t, J/ = 6.6 Hz, 1H), 4.06—
4.03 (m, 1H), 3.16-3.11 (m, 1H), 2.62 (t, J = 6.8 Hz, 2H), 2.57 (s,
3H), 2.55 (s, 3H), 2.08 (s, 3H), 1.78 (t, J/ = 6.8 Hz, 2H), 1.72-1.66
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(m, 1H), 1.60-1.46 (m, 3H), 1.42 (s, 9H), 1.27 (s, 6H), 1.21 (d,
J = 6.4 Hz, 3H); HRMS (FAB): calcd. for C5,He;NsO,,SNa (M +
Na)*: 976.4142, found: 976.4137.

Boc-Thr(Fmoc-D-Arg(Pmc))-OBzl (115). 115 was synthesized
in a similar manner to 62. Yield: 55%; HPLC analysis at 230 nm:
purity was 96% (¢ = 38.3 min); '"H NMR (CD;0D, 300 MHz) ¢
7.78 (d, J = 7.7 Hz, 2H), 7.65 (t, J = 6.4 Hz, 2H), 7.39-7.26 (m,
9H), 5.41-5.38 (m, 1H), 5.12 (d, J = 12.4 Hz, 1H), 5.03 (d, J =
12.4 Hz, 1H), 4.41-4.35 (m, 3H), 4.21 (t, J = 6.8 Hz, 1H), 4.05—
4.01 (m, 1H), 3.13-3.09 (m, 2H), 2.62 (t, J = 6.8 Hz, 2H), 2.57
(s, 3H), 2.55 (s, 3H), 2.07 (s, 3H), 1.77 (t, J = 6.8 Hz, 2H), 1.69—
1.62 (m, 1H), 1.50-1.44 (m, 3H), 1.40 (s, 9H), 1.28-1.21 (m, 9H);
HRMS (FAB): calcd. for C5;H;;NsO; SNa (M + Na)*: 976.4142,
found: 976.4138.

Boc-Thr(Fmoc-Arg(Pmc))-OH (37). 37 was synthesized in a
similar manner to 21. Yield: >99%; HPLC analysis at 230 nm:
purity was 91% (tx = 37.0 min); '"H NMR (CD;0D, 300 MHz)
01778 (d, J = 7.4 Hz, 2H), 7.66 (t, J = 7.6 Hz, 2H), 7.40-7.27
(m, 4H), 5.41-5.38 (m, 1H), 4.44-4.10 (m, 5H), 3.21-3.12 (m, 2H),
2.63(t,J =6.9 Hz, 2H), 2.57 (s, 3H), 2.55 (s, 3H), 2.08 (s, 3H), 1.79
(t, J = 6.9 Hz, 2H), 1.72-1.68 (m, 1H), 1.62-1.45 (m, 3H), 1.41 (s,
9H), 1.38 (s, 6H), 1.21 (d, J = 5.3 Hz, 3H); HRMS (FAB): calcd.
for C,,Hs;N5O,;SNa (M + Na)*: 886.3673, found: 886.3669.

Except for 1, 2, 4, 6, 8, 28, 37, 41, 42, 44, 46, 48, 68, 77, 81,
83, 85, 87, 106, 115, experimental procedures and chemical data
of all O-acyl isodipeptide units and their intermediates shown in
Tables 1 and 2 (3, 5, 7, 9-27, 29-36, 38-40, 43, 45, 47, 49-67,
69-76, 78-80, 82, 84, 86, 88-105, 107-114, 116-118) are described
in the electronic supplementary information (ESI).{

Synthesis of influenza A virus matrix M1 58-66 (119) by SPPS.
Chlorotrityl chloride resin (200 mg, 0.3 mmol) and Fmoc-Leu-OH
(265.1 mg, 0.75 mmol) were mixed in a manual solid-phase reactor
under an argon atmosphere and stirred for 2.5 h in the presence of
DIPEA (130.6 uL, 0.75 mmol) in 1,2-dichloroethane (1.5 mL). Af-
ter washing with DMF (1.5 mL, x5), capping was performed with
MeOH (200 pL) in the presence of DIPEA (52.5 uL, 0.3 mmol) in
DMEF for 20 min. After washing with DMF (x5), DMF-H,O (1 :
1, x5), CHCI; (x2) and MeOH (x2) followed by drying in vacuo,
the loading ratio (0.18 mmol) was determined photometrically
from the amount of Fmoc chromophore liberated upon treatment
with 50% piperidine-DMF for 30 min at 37 °C. Sequential Fmoc-
protected amino acids (0.45 mmol) were manually coupled in the
presence of DIPCDI (70.2 pL, 0.44 mmol) and HOBt (68.4 mg,
0.45 mmol) for 2 h in DMF (1.5 mL) after removal of each Fmoc
group by 20% piperidine-DMF for 20 min (resin: 346.7 mg).
The resulting protected peptide-resin (346.7 mg) was treated with
TFA (6.7 mL)-m-cresol (173.3 uL)-thioanisole (173.3 uL)-H,O
(173.3 puL) for 90 min, concentrated in vacuo, washed with diethyl
ether, centrifuged, suspended with water, and lyophilized to give
the crude peptide 119 (161.1 mg). This crude peptide (20 mg)
was dissolved in DMSO, filtered using 0.46 um filter unit, and
immediately injected into preparative HPLC with a 0.1% aqueous
TFA-CH;CN system. The desired fractions were collected and
immediately lyophilized, affording the desired peptide 119-TFA as
a white amorphous powder (12.6 mg, 53%). TOF-MS: calcd. for
CuHsNyO;; (M + H)*: 967.17, found: 968.55; HPLC analysis at
230 nm: purity was higher than 95%.

Synthesis of H-Thr(H-Gly-Ile-Leu-Gly-Phe-Val-Phe)-Leu-OH
(123) by the O-acyl isopeptide method without O-acyl isodipep-
tide unit (O-acyl isopeptide of influenza A virus matrix M1 58-66).
Fmoc-Leu-resin was prepared in the same manner described above
(2-chrolotrityl resin, 200 mg, 0.19 mmol). After deprotection of the
Fmoc group by 20% piperidine in DMF, Boc-Thr-OH (103.6 mg,
0.47 mmol) was coupled using DIPCDI (74.1 uL, 0.47 mmol) and
HOBt (72.1 mg, 0.47 mmol). Subsequent coupling with Fmoc-
Phe-OH (219.7 mg, 0.57 mmol) to the B-hydroxyl group of Thr
was performed using the DIPCDI (88.8 puL, 0.56 mmol)-DMAP
(4.6 mg, 0.038 mmol) method in dry CH,Cl, (1.5 mL) for 16 h (x2).
Subsequent amino acid residues were coupled after removing each
Fmoc group using 20% piperidine for 20 min (resin: 269.2 mg).
The resulting protected peptide-resin (142.7 mg) was treated with
TFA (2.8 mL)-thioanisole (71.3 pL)-m-cresol (71.3 pL)-distilled
water (71.3 uL) for 90 min at rt, concentration in vacuo, Et,O wash,
centrifugation, suspension in water, and lyophilization to give the
crude O-acyl isopeptide 123-TFA (108.6 mg). TOF-MS: calcd. for
CyHsNyO; Na (M + Na)*: 989.17, found: 989.20; HPLC analysis
at 230 nm: purity was 93%.

Synthesis of influenza A virus matrix M1 58-66 (119) by the
O-acyl isopeptide method with O-acyl isodipeptide unit

Fmoc-Leu-resin was prepared in the same manner described
above (2-chlorotrityl chloride resin, 70 mg, 0.11 mmol). After
deprotection of the Fmoc group by 20% piperidine in DMF, Boc-
Thr(Fmoc-Phe)-OH (72.1 mg, 0.15 mmol, 38) was coupled using
DIPCDI (23.1 puL, 0.15 mmol) and HOBt (22.6 mg, 0.15 mmol).
Subsequent amino acid residues were coupled after removing each
Fmoc group using 20% piperidine for 20 min (resin: 113.8 mg). The
resulting protected isopeptide-resin treated with TFA (2.1 mL)—
thioanisole (56.9 pL)-m-cresol (56.9 uL)-H,O (56.9 uL) (92.5 :
2.5:2.5:2.5) for 90 min at rt, concentrated in vacuo, washed
with Et,0, centrifuged, suspended with water, and lyophilized
to give a crude isopeptide 123-TFA (51.1 mg). This isopeptide
(5.5 mg) was dissolved in phosphate buffer and stirred overnight
at rt and lyophilized to give the crude 119. This crude peptide
was dissolved in DMSO, filtered using 0.46 pum filter unit, and
immediately injected into preparative HPLC with a 0.1% aqueous
TFA-CH;CN system. The desired fractions were collected and
immediately lyophilized, affording the desired peptide 119-TFA as
a white amorphous powder (5.0 mg, 73%). TOF-MS: calcd. for
CuH;sNyO; ) Na (M + Na)*:989.17, found: 989.26; HPLC analysis
at 230 nm: purity was 94%.
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Investigation of the metabolic profile of a fungus (Epicoccum sp.) isolated from the fruiting body of the
tree fungus Pholiota squarrosa led to the discovery of two novel tetramic acid derivatives, epicoccarine
A (2) and B (3), as well as a new pyridone alkaloid, epipyridone (1), with an unusually cyclized side
chain. It appears that 1 is biogenetically derived from the ring expansion of 2 followed by a proposed
hetero-Diels—Alder reaction. 2 shows selective antibacterial activity against Gram positive bacteria, in

particular Mycobacterium vaccae.

Introduction

Natural products containing the tetramic acid (2,4-pyrrolidi-
nedione) ring system represent an important class of medicinally
relevant compounds, most of which have been isolated from ma-
rine sponges or fungi.! Important examples are the aurantosides,**
the militarinones,** erythroskyrin,” the melophlins,® a-lipomycin,’
and epicoccamide.’ The range of biological activities they exhibit
includes antibiotic,"'? antiviral,”® antifungal,®**! phyto-'¢ and
mycotoxic,"” and neurotrophic activities.** Other members of
this class inhibit aflatoxin biosynthesis.’*!* Tetramic acids have
raised interest due to their intriguing biosynthetic pathway, which
involves the condensation of an amino acid with an activated
polyketide moiety.! Schmidt and co-workers demonstrated that
a rare fungal PKS-NRPS hybrid synthase is involved in the
formation of the tetramic acid derivative equisetin.?® Interestingly,
the pyrrolinones play a key role also in the biosynthesis of pyridone
alkaloids, such as tenellin®?* and antibiotic PF1140.>* Only
recently, two gene clusters have been identified in fungi that encode
the biosynthesis of fungal pyridones (tenellin®* and aspyridone”).
In both cases, PKS-NRPS hybrid synthases of the equisetin type
are involved, as well as putative oxygenases that catalyze the ox-
idative rearrangement of proposed pyrrolinone intermediates.??’

In the course of our search for bioactive compounds produced
by tree fungi,?®? we noted that a filamentous fungus resides within
the fruiting body of the saprotrophic tree fungus Pholiota squar-
rosa. We have succeeded in cultivating the fungus, which belongs to
the genus Epicoccum according to morphological characteristics.
Here we present three new members of the tetramic acid-
pyridone family of natural products produced by the endofungal
Epicoccum sp.
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Results and discussion

The mycelium harvested from a 60 1 Epicoccum sp. culture was first
extracted with ethyl acetate and methanol. The MeOH extract
was treated with H,O to eliminate H,O-soluble substances and
re-extracted with ethyl acetate. The ethyl acetate-soluble portion
of the re-extracted residue (30 g) was subjected to open column
chromatography on silica gel. Further purification of selected
fractions afforded three novel nitrogen-containing compounds, 1
(5 mg), 2 (6 mg), and 3 (16 mg), see Fig. 1.

Compound 1 was obtained as a red oil. Its molecular formula
was determined as C,;HyyNO; by HR-EIMS (m1/z 366.2065 [M —
H] ) and "C NMR data. The "H NMR spectrum of 1 indicated 27
non-exchangeable protons, including 5 olefinic protons and four
methyl groups. Moreover, two signals attributable to an AA’'BB’
spin coupling system of a para disubstituted phenyl moiety were
observed. Analyses of the "C NMR, DEPT 135 and HMQC
spectra of 1 (Table S1) indicated the presence of four methyl
carbons, three methylene carbons, nine methine carbons (five of
which are sp? hybridized) and six quaternary carbons (all of which
are sp” hybridized). A carboxyl amide carbon was also detected
at 0 164.5. This observation was strongly supported by the IR
spectrum, which showed a strong absorption band at 1638 cm™.
'"H-'H COSY helped identify the coupling systems H-7-H-8-
H-9-H-10-H-11, H-8-H-18, H-10-H-17 and H-13-H-14-H15.
By means of C, H long range coupled NMR spectra (HMBC)
all connections of protons and carbons were fully assigned. The
correlation of the equivalent protons H-2" and H-6' (6 7.20,d, J =
8.4 Hz) with C-5 (0 116.0) helped connect the para disubstituted
phenyl moiety at C-5. The pyridone ring was established due
to the correlations observed between the olefinic proton H-6 (0
7.11, s) and the carboxyl amide carbon C-2 (0 164.5) and the
oxygenated quaternary sp® carbon C-4 (0 162.1). The methyl
protons H-18 (0 1.14, d, J = 5.7 Hz) were correlated with C-
7 (0 49.1), C-8 (0 27.8) and C-9 (0 45.0), indicating that the
methyl carbon C-18 (6 24.7) is bound to C-8. The correlation
of the methyl protons H-17 (0 0.86, d, J = 6.5 Hz) with the
carbons C-9, C-10 (6 26.0) and C-11 (0 46.3) and that of the
methyl protons H-16 (6 0.68) with C-11, C-12 (¢ 37.0) and C-13
(0 93.3) were evidence of the connection of the methyl carbons
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Fig. 1 Structures of novel Epicoccum metabolites and key HMBC, COSY and ROESY correlations.

C-17 (0 22.7) and C-16 (6 15.4) at C-10 and C-12 respectively.
As far as the ethyl group is concerned, its linkage to C-13 (0
93.3) was suggested by the correlation of the methyl protons H-15
(0 0.89) with C-13. According to all of these data, the structure
was assigned as a novel pyridone derivative named epipyridone
(1). 1 has five stereocenters. The relative stereochemistry of 1
was determined based on the ROESY spectrum, which showed
correlations between the protons H-8 (6 2.63), H-10 (6 1.60) and
H-16 (6 0.68). A strong correlation between the protons H-7 (6
1.98) and H-13 (0 3.84) was also observed. Epipyridone shows
structural similarities with fusaricide isolated from Fusarium sp.*
and leporine A isolated from Aspergillus leporus.33

The molecular formula of compound 2 was established as
C,;H; NO, by HR-EIMS. The 'H NMR spectrum in CDCl;
showed signals for one exchangeable and 28 non-exchangeable
protons. Comparison of C NMR, DEPT, and HSQC spectra
revealed the presence of 21 carbon resonances, which were
attributable to four methyl groups, four methylene, six methine
(three of which are sp? hybridized), and seven quaternary carbons,
including two carbonyl carbons and one carboxyl amide carbon.
A noticeable feature attributable to a para disubstituted phenyl
moiety was the appearance of four sp’ methine carbons as two
chemically equivalent pairs. Evident in the "C NMR spectrum
of epicoccarine A (2) were four broad resonances at 0 193.9 (C-
7,8), 193.7 (C-4, s), 175.3 (C-2, s), 100.4 (C-3, s) and 63.5 (C-5,
d), which were best assigned to a tetramic acid moiety. From all
of these observations it became obvious that 2 was composed
of three distinct fragments, a para disubstituted phenyl moiety,
an unsaturated aliphatic side chain and a tetramic acid moiety.
The presence of a p-hydroxyphenyl ring was corroborated by
COSY and HMBC correlations and by comparison with data
for 1. The structure of the aliphatic side chain was established
by combined analysis of COSY, HSQC, and HMBC spectra.
The coupling systems H-8-H-9-H-10-H-11 and H-13-H-14-H-
15 were identified based on COSY data. The methyl protons
H-16 (6 1.49) correlated with C-11 (0 47.9), C-12 (6 132.6)
and C-13 (6 128.3), indicating that the methyl group CH;-16 is
bound to the quaternary sp> carbon C-12. The correlations of
the methyl protons H-17 (6 0.82, d, J = 6.5 Hz), with C-9 (0
40.4), C-10 (0 28.9), and C-11 as well as those of H-18 (0 1.15,

d, J = 6.8), with C-7, C-8 and C-9 were also observed. These
helped elucidating the structure of the aliphatic side chain as
4,6,8-trimethyloctan-3-enyl, which was linked to C-7 with the
aid of diagnostic HMBC correlations, in particular via three-
bond connectivity between H-18 and C-7 as well as connectivity
between H-8 and C-7. Further analyses of the HMBC spectrum
[three-bond correlation of H-5 (0 3.97, dd, J = 3.6, 9.4 Hz)
with C-1" (0 127.1) and correlation of H-6 (0 2.64-3.18, m)
with C-5 and C-1] revealed that the p-hydroxyphenyl moiety
is connected to C-5 through the methylene bridge. Thus, the
structure of 2 was elucidated as 5-(4-hydroxybenzyl)-3-(1-hydroxy-
2,4,6-trimethylocta-6-ene)-pyrrolidine-2,4-dione. This compound
represents a novel tetramic derivative named epicoccarine A.

The NMR spectra of 3 indicated four methyl, three methylene,
nine methine, and seven quaternary carbons. The analyses of 1
and 2-D NMR spectra of 3 revealed that major portions of the
molecule are identical to that of epicoccarine A (2), such as the
p-hydroxyphenyl moiety, the aliphatic side chain linked to C-7 (6
193.9), and the tetramic acid moiety. A notable feature for 3 is
the presence of a hydroxymethine group at C-6 (6 74.1) bearing
two chemically equivalent protons. This information was strongly
supported by the COSY spectrum, which showed correlation
between H-5 (0 3.96) and H-6 (0 4.74) as well as between H-6
and H-2' (0 7.19). Thus the structure of epicoccarine B (3) was
elucidated as 5-[hydroxy(4-hydroxyphenyl)methyl]-3-(1-hydroxy-
2,4,6-trimethylocta-6-ene)pyrrolidine-2,4-dione, obviously the 6-
hydroxy derivative of 2. It should be highlighted that epicoccarines
A (2) and B (3) feature an unprecedented side chain not previously
encountered in microbial metabolites. These structures were also
supported by MS-MS data, which showed the ion fragments
m/z = 278, 194, and 99. These fragments correspond to the
cleavage of the p-hydroxybenzyl (epicoccarine A) or the hydroxy-p-
hydroxybenzyl (epicoccarine B) moiety followed by the a-cleavage
of the tetramic acid moiety and the degradation of the aliphatic
side chain (Fig. S1). Moreover, epicoccarines have three to four
stereocenters in two distant portions of the molecule. The trans
configuration of the protons H-5 and H-6 in 3 was established
based on the diagnostic coupling constant (JH5H6 = 7.5 Hz).
The absolute configuration of the amino acid moiety (tyrosine) of
the tetramic acid derivatives could not yet be elucidated due to the
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Scheme 1 Model for the biosynthesis of the tetramic acids, epicoccarines A and B (2, 3), according to ref. 20,26,27 and formation of epipyridone (1)

involving a hetero-Diels—Alder reaction.

limited quantity of material. As far as the relative configurations
at C-8 and C-10 are concerned, we concluded that they were the
same as that of epipyridone A at C-8 and C-10 respectively, since
the three compounds likely share the same biosynthetic pathway
(Scheme 1).

The cooccurrences of compounds 1-3 in the same organism
strongly suggest a biogenetic relationship. According to the
molecular studies on the equisetin,? tenellin,® and aspyridone®
pathways, the biosynthesis of tetramic acid derivatives and derived
natural products involves the condensation of amino acids and ac-
tivated polyketide moieties catalyzed by rare polyketide synthase—
non-ribosomal peptide synthetase (PKS-NRPS) hybrids. Accord-
ing to the currently accepted model reductive cleavage of the
thioester with subsequent ring closure and oxygenation gives rise
to the corresponding pyrrolidinones, e.g. 2. The tetramic derivative
undergoes a rearrangement, leading to pyridone-like alkaloids like
1. This step most likely involves a hydroxy intermediate, such as
3. The side chain of 1 is particularly intriguing. Since 2 and 3
exhibit the same carbon backbone, it is likely that the formation
of 1 takes place by an intramolecular cyclisation in a hetero-
Diels—Alder fashion (Scheme 1). This proposed model could be
generally applicable to the biosynthesis of similar compounds,
such as PF1140,* fusariside® and leporin® from Eupenicillium,
Fusarium, and Aspergillus sp., respectively, and likely represents a
new type of Diels—Alder reaction in nature.’**

As mentioned above, the polyketide—amino acid hybrid metabo-
lites of the tetramic acid and pyridone families of secondary
metabolites exhibit a wide spectrum of biological activities. It is
striking that most of the compounds are produced by pathogenic
organisms or in symbioses. Interestingly, a tetramic acid derivative
has been isolated by Konig and coworkers from an Epicoccum sp.
isolated from jellyfish,' while the Epicoccum isolate investigated
in the present study originates from a tree fungus. In a panel
of biological assays we found that epipyridone and epicoccarine
B had only moderate activity against Gram positive bacteria,

but epicoccarine A exhibited a very selective activity against
Mycobacterium vaccae witha MIC value of 6.25 pgml~' (Table S2).

Conclusions

In summary, we have isolated a filamentous fungus of the genus
Epicoccum from the tree fungus Pholiota squarrosa and succeeded
in the isolation and characterization of a new a-pyridone alkaloid,
epipyridone (1), and two new tetramic acid derivatives, epicoc-
carine A (2) and B (3). The three metabolites obviously represent
polyketide—amino acid hybrids, which fit well into the biosynthetic
model for pyridone formation. While all side chains are new,
the structure of the tricyclic pyridone is most intriguing from a
mechanistic point of view. A model for its formation is suggested,
which may involve a hetero-Diels—Alder reaction. While 1 and 3
exhibited only weak to moderate activity against Gram positive
bacteria, 2 proved to be a potent antibacterial agent with a high
selectivity to Mycobacterium vaccae. However, it is very likely
that this activity does not reflect the original function of these
metabolites in the unusual fungal association.
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Indole has an acidic N-H that can be used to form hydrogen bonds to anions and in this paper the
synthesis of three new suitably functionalised indole based anion receptors is presented along with their

evaluation using "H NMR titration techniques.

Introduction

In the rapidly maturing field of anion recognition and sensing!
a range of functional groups containing N-H hydrogen bond
donors (such as urea, thiourea, amide, and pyrrole) have been
employed to bind a target anion.? Multiples (e.g. calixpyrroles) and
combinations of these groups (e.g. amidopyrroles) have also been
successfully used.* Nature, however, provides the best examples,
such as the sulfate binding protein (SBP), that employs a total of
seven H-bond donors to selectively and strongly coordinate the
anion.*

Indeed, close examination of the bound SBP : SO,*~ complex
reveals that the N-H of a tryptophan side chain, i.e. indole, is
employed as a H-bond donor.* Until very recently® this was the
clearest evidence that the indole N-H could function as a H-bond
donor to anions and indeed it seemed logical that if the closely
related pyrrole could be employed as a synthetic framework for
anion recognition?** then so too could indole.

It has been demonstrated that multiple H-bond donors within
a single host can cooperate in the binding of a single anion® and
ideally any new hosts based on indole would also be capable of
this feat. Therefore, included in the design was urea (or thiourea)
and amide groups. The commercially available indole-2-carboxylic
acid appeared attractive as there was a linkage point near to
indole N-H and the 2-carboxy group has an inductive electron
withdrawing effect on the indole. It was reasoned that a flexible
carbon spacer linking the indole to a urea moiety would allow a
degree of flexibility and hence allow these groups to cooperate in
the binding of an anion. Thus indole derivatives 1, 2 and 3 (Fig. 1)
became synthetic targets and in this paper the construction and
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Fig.1 New indole based anion hosts 1, 2 and 3.
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evaluation (using '"H NMR titrations) of these new anion hosts is
presented.

Results and discussion
Synthesis

The synthesis of 1 and 2 was accomplished in three steps by cou-
pling indole-2-carboxylic acid 4 with monoboc diaminoethane’
using 1-(3-(N,N-dimethylamino)propyl)-3-ethyl carbodiimide hy-
drochloride (EDCI) (Scheme 1). After recrystallisation, indole-
amide 5 was isolated in 44% yield. The boc group was re-
moved using dilute TFA then the resulting crude amine reacted
directly with either phenylisocyanate to form 1 (83% yield),
or p-trifluoromethylphenylisothiocyanate to form 2 (46% yield),
after chromatographic purification. Host 3 was produced in low
yield (8%) using identical methodology but employing monoboc
diaminohexane’ in the initial EDCI mediated coupling and p-
nitrophenylisothiocyanate in the final step.

RHN
5n=1, R=Boc vy ey TN
6 n=5, R=Boc 1n=1,X=0, R=H
; 2n=1, X=8, R=CF,
7 =1, ReH 3n=5, X=5, R'=NO,
8n=5, R=H
R

Scheme 1 Synthesis of new hosts 1, 2 and 3. Reagents and conditions:
i. NH,(CH,),NHBoc or NH,(CH,);NHBoc, EDCI, HOBt, NEt;, DMF,
12 h, 44% for 5, 89% for 6; ii. CHCl;, TFA, 4 h; iii. R'NCO or R’'PhNCS,
DIPEA, dioxane, 12 h, 83% for 1, 46% for 2, 8% for 3.

The '"H NMR spectra of the new compounds were insightful as
the resonance assigned to the indole N-H was found furthest
downfield (0 = 11.58, 11.60 and 11.54 ppm for 1, 2 and 3
respectively in DMSO-d,) suggesting it was electron poor and
interacting with the polar aprotic solvent. Indeed for indole itself,
the resonance assigned to the N-H was found at 6 = 8.17 ppm
in CDCI; and 6 = 11.05 ppm in the more polar DMSO-d, which
clearly indicated H-bonding.

Evaluation

In order to establish whether the indole N-H could interact with
an anion, a series of anions (F~, Br~, CI-, AcO~ and H,PO,") as
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their tetrabutylammonium salts were individually titrated against
the new hosts 1, 2 and 3. To confirm whether the indole, amide
and urea (or thiourea) protons were cooperating in the binding,
the chemical shift changes in the "H NMR spectra of each of the
four N-H groups (see Fig. 1) were recorded.

The first anions to be investigated were the spherical halides.
When fluoride was titrated against 1 significant broadening of all
N-H peaks was observed and indeed after the addition of 1.2
equivalents the resonances assigned to both the thiourea N-H
joined to the phenyl ring, as well as the indole N-H, completely
disappeared (Fig. 2). Deprotonation of the acidic groups was
deemed responsible for the disappearances as when >2 eq. of anion
had been added the telltale [FHF]~ peak at ~16 ppm became
evident.** Nevertheless, a significant migration in the chemical
shift of the indole N-H peak occurred (Ad = 2.27 ppm) prior
to its disappearance which indicated strong interaction with the
anion prior to deprotonation.

25 -
o
a
" i ik A
g A A
oAl @indole N-H
Damide N-H
ACH2N-H
OAMN-H
2 3 4 5 6

Anion equivalents

Fig. 2

"H NMR titration of F~ against host 1.

The F- titrations against hosts 2 and 3 provided similar
results. Notably for 3 a colour change from clear to yellow-
orange accompanied the addition of F~, and this observation
further confirms removal of the thiourea N-H, as colour changes
associated with the deprotonation of electron withdrawn ureas
and related systems with strongly basic anions have been well
documented.’

When titrations using the larger chloride anion were performed
a small change in the chemical shift of the thiourea N-H groups
was noted (e.g. for 1, Ad = 0.39 and 0.34 ppm) but little change
in the indole or the amide resonance was observed (Ao < 0.1 for
all hosts). For bromide even less change was noted (Ad < 0.1 for
all protons). It appeared that very little, if any, interaction was
occurring between the indole N—H and either of these anions.

Next the trigonal planer acetate anion was investigated. For
both 1 and 2 a strong change in the chemical shift of the urea (for
1,R =H, Ad =2.26 and 2.23 ppm) and thiourea (for 2 (see Fig. 3),
R = CF;, Ad = 3.06 and 2.89 ppm) protons was observed, the
larger change for 2 due to the more electron withdrawn thiourea.
Unfortunately for both of these hosts only a small change in the
chemical shift of the indole or the amide proton was observed (for
1, A0 = 0.86 and 0.51 ppm and for 2, Ad = 0.61 and 0.46 ppm for
the indole and amide protons respectively). These results indicated
that little interaction of these H-bond donors and the anion was
occurring and thus no cooperative binding had occurred. The
binding isotherms were in excellent agreement with the 1 : 1 host
: anion model when analysed using WinEQNMR and binding
constants of logff = 3.1 £ 0.2 for 1 and logff = 2.8 & 0.4 for 2 were

1 A A A A A
: 448588 6 & © o S
25
3 ¢indole N-H
24 8 Damide N-H
B 6 ACH2N-H
£ @ OAN-H
S ;1 06
(o]
0.5 - .
& o 0688 p & 8 8 8
0 : . ; : :
0 1 2 3 4 5 6
Anion Equivalents
Fig. 3 'H NMR titration of AcO~ against host 2.

determined, typical of those for urea and thiourea based hosts.**
It is possible that the ethyl linker is too short in this instance to
allow all 4 N-H bond donors to work together in the binding
of acetate and the structurally complementary acetate : urea (or
thiourea) binding arrangement dominated.

The situation for host 3 (Fig. 4) was somewhat more interesting;
initially, like the results for hosts 1 and 2 a large change in the
chemical shift of the thiourea protons was noted (for 3 R = NO,,
Ao = 3.42 and 3.36 ppm) but after one eq. of AcO~ had been
added a more significant change in the chemical shift of the indole
N-H was noted and after 6 eq. of anion had been added a total
migration of Ad = 1.30 and Ad = 0.83 for the indole and the amide
resonances respectively was observed. It is possible that the longer
spacer length allowed the different motifs (thiourea vs. indole and
amide) to act independently and that once the thiourea recognition
motif had been saturated the indole and amide H-bond donors
weakly bound a second equivalent of anion.

35+
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[ ©indole N-H
25 o] Damide N-H
= ] QCH2N-H
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w154
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0 1 3 3 4 5 6

Anion Equivalents

Fig. 4 'H NMR titration of AcO~ against host 3.

Finally the tetrahedral H,PO,~ anion was titrated against the
new hosts and it was immediately apparent that all N-H bond
donors were interacting with this large, multi acceptor anion. For
host 1 (Fig. 5) total changes in chemical shift ranged from 6 =
1.22 (aliphatic thiourea N-H) to 1.79 ppm (amide N-H). Such
an immediate and significant change in the chemical shift of all
relevant protons indicated that they all cooperate in the binding
of the H,PO,~ anion and similar behaviour has been previously
observed when investigating naphthalimide based systems with
multiple H-bond donors.® Also similar to the naphthalimide
system the new isotherms showed excellent agreement with a 1
: 1 host : anion binding model and from the curves a binding
constant of logff = 3.5 £ 0.3 was determined. It was noteworthy
that the amide N-H showed the largest change in chemical shift
(A0 = 1.79 ppm); the indole N-H resonance also changed quickly
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Fig. 5 '"H NMR titration of H,PO,~ against host 1.7

(Ao = 1.33 ppm after 1.5 eq.) but broadened such that it could not
be monitored beyond this point.

This trend was also true for host 2 where for the amide N-H
A =2.47 ppm after 2.1 eq. after which the peak became too broad
to monitor. These results indicated that the bound arrangement
of host : H,PO," involved a particularly strong interaction to the
amide N-H, and judging by the magnitude of Ad the amide N-H
to anion interaction was much stronger than that of the traditional
thiourea functional group. Indeed for 2 Ad for the amide N-H was
more than 1 ppm greater than that for either of the thiourea N-H
protons. Determination of a binding constant was difficult due to
the extreme broadening of these peaks but an estimate of logff =
3.5 was made from the truncated isotherm.

For compound 3 the titration curve (Fig. 6) was more typical
of thiourea based hosts and these N-H resonances showed the
greatest change in chemical shift, the thiourea N-H joined to
the aromatic ring changed by 6 = 1.53 ppm after 1.0 eq and the
aliphatic thiourea proton moved 6 = 1.79 ppm after 4.0 eq. but
again a large change in chemical shift was observed for all the
H-bond donors. This suggests that all four H-bond donors were
cooperating in the binding of the larger tetrahedral H,PO,™ anion
and again when determining binding constants close agreement
with a theoretical 1 : 1 host : anion model was apparent for the
thiourea and amide isotherms. The indole resonance could not be
monitored after 1.7 eq had been added yet still shifted by 1.15 ppm
indicating clear involvement in the binding. The amide was not
as strongly involved (Ad = 1.18 ppm after 6 eq.), the additional
length of the spacer likely to ensure a different geometry for the 3
: H,PO,™ complex and thus a different extent to which all H-bond
donors were involved.
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Fig. 6 '"H NMR titration of H,PO, " against host 3.

A summary of the binding constants determined from the
titration isotherms using WinEQNMR is presented in Table 1
and from this a preference of the smaller hosts 1 and 2 for the

Table 1 Binding constants (logf) for 1, 2 and 3 against a selection of

anions
Anion
Host Cl- AcO~ H,PO,~
1 2.1¢ 3.1+0.2 3.5+0.3
2 2.2¢ 2.8+04 3.5¢
3 — 39407 34402

“ Estimation only due to error >20%. Fluoride was omitted as no suitable
titration curves could be obtained.

tetrahedral H,PO,™ anion can be seen. This preference is likely due
to the cooperative nature of the multiple N-H bonds in the binding
of a single anion. Indeed the preference of receptors containing
multiple H-bond donor atoms (and an ability for cooperative
binding) for anions with multiple acceptor atoms has been noted
previously by our group and others.®!

Conclusions

New compounds 1, 2 and 3, based on an indole framework, have
been synthesised and shown using 'H NMR titration techniques to
interact with a series of anions. In particular the binding of the new
hosts with H,PO,~ shows clear interaction of all four N-H bond
donors with the anion and thus they are cooperating in the binding
of the anion. This successful demonstration cements indole in the
arsenal of H-bond donors available for anion recognition; indeed,
given the rich chemistry of indole, and its luminescent properties
that were not pursued in this initial study, this framework has
much to offer the field.

Experimental

All melting points were obtained using a Stuart Scientific SMP3
melting point apparatus. All 'H, BC and "“F spectra were
recorded on a Jeol INM-EX 270 MHz FT-NMR or a Varian
300 MHz Unity Plus NMR spectrometer as indicated. Samples
were dissolved in CDCl; or anhydrous DMSO-d, as indicated
and spectra referenced against TMS. Coupling constants are
reported in Hz. Low resolution mass spectra were recorded on
a VG Platform Fisions Instrument, using acetonitrile as the
mobile phase. High resolution mass spectrometry (HRMS) was
performed on an Agilent 6210 LC/MSDTOF instrument using
acetonitrile as the mobile phase. Thin layer chromatography was
performed on aluminium backed Kieselgel 60 (230-400 mesh)
plates and compounds visualised using a KMnO, oxidising dip.
Column chromatography was performed using silica gel, Kieselgel
60 (70-230 mesh), or aluminium oxide as indicated. All solvents
used were AR grade. All reagents were purchased from Aldrich
and used as supplied.

2-|2'~(tert-Butoxycarbonylamino)ethylamido]indole 5

To a solution of indole-2-carboxylic acid (1.50 g, 9.33 mmol) in dry
DMF (55 mL), monoboc diaminoethane’ (2.194 g, 13.7 mmol),
EDCI (1.912 g, 9.97 mmol), triethylamine (0.962 g, 9.51 mmol)
and hydroxybenzotriazole (HOBt; 25 mg, 1.9 x 10~ mmol) were
added. The reaction was stirred at room temperature, under an
atmosphere of nitrogen overnight whereupon TLC (3 : 1 EtOAc
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. petroleum ether) indicated a new product had formed. The
reaction mixture was filtered and the filtrate concentrated to
dryness under reduced pressure. The resulting brown oil was
crystallised from DCM, to yield cream crystals which were
collected using a Hirsch Funnel (1.253 g, 44%); mp 178.7-
180.3 °C; 04(270 MHz; DMSO-d¢, TMS) 1.38 (9H, s, C(CH,);),
3.13 (2H, s, H2), 3.35 (2H, s, H1"), 6.94 (1H, s, H3), 7.05 (1H, t,
J =52, HS), 7.09 (1H, s, OC(O)NH), 7.15 (1H, t, J = 5.4, H6),
7.41 (1H, d, J = 5.7, H7), 7.61 (1H, d, J = 5.4, H4), 8.50 (1H, s,
C(O)NH), 11.58 (1H, s, H1);6-(270 MHz; DMSO-d,, TMS) 28.79,
39.62,40.37,78.27,102.97, 112.83, 120.21, 121.98, 123.75, 127.62,
132.28, 136.94, 156.27, 161.83; m/z (HRMS) 607.32259 (M, +
H]*. C,HzNOq requires 607.32386)

2-[(2’-Amino)ethylamido]indole 7

To a solution of protected indole 5 (1.253 g, 4.14 mmol) in
chloroform (60 mL), trifluoroacetic acid (15 mL) was added slowly.
The reaction was stirred under an atmosphere of nitrogen for
4 hours. The reaction was monitored by TLC (75 : 25 EtOAc :
petroleum ether) until no starting material remained. The solvent
was removed under reduced pressure, the resulting crude solid
taken up in chloroform and solvent removed again to leave a
pink-brown solid that was used without further purification in the
following two reactions.

2-|2'-(Phenylureido)ethylamido]indole 1

To a solution of crude indole amine 7 (0.250 g, 1.23 mmol) in
1,4-dioxane (40 mL), phenylisocyanate (2.0 mL of 10% in 1,4-
dioxane, 1.85 mmol) and sodium hydroxide (3 drops of 10%) were
added dropwise. The reaction was stirred under an atmosphere of
nitrogen for 2 hours whereupon the solvent was removed under
reduced pressure. The resulting crude product was purified by
column chromatography (50 : 50 EtOAc : petroleum ether, silica),
the desired fractions combined and the solvent removed under
reduced pressure to afford a cream solid (0.248 g, 83%); mp 202.7—
204.2 °C; 64(270 MHz; DMSO-d,, TMS) 3.5% (2H, s, H2), 3.7*
(2H, s, HI"), 6.30 (1H, brt, J = 3.9, C(O)NHCH,), 6.89 (1H, t,
J =409, H4"),7.03 (IH, t, J = 5.2, HS), 7.12 (1H, s, H3), 7.17
(1H,t,J = 5.4, H6), 7.23 2H, d, J = 5.2, H2" and 5"), 7.39 (2H,
d,J =5.1, H12" and 6"), 7.44 (1H, d, J = 6.1, H7), 7.61 (1H, d,
J = 5.3, H3), 8.56 (1H, s, C(O)NHAr), 8.58 (1H, s, amide NH),
11.58 (1H, s, H1); 6.(270 MHz; DMSO-d,s, TMS) 38.5%, 44.1%,
102.96, 112.85, 118.23, 120.24, 121.59, 122.00, 123.77, 127.64,
129.18, 132.30, 136.95, 141.04, 155.96, 161.88; m/z(ES): 357.3
M + CI. C3sH;iN,O, + Cl requires 357.1), (HRMS) 645.29246
(IM, + H]". C3sH3,NO, requires 645.29322). [* '"H NMR peaks
3.5 and 3.7 and ®C NMR peaks 38.5 and 44.1 were obscured by
DMSO, and assigned by analogy to other molecules in the series.]

2-[2’-(p-Trifluoromethylphenylthioureido)ethylamido]indole 2

To a solution of crude indole amine 7 (0.600 g, 2.96 mmol) in dry
DMF (20 mL), p-trifluoromethylphenylisothiocyanate (0.750 g,
3.69 mmol) and DIPEA (0.805 g, 6.22 mmol) were added. The
reaction was stirred overnight, at room temperature under a
nitrogen atmosphere, whereupon TLC (75 : 25 EtOAc : petroleum
ether) indicated the formation of a new product. The solvent was
removed under reduced pressure, and the crude product purified by

column chromatography (75 : 25 EtOAc : petroleum ether, silica).
The desired fractions were combined and the solvent removed
under reduced pressure, to afford a yellow solid (0.369 g, 46%);
mp 182.1-184.5 °C; 6,(270 MHz; DMSO-d,, TMS) 3.54 (1H, s,
H1"),3.72 (1H, s, H2), 7.05 (1H, t, J = 4.8, H5), 7.14 (1H, s, H3),
7.18 (1H,t,J =4.9,H6),7.42(1H,d,J=5.5,H4),7.62(2H,d, J =
2.6,H2"and 6"),7.64(1H,d,J =3.4,H7),7.71 (2H,d,J =5.7, H3"
and 5”), 8.20 (1H, s, C(O)NHCH,), 8.63 (1H, s, amide NH), 9.97
(1H, s, C(O)NHAr), 11.60 (1H, s, H1); 6-(270 MHz; DMSO-dq,
TMS) 38.66,44.01, 103.13, 112.86, 120.27, 122.02, 122.55, 123.60,
123.84, 126.29, 127.63, 132.20, 136.98, 143.75, 162.03, 181.15;);
Jr (270 MHz; DMSO-d,, TMS) —59.96, m/z (HRMS) 407.11305
(IM + H]*. C,yH sN,OF;S requires 407.11479).

2-|6'-(tert-Butoxycarbonylamino)hexylamido]indole 6

To a solution of indole-2-carboxylic acid (0.545 g, 3.39 mmol)
in dry DMF (20 mL), monoboc diaminohexane’ (1.094 g,
5.06 mmol), EDCI (0.751 g, 3.92 mmol), triethylamine (0.350 g,
3.47 mmol) and hydroxybenzotriazole (8.2 mg, 6.1 x 10> mmol)
were added. The reaction was stirred overnight, at room temper-
ature, under an atmosphere of nitrogen whereupon TLC (75 :
25 EtOAc : petroleum ether) indicated the disappearance of the
starting material. The reaction mixture was filtered, and the filtrate
was concentrated to dryness. The resulting crude brown oil was
purified by column chromatography (75 : 25 EtOAc : petroleum
ether, silica gel 60 mesh). The desired fractions were combined
and the solvent removed under reduced pressure, yielding a yellow
solid (1.080 g, 89%); mp 113.1-115.4 °C; 6(270 MHz; DMSO-dq,
TMS) 1.3* (4H, H3 and 4'), 1.5* (4H, H2 and 5), 1.99 (9H, s,
C(CH,);), 2.89 (2H, brq, J = 6.4, H6'), 3.26 (2H, brq, J = 6.4,
H1’), 6.79 (1H, s, amide NH), 7.02 (1H, t, J = 7.4, H5) 7.09 (1H, s,
H3),7.16 (1H,t,J =7.2, H6), 7.43 (1H,d, J = 8.2, H7), 7.61 (1H,
d,J =7.9, H4), 8.43 (1H, brt, J = 5.7, OC(O)NH), 11.53 (1H, s,
H1); 6(270 MHz; DMSO-d,, TMS) 26.53, 26.76, 28.82, 29.81,
39.24, 40%*, 77.82, 102.70, 112.80, 120.16, 121.93, 123.64, 127.65,
132.48, 136.88, 156.11, 161.51. [* obscured by DMSO peak.]

2-[(6-Amino)hexylamido]indole 8

To a solution protected indole 6 (549 mg, 1.53 mmol) in chloroform
(30 mL), trifluoroacetic acid (7.5 mL) was added slowly. The
reaction was stirred under an atmosphere of nitrogen for 4 hours.
The reaction was monitored by TLC (75 : 25 EtOAc : petroleum
ether) until no starting material remained. The solvent was
removed under reduced pressure, the resulting crude solid washed
in chloroform and solvent removed again to leave a pink-brown
solid (crude 437 mg) that was used directly in the following step.

2-|2'-(p-nitrophenylthioureido)hexylamidolindole 3

To a solution of crude indole amine 8 (0.594 g, 1.53 mmol) in dry
DMF (20 mL) p-nitrophenylisothiocyanate (0.463 g, 2.56 mmol)
and DIPEA (0.826 g, 6.39 mmol) were added. The reaction
was stirred overnight, at room temperature under a nitrogen
atmosphere, whereupon TLC (75 : 25 EtOAc : petroleum ether)
analysis indicated a new product had formed. The solvent was
removed under reduced pressure and the resulting crude orange
oil was purified by column chromatography (3 : 1 EtOAc : EtOH,
AlLO;). The desired fractions were combined and the solvent
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removed under reduced pressure to afford a yellow solid (78 mg,
8.0%); mp 83.6-85.4 °C; (Found: C, 60.07; H, 5.80; N, 15.89.
C»HysN;50;S requires C, 60.12; H, 5.73; N, 15.93%); 0,4(270 MHz;
DMSO-d,, TMS) 1.37 (4H, s, H3 and 4'), 1.58 (4H, brq, J = 4.5,
H2' and 5),3.29 (2H, brq, J =4.7,H6') 3.49 (2H, brq, J/ = 3.5, HI")
7.02(1H,t,J =4.7,HS5),7.10 (1H, s, H3),7.17 (1H, t, J = 4.7, H6),
743 (1H, d, J = 6.0, H7), 7.61 (1H, d, J = 5.4, H4), 7.83 (2H, d,
J=6.2,H2" and 6"), 8.18 (2H, d, J = 6.2, H3" and 5"), 8.31 (1H, s,
C(O)NHCH,), 8.46 (1H, brt, J = 4.0, amide NH), 10.09 (1H, s,
C(O)NHAr), 11.54 (1H, s, H1); 6(270 MHz; DMSO-d,, TMS)
26.73, 28.56, 29.73, 40%*, 44.35, 102.64, 112.73, 120.10, 120.70,
121.86, 123.59, 125.02, 127.57, 132.39, 136.79, 142.11, 146.94,
161.45, 180.35. [* obscured by DMSO peak.]
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The development of a germanium-based linker system for the solid phase synthesis (SPS) of
3-(n-hexyl)thiophene oligomers and the first SPS of triarylamine oligomers via iterative chain extension
is described. The efficiency of the key steps in the oligomer syntheses and their compatibility with the
germanium linker are demonstrated by the SPS of bi-[3-(n-hexyl)thiophene] 19 and ter-(triarylamine)
50. The use of a germanium-based linker in combination with appropriately selected silicon-based
blocking/protecting groups allows double coupling to drive the key cross coupling steps to completion
hence minimising deletion sequences and also allows for traceless and potentially functionalisative
cleavage from the resin. The latter feature has yet to be fully explored but towards this end the first
ipso-borodegermylation reaction of a 2-germyl-3-(n-hexyl)thiophene is presented.

Introduction

n-Conjugated oligomers have received considerable attention
recently as active materials for the construction of electronic and
photonic devices such as organic light emitting diodes (OLEDs),!
organic field-effect transistors (OFETs),? and photovoltaic devices
(PVDs).? The ideal materials for such devices should display high
stability and processibility during fabrication and high charge
mobility and environmental stability during operation.* Many 7-
conjugated oligomeric materials have been reported in the litera-
ture which satisfy these requirements to varying degrees, includ-
ing oligo-(3-alkylthiophene)s,® oligo-(fusedthiophene)s,® oligo-
(dialkylfluorene)s,” oligo-(triarylamine)s®*'® and alternating and
block co-oligomers thereof. To obtain high charge mobilities,
long-range order in the solid state and very high levels of purity
are generally required." We have been interested both in oligo-
(3-alkylthiophene)s and oligo-(triarylamine)s as charge transport
materials for potential use as p-type materials in field effect
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transistors (FETs) and in electroreprographic/electroluminescent
devices, respectively.

Conventional solution phase chemistry has been used to
synthesise monodisperse oligomeric oligo-(3-alkylthiophene)s'***
and oligo-(triarylamine)s'>™ using repetitive transition metal
catalysed cross-coupling. However, control over the structure
of such materials is notoriously arduous due to difficulties in
separating the target oligomer from residual lower molecular
weight truncated oligomers and starting materials with closely
similar chromatographic properties. At the outset of the work
described herein, there was emerging evidence from the labs of
Fréchet,'”® Tour” and Béduerle’**?* that Solid Phase Synthesis
(SPS)* could constitute a useful technique for the preparation of
oligo-(3-alkyl/arylthiophene)s and provide an attractive solution
to some of these purification issues. However, the linker systems
employed in these pioneering studies offered little flexibility for
control over the end groups of the oligomers and limited prospects
for generalisation to other types of oligomer. We were therefore
inspired to try to develop a general SPS platform for the efficient
preparation of a variety of high purity, regioregular, homo- and
heteromonomer based m-conjugated oligomers. In addition, we
wanted to design a system that would allow for the formation of a,
o-differentiated telechelic units for block co-oligomer preparation
and for electronic property tuning as a function of the nature
of the end-capping unit. We were also particularly concerned to
develop protocols that would minimise the occurrence of truncated
oligomers as the result of incomplete conversion during each
iterative cross-coupling step.

Here, we describe development of a germanium-based linker
suitable for the SPS of m-conjugated oligomers and proof of
concept for its employment for the SPS of an oligo-[3-(n-
hexyl)thiophene] and for the first SPS of an oligo-(triarylamine).
The chemistry employed for both the oligo-[3-(n-hexyl)thiophene]
and the oligo-(triarylamine) SPS was first developed on solution
model systems and this work has already been published.??
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Consequently, the following provides full details of the evolution
of those solution protocols, in which a germanium-based linker
having two methyl ‘spectator’ groups was used, into more robust
SPS protocols employing a germanium-based linker having two p-
tolyl spectator groups.”® This change in linker was necessitated
by our finding in solution that the lability of immobilised
oligomers, particularly oligo-[3-(n-hexyl)thiophene]s, towards un-
wanted cleavage from the linker by adventitious acid increased as
the oligomers grew and our desire to develop a robust platform
for SPS of many varied oligomers with wide scope.

Results and discussion

Our choice of a germanium-based linker system®' as the

foundation on which to build our SPS approach to n-conjugated
oligomers was primarily influenced by the need to employ a linker
that would be robust to a wide range of aromatic/heteroaromatic
metalation conditions [e.g. halogen-metal exchange, directed
ortho metalation (DoM)]*> and to transition metal catalysed
cross-coupling conditions (e.g. Suzuki coupling, Buchwald-
Hartwig amination)*3** and which would allow traceless®®* and
functionalisative® cleavage from the solid support. Germanium-
based linkers were considered to be excellent candidates for this
role as the key arylgermane bond connecting the solid support to
the growing oligomer terminus was expected to display excellent
stability towards strongly basic conditions whilst being susceptible
to cleavage (via ipso-substitution) by a wide range of electrophiles.
These expectations followed particularly from our previous work
in which a germanium-based linker was shown to exhibit enhanced
stability towards basic/nucleophilic conditions as compared to
silicon-based counterparts®* and model studies in which cleavage
of the same linker by TFA, NCS, Br,, ICI** and RCOCI/AICIL;*
could be effected with concomitant introduction of H, CI, Br, 1
and COR functions at the position of former attachment to the

linker. However, as noted above, during the early development
of the oligomer chemistry in solution it became apparent that
susceptibility to cleavage by electrophiles was a property of the
linker that would require careful tuning to allow, on the one hand,
facile functionalisative cleavage from the solid support at the end
of the synthesis and, on the other hand, adequate stability during
the iterative oligomer extension steps.*®

The iterative oligomer assembly processes that we developed
for the preparation of oligo-[3-(n-hexyl)thiophene]s and oligo-
(triarylamine)s in solution are summarised below (Scheme 1).

For the preparation of the ter-[3-(n-hexyl)thiophene] in solu-
tion, the synthesis involved coupling of lithiated trimethylsilyl
(TMS) blocked 3-(n-hexyl)thiophene ‘starter monomer’ 1a to a
dimethylgermylchloride linker model,* chemoselective removal of
the TMS blocking group, activation of the ‘oligomer’ terminus as
an iodide, and then Suzuki double coupling with a TMS-blocked
3-(n-hexyl)thiophene boronate salt ‘extender monomer’ 2. The
sequence was then repeated on the resulting dimer, starting with
removal of the TMS blocking group. The resulting trimer was
then cleaved from the linker tracelessly using acid. The process
relies critically on the orthogonal susceptibility of the TMS and
aryldimethylgermyl groups towards ipso-protodegermylation by
fluoride ions: the TMS group is selectively removed by CsF in
DMF at 60 °C without affecting the linker. Additionally, the
double coupling process that is employed to drive the coupling
steps to completion (and so minimise formation of truncated
oligomers) relies on the stability of both these groups during
the activation and the Suzuki coupling steps.?® It was envisaged
that, in principle, once optimised for SPS, the iterative steps for
monomer introduction and activation could be repeated to provide
an oligomer of any desired length.

For the preparation of the ter-(triarylamine) in solution, a simi-
lar sequence of steps was developed involving coupling of lithiated
tert-butyldimethylsilyl (TBS) ether blocked phenol ‘starter unit’ 3
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Scheme 1  The preparation of a ter-[3-(n-hexyl)thiophene]* and a ter-(triarylamine)” in solution by iterative coupling processes. Reagents and conditions:
i) 1a, LDA, THF, —50 °C; ii) CsF, DMF, 60 °C; iii) n-BuLi, THF, —50 °C then ICH,CH,I, dark; iv) 2, Pd(PPh;),, DMF, 60 °C; v) DCI, CDCl,; vi) 3,
n-BuLi, THF, —78 °C then toluene, RT; vii) TBAF, THF, RT; viii) Tf,O, pyridine, 0 °C; ix) 4 (or 5), Pd(PPh;),, Na,CO;, DME, 80 °C; x) 1% TFA in

CH,Cl,, RT.
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to the same dimethylgermylchloride linker model, chemoselective
removal of the TBS-ether blocking group, activation of the
resulting phenol as a triflate ester, and then Suzuki coupling with a
TBS ether blocked triarylamine boronic ester extender monomer
4. The sequence was then repeated on the resulting monomer,
starting with removal of the TBS ether. The resulting dimer
was then TBS deprotected, activated and capped-off by Suzuki
coupling to triarylamine boronic ester ‘terminating monomer’ 5
to give the trimer which was then cleaved from the linker trace-
lessly using acid. This process relies critically on the orthogonal
susceptibility of the TBS ether and aryldimethylgermyl groups
towards cleavage by fluoride ions: the TBS ether is selectively
removed by tetra-n-butylammonium fluoride (TBAF) in THF
at RT without affecting the linker. For this ‘proof-of-principle’
synthesis, double coupling was not performed; however, the system
was designed to allow for this via reactivation of the crude coupled
product with trifluoromethanesulfonic anhydride and then re-
coupling to drive any phenol-terminated oligomer (from hydro-
lysis of the triflate during coupling) through to the homologated
product. Again, it was envisaged that, in principle, once optimised
for SPS, the iterative steps for monomer introduction and acti-
vation could be repeated to provide an oligomer of any desired
length.

S i S .
Br | SiXpY
o A
n-Hex n-Hex
6 1

Cl_Cl R'

/

R
e i e ii
oo oo
HO OMe HO OMe

7 8

However, despite the complete orthogonality of the linker to
the fluoride blocking group deprotection steps in these studies, the
TMS blocking group employed in the oligo-[3-(n-hexyl)thiophene]
sequence proved to be susceptible to partial cleavage by traces of
adventitious acid once the oligomer reached the tetramer length
(e.g. during NMR spectroscopy in CDCl;). This finding forced
us to develop a new thiophene silyl blocking group/germanium
linker combination which retained the orthogonal stability of the
silyl vs. germyl linkages towards fluoride ions but for which both
partners displayed enhanced stability towards acid.

Consequently, three silyl protected 3-(n-hexyl)thiophenes
(TMS, TES and TBS thiophenes 1a—c) and five germanium-based
linkers containing different spectator groups (dimethyl, diethyl,
di-iso-propyl, diphenyl and di-p-tolylgermylthiophenes 10a—e)
were prepared (Scheme 2). Noteworthy during the execution of
this chemistry was the high degree of selectivity achievable for
protonolysis of the p-anisole group over either phenyl or p-tolyl
groups when employing HCl in Et,O at RT (i.e. step iv).

These silyl and germyl thiophenes were evaluated for their
stability towards both acid (AcOH-CH,Cl,, 1 : 100) and fluoride
(~0.3 M CsF in DMF). Screening consisted of monitoring by 'H
NMR while the temperature was stepped up from 25 to 60 to
110 °C over 72 h (Table 1).

a X=Y=Me (TMS)
b X=Y=Et (TES)
¢ X=Me, Y=t-Bu (TBS)

"R " R a R=Me
R\R AT s b R=Et
r-%€ vy g% ¢ R=i-Pr

— U d R=Ph
OMe -Hex e R=p-Tol
9 10

Scheme 2 Preparation of silyl blocked 3-(n-hexyl)thiophenes 1a—d and linker candidates 10a—e. Reagents and conditions: i) n-BuLi, THF, —78 °C
then YX,SiCl — RT; ii) R"MgBr/Cl, toluene, 110 °C; iii) EtOCH,CH,Cl, n-Bu,NI, Cs,CO;, MeCN, 85 °C; iv) 1 M HCI, Et,0, RT; v) 5-lithio-
3-(n-hexyl)thiophene [from 3-(n-hexyl)thiophene and LDA], THF, —50 °C — RT.

Table 1 Acid and fluoride induced ipso-desilylation/degermylation of silylthiophenes la—c and germylthiophenes 10a—e

ACOH/CH,Cl, (1:1)

S i { or
Ve g R \S/ 0.3 M CsF, DMF \S/
n-Hex r-Hex see table -Hex
1a-d 10a-e 1
Cleavage conditions”
AcOH CsF
Substrate 25°C 60°C 110°C 25°C 60°C 110°C
la (X =Y = Me, TMS) X — — X — —
1b (X =Y = Et, TES) ~ X — X — —
lc (X = Me, Y = t-Bu, TBS) v v v X — —
10a (R’ = Me) ~ X — v v v
10b (R’ = Et) ~ X — v v v
10¢ (R’ = i-Pr) ~ X — v v v
10d (R’ = Ph) v v v v v v
10e (R’ = p-Tol) v v v v v v
“Key: v' = stable; ~ = partial cleavage; X = complete cleavage; — = N/A.
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As a result of this stability screening process, the TBS group was
selected as the most suitable silyl blocking group for SPS since TBS
thiophene 1¢ was the most acid stable. As this group also showed
noticeably greater stability towards fluoride than the TMS group
it was decided to use it in combination with the linker having
p-tolyl spectator groups as the thiophene bound via this linker
(10e) was markedly more stable towards acid than the dialkyl
linkers and because the p-tolyl methyl groups were anticipated to
provide a convenient marker for NMR reaction monitoring (cf.
the diphenyl analogue 10d, which was equally acid stable). Using
this blocking group/germyl spectator group combination the key
iterative steps of the envisioned oligo-[3-(n-hexyl)thiophene] SPS
were re-investigated in solution (Scheme 3).

For this work, the position of the n-hexyl side chain of the
thiophene unit was reversed relative to that of the previous
solution phase work (i.e. Scheme 1, above). This change was made
mainly because 2-TBS-4-(n-hexyl)thiophene 12 could be obtained
on a preparative scale with very high purity more easily than
2-TBS-3-(n-hexyl)thiophene 1¢.* Additionally, we had shown
previously that the position of the n-hexyl chain had little effect
on the susceptibility of the linker towards cleavage,® and with the
now more robust linker it was anticipated that these differences
would be insignificant. Thus, 2-TBS-4-(n-hexyl)thiophene 12 was
readily immobilised onto di-p-tolyl linker model by lithiation with
LDA then quenching with the germyl chloride derived from p-
anisylgermane 10e (73%) to give TBS protected compound 13.
TBS deprotection was achieved using CsF in DMF at 110 °C (¢f-
60 °C previously) for 24 h to give germylthiophene 14 in 95%
yield and activation was achieved as in solution using LDA/1,2-
diiodoethane to give the iodide 15 (90%). In the previous solution
phase work it had been necessary to employ boronate salt 2
as the monomer such that Suzuki coupling could be achieved
under base-free conditions to avoid desilylation; with the new
blocking group/linker combination this was no longer necessary
and coupling to give bithiophene 17 (60%) could be achieved
without any traces of desilylation using pinacolato boronic ester
16 under fairly standard conditions employing K;PO, as base. No
attempt was made to optimise this coupling at this stage as it was
decided that this would be best performed ‘on-resin’. Cleavage of
the TBS group from bithiophene was readily achieved once again
using CsF in DMF at 110 °C (—18, 99%) and cleavage of the

linker was readily achieved using TFA in CH,Cl, at RT to give
bithiophene 19 in 97% yield.

Linker cleavage with concomitant introduction of a pinacolato
boronic ester at the previous point of attachment was also briefly
explored using germylthiophene 14 as a substrate. As indicated
above, it was envisaged that this type of functionalisative cleavage
would provide expeditious access to o, o-differentiated telechelic
oligo-(thiophene)s for block co-oligomer preparation. Although
ipso-borodesilylation has been reported previously,* to the best
of our knowledge ipso-borodegermylation has not. We were able to
effect the desired transformation on germylthiophene 14 to give
pinacolato boronic ester 20 in an unoptimised 30% yield using
BCl; in CH,Cl—propylene oxide at —78 °C followed by addition
of pinacol. The mass balance was protodegermylated material
[i.e. 3-(n-hexyl)thiophene (11)]; no starting material remained
(Scheme 4).

p-Tol  p-Tol 0
Ge -B._S
[e]
RN — \
n-Hex n-Hex
14 20

Scheme4 ipso-Borodegermylation of germylthiophene 14 to give boronic
ester 20 in solution. Reagents and conditions: 1) propylene oxide, CH,Cl,,
BCl;, —78 °C, then pinacol, RT.

We were now in a position to transfer the chemistry to the
solid phase. Two resins were selected for these studies: Merrifield
and Quadragel®. The former, has the advantage of low cost and
good handling properties but displays limited swelling in e.g
THE. The latter, which is a TEG [tetra(ethyleneglycol)] grafted
p-hydroxy-PS resin, is more expensive and has a tendency to
stick to glassware, but has excellent swelling in e.g. THF. In the
event, initial studies using Merrifield demonstrated that although
the di-p-tolyl linker 8e could be readily introduced onto the
resin using n-BuyNI, Cs,CO;, MeCN at 85 °C (i.e. Williamson
etherification), and could be activated as the germyl chloride
using excess HCl in Et,O-CH,Cl,, the subsequent reaction with
the lithiated TBS protected 4-(n-hexyl)thiophene 12 in THF at
—40 °C proceeded with only ~25% conversion as judged by

n-Hex n-Hex

p-Tol _ p-Tol p-Tol  p-Tol p-Tol_ p-Tol
Gé 12 56 _S._X 16 cd. s M\ s M\
R” — RN — R ) X — () s
fii,iv viii
OMe n-Hex n-Hex n-Hex
10e y 13x=TBS 17 X=TBS 19
E 14 X=H v 18 X=H
vi 15 X=1
& :
\ / o-
n-Hex n-Hex 12 n-Hex
1
starter extender
monomer monomer

Scheme 3  Solution studies on the iterative steps for oligo-[3-(n-hexyl)thiophene] synthesis using the TBS thiophene/di-p-tolylgermyl linker combination.
Reagents and conditions: i) LDA, THF, TBSCI, —50 °C — RT; ii) LDA, THF, 2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2]dioxaborolane, —50 °C — RT;
iii) 1 M HCl, Et,O, RT; iv) 5-lithio-2-TBS-4-(n-hexyl)thiophene (from 12 and LDA), THF, —50 °C — RT; v) CsF, DMF, 110 °C; vi) LDA, THF, —40 °C
then ICH,CH,I, dark; vii) 16, K;PO,, Pd(PPh;),, DMF, 60 °C; vi) 33% TFA in CH,Cl,, RT.
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'H MAS NMR (integrating the TBS methyl groups against the
linker p-tolyl methyl groups). This was not entirely unexpected
due to the aforementioned limited swelling of the resin in THF,
particularly at the low temperature required for this reaction.
Consequently, our attention turned to Quadragel®. As this resin
is supplied hydroxyl terminated and our preference was to
employ the above Williamson etherification conditions for the
immobilisation step rather than Mitsunobu conditions* on cost
grounds, the first step was to effect halogenation of the resin.
Initial trials at chlorination using SOCI, in CCl, with catalytic
DMF* led to the appearance of an unexplained peak in the IR
spectrum of the product resin at 1725 cm™' so we decided to use
triethyleneglycol etherified p-cresol 23 as a model compound on
which to optimise the procedure (Scheme 5).

The model compound 23 was readily prepared by the alkylation
of a two-fold excess of p-cresol (21) with chloride 22 (as the product
23 and the chloride 22 were essentially inseparable by chromatog-
raphy). Chlorination using SOC]I, in CCl, with catalytic DMF
yielded the desired chloride 24 (89%) and formate ester 25 (9%).
The formate ester had a strong carbonyl stretching absorption
in the IR at 1725 cm™' thereby explaining the result observed
on resin. As omitting the DMF resulted in an unacceptably
sluggish reaction, bromination using PPh;—CBr, in CH,Cl, was
investigated. This procedure resulted in very clean conversion
to the corresponding bromide 26 in 97% yield. The isolated
chloride 24 and bromide 26 were then subjected in parallel to
etherification with trimethylgermyl linker 27.*° As both reactions
gave comparable yields of the immobilised linker 28 (87% and 84%,
respectively) it was decided to employ the bromination procedure
for the SPS work. The SPS of bi-[3-(n-hexyl)thiophene] 19 using
iterative chain extension with double coupling is outlined below
(Scheme 6).

g

21 ct™~%"0oH 23X =OH
22 iil=24x=cI
iiil| "1, 25 X = OCHO
26 X = Br

X=Cl, Br

—_—

Bromination of Quadragel® (29, 0.93 mmol g! — 30,
0.88 mmol g!) proceeded smoothly as did the immobilisation of
the di-(p-tolyl)p-anisyl linker 8e by Williamson etherification. The
resulting resin 31 (0.52 mmol g~') was activated with HCl in ether
(—32,0.54 mmol g~') and the starter monomer, TBS-blocked 4-(n-
hexyl)thiophene 12, was then efficiently introduced as its lithiated
derivative. Removal of the TBS blocking group from the resulting
resin bound thiophene proceeded selectively using CsF in DMF
at 110 °C (33, 0.40 mmol g' — 34, 0.42 mmol g') without
detectable cleavage of the arylgermane. Sequential iodination
(—35, 0.40 mmol g') and Suzuki cross-coupling with TBS-
blocked thiophene boronic ester extender monomer 16 also
proceeded smoothly to give the resin bound bithiophene 36 with
high efficiency. It was found that no optimisation of this step
was required relative to the solution phase conditions (Scheme 3).
Indeed the cross-coupling was so efficient that the double-
coupling sequence was almost unnecessary for enhancing the
efficiency of coupling: after double coupling a final loading level
of 0.35 mmol g was achieved and HPLC analysis of TFA cleaved
crude samples of bithiophene 19 before and after double coupling
had purities of 94% and 96%, respectively. Bithiophene 19 was
fully characterised by '"H NMR, “C NMR, IR, and HRMS. All
the steps in the sequence were monitored by 'H MAS NMR and
appeared to proceed to ~100% conversion (see Fig. 1, Electronic
Supplementary Informationt). Loading levels were determined
by elemental analysis and/or NMR integration and/or recovery
of reagents (see experimental). The overall ‘yield” for the double-
coupled material from Quadragel® bromide (30) over the nine
steps was ~28%.

For the oligo-(triarylamine) SPS, the same di-p-tolylgermyl
linker was employed but using HypoGel® in place of Quadragel®
as the solid support. HypoGel® generally has similar properties

Ot

mGeM%
28
HO 27

Scheme 5 Optimisation of the resin halodehydration/linker attachment steps using soluble model system 23. Reagents and conditions: 1) n-Bu,NI,
Cs,CO;, MeCN, 85 °C; ii) SOCL,, DMF, CH,Cl,, RT; iii) PPh;, CBr,, CH,Cl,, RT.
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Scheme 6 The preparation of bi-[3-(n-hexyl)thiophene] 19 by SPS on Quadragel®. Reagents and conditions: i) PPh;, CBr,, CH,Cl,, RT; ii) 8e. n-Bu,NI,
Cs,CO;, MeCN, 85 °C; iii) 1 M HCI, Et,0, RT; iv) 5-lithio-2-TBS-4-(n-hexyl)thiophene (from 12 and LDA), THF, —40 °C — RT; v) CsF, DMF, 110 °C;
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to Quadragel® but differs in that it a polydisperse PEG grafted p-
hydroxyethyl-PS resin having on average five oxyethyl repeat units
(¢f monodisperse TEG grafted p-hydroxy-PS). HypoGel® was
preferred for this work because in our hands it provided superior
gel-phase *C NMR spectra relative to Quadragel®, allowing the
synthesis to be monitored without the need for regular access to
an NMR spectrometer with an MAS probe. For the envisaged
SPS it was not considered necessary to change the TBS ether
phenol blocking group employed in the solution phase studies as
this had proved amply robust and was anticipated to retain its
ability to be orthogonally removed by TBAF when paired with
the new linker. However, for the SPS it was decided to initiate the
synthesis by introduction of bromotriarylamine starter monomer
42 rather than the 4-bromophenol derivative 3 used in the solution
studies. This modification allows the oligomer synthesis to proceed
by immediate monomer introduction and requires no additional
‘off-resin” monomer synthesis as the starter monomer 42 is an
intermediate in the synthesis of extender monomer 4.’ The SPS
of ter-(triarylamine) 50 using iterative chain extension is outlined
below (Scheme 7).

Bromination of HypoGel® (38, 0.80 mmol g' — 39,
0.80 mmol g ') and subsequent immobilisation of the di-(p-tolyl)p-
anisyl linker 8e by Williamson etherification (—40, 0.48 mmol g™')
proceeded smoothly as on the Quadragel®. Activation with HCl in
ether was also uneventful, providing the germyl chloride resin 41
cleanly (0.49 mmol g '). Immobilisation of the starter monomer
using lithiated triarylamine bromide 42 afforded triarylamine TBS
ether resin 43 (0.37 mmol g'). Selective cleavage of the TBS
ether group was achieved using TBAF to give phenol resin 44
(0.38 mmol g™') with no detectable cleavage of the arylgermane
linkage. Conversion of the phenol function to the triflate derivative
using trifluoromethanesulfonic anhydride was carried out in
anhydrous pyridine to give resin 45 (0.37 mmol g™') and set the
stage for the Suzuki cross-coupling step. Triarylamine boronic
ester extender monomer 4 was cross-coupled to aryl triflate resin
45 to give the triarylamine dimer resin 46 (0.34 mmol g') using
the same conditions developed for the preliminary solution studies
(Scheme 1).”7 An excess of extender monomer 4 was used to drive
the reaction to completion. Deprotection of the TBS ether and
subsequent conversion to triflate was repeated to give resins 47
(0.33 mmol g') and 48 (0.30 mmol g'), respectively. Finally,

triarylamine boronic ester terminating monomer 5 was cross-
coupled to triflate resin 48 to yield resin 49 (0.30 mmol g '). Release
of oligomer from the resin 49 was achieved by electrophilic ipso-
protodegermylation using a 1% solution of trifluoroacetic acid
(TFA) in CH,Cl,. Purification by FC yielded the target H-capped
ter-(triarylamine) 50 which was characterised by '"H NMR, “C
NMR and HRMS. Its purity was >97% by HPLC. All the steps
were conveniently monitored by “C gel-phase NMR (see Figs
2 and 3, Electronic Supplementary Informationt) and loading
levels were determined by elemental analysis (see experimental).
The overall ‘yield” from HypoGel® bromide (40) over the 10 steps
was ~28%.

Conclusions

In summary, we have described the development of a germanium-
based linker system for the SPS of 3-(n-hexyl)thiophene oligomers
and for the first SPS of triarylamine oligomers via iterative
chain extension protocols. The germanium-based linker provides
a robust platform for the chain extension steps, allows orthogonal
removal of temporary TBS thiophene and TBS phenolic ether
blocking groups following each iteration using fluoride, and allows
for traceless or functionalisative cleavage from the resin. The
efficiency of the key steps in the oligomer syntheses and their
compatibility with the germanium linker have been demonstrated.
The key iterative steps in both processes are: 1) cross coupling of a
terminally blocked extender monomer to a linker bound activated
oligomer terminus, ii) selective deprotection of the now terminal
blocking group, iii) activation of the resulting functionality to one
suitable for cross coupling and then repetition of the cycle for
the desired number of iterations. The use of a blocking group in
this fashion allows double coupling to drive each cross coupling
step to completion and hence minimise deletion sequences; this
tactic has been validated for the oligo-(thiophene) series. The first
ipso-borodegermylation reaction has also been performed in a
model study for the potential cleavage of a germanium bound
oligo-[3-(n-hexyl)thiophene] from the resin with concomitant
functionalisation of the oligomer as a terminal boronic ester; a
process of potential utility for block co-oligomer synthesis. We
are currently adapting these synthetic strategies to accommodate
other monomers and expanding the scope of the functionalisative
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Scheme 7 The preparation of ter-(triarylamine) 50 by SPS on HypoGel®. Reagents and conditions: i) PPh;, CBr,, CH,Cl,, RT; ii) n-Bu,NI, Cs,COs;,
MeCN, 85 °C; iii) I M HCl in Et,O, RT; iv) n-BuLi, THF, —78 °C; v) TBAF, THF, RT; vi) Tf,O, pyridine, 0 °C; vii) Pd(PPh;),, Na,CO;, DME, 80 °C;

vii) 1% TFA in CH,ClL, RT.
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cleavage protocols to provide new oligomers of potential utility as
novel electroactive materials.

Experimental
General directions

All reactions were performed under anhydrous conditions and an
inert atmosphere of N, in the oven or flame dried glassware. Yields
refer to chromatographically and spectroscopically (‘H NMR)
homogenous materials, unless otherwise indicated. Reagents were
used as obtained from commercial sources or purified according
to known procedures.’’ Quadragel® resin was purchased from
Avecia Ltd. [nominal loading level (LL) 930 umol g'] and
is a DVB crosslinked p-hydroxy-PS-based resin etherified with
a monodisperse TEG [tetra(ethyleneglycol)] graft terminating
with a OH group. HypoGel® resin was purchased from Fluka
Ltd. (nominal LL 800 umol g™') and is a DVB crosslinked p-
hydroxyethyl-PS-based resin etherified with a polydisperse PEG
graft containing on average five oxyethyl repeat units terminating
with a hydroxyl group. Flash chromatography (FC) was carried
out using Merck Kiesegel 60 F,, (230-400 mesh) silica gel. Only
distilled solvents were used as eluents. Thin layer chromatography
(TLC) was performed on Merck DC-Alufolien or glass plates
pre-coated with silica gel 60 F,s, which were visualised either
by quenching of ultraviolet fluorescence (A, = 254 nm) or by
charring with 5% w/v phosphomolybdic acid in 95% EtOH,
10% w/v ammonium molybdate in 1 M H,SO,, or 10% KMnO,
in 1 M H,SO,. Observed retention factors (R;) are quoted to
the nearest 0.05. All reaction solvents were distilled before use
and stored over activated 4 A molecular sieves, unless otherwise
indicated. Anhydrous CH,Cl, was obtained by refluxing over
CaH,. Anhydrous THF and Et,O were obtained by distillation,
immediately before use, from sodium/benzophenone ketyl under
an inert atmosphere of N,. Anhydrous DMF was obtained by
distillation from CaH, under reduced pressure. Ethylene glycol
was distilled immediately prior to use. Petrol refers to the fraction
of light petroleum boiling between 40-60 °C. NMR J values
are given in Hz. High Resolution Mass Spectrometry (HRMS)
measurements are valid to +5 ppm. Microanalyses were performed
usinga LECO CHNS 932 Analyser (N), an Atomscan 16 ICP-OES
(Ge), an Orion Ion Analyser (F), and a Metrohm 716 DMS (Cl,
Br). Results are quoted to the nearest £0.1%, and are valid to
0.5% (N, Cl, Br, F) and 1.5% (Ge) of theory.

General procedure A

Lithiation of bromide 6 and subsequent reaction with a chlorosi-
lane.

[3-(n-Hexyl)thiophen-2-ylJtrimethylsilane 1a%*. A solution of
n-BuLi (787 uL, 2.2 M, 1.57 mmol) in hexanes was added dropwise
to a degassed solution of bromide 6 (387 mg, 1.57 mmol) in
THF (3 mL) at —78 °C. The reaction mixture was stirred for
40 min at this temperature, and then trimethylchlorosilane (600 nL,
4.73 mmol) added dropwise at —78 °C. The resulting mixture was
stirred for 1 h at this temperature, warmed to RT and stirred for
a further 1 h. After quenching with sat. NH,ClI (aq) (100 mL),
the mixture was extracted with Et,O (3 x 100 mL), the combined
organic extracts dried (MgSQO,) and the solvent removed in vacuo.

The residue was purified by FC (pentane) to give silylthiophene
1a as a colourless oil (329 mg, 87%). R, 0.85 (pentane); '"H NMR
(250 MHz, CDCl;): 6 0.03 (s, 9H), 0.58 (t, / = 6.5, 3H), 0.95-1.10
(6H), 1.27 (m, 2H), 2.36 (t, / = 8, 2H), 6.73 (d, / = 4.5, IH), 7.14
(d, J = 4.5, 1H); MS (CI+) m/z 240 (M*); HRMS (CI+) calcd.
for C,;H,,SSi (M*) 240.1368, found 240.1361.

General procedure B
reaction of germyldichloride 7 with a Grignard reagent.

4-{2-[(4-Methoxyphenyl)dimethylgermanyl]ethyl} phenol 8a. A
solution of MeMgBr (40.0 mL, 3.0 M, 1.20 mmol) in
Et,0 was added to a solution of 4-{[2-dichloro-(4-methoxy-
phenyl)germanyllethyl} phenol (7)*® (9.00 g, 24.2 mmol) in toluene
(50 mL). The mixture was then refluxed at 110 °C for 16 h before
partitioning between sat. NH,ClI (aq) (250 mL) and Et,O (200 mL).
After extracting further with Et,O (2 x 200 mL) the combined
organic extracts were dried (MgSO,) and concentrated in vacuo.
The residue was purified by FC (petrol-EtOAc, 3 : 1) to give
dimethylgermane 8a as a pale yellow oil (7.55 g, 84%). R; 0.40
(petrol-EtOAc, 3 : 1); '"H NMR (250 MHz, CDCl;): ¢ 0.25 (s,
6H); 1.14 (m, 2H), 2.54 (m, 2H), 3.73 (s, 3H), 4.67 (broad s, 1H),
6.64 (d, J =8.5,2H), 6.84 (d, J = 9, 2H), 6.95 (d, J = 8.5, 2H),
7.29 (d, J =9, 2H); “C NMR (62.8 MHz, CDCl;)  —3.6 (q,
20), 18.2 (1), 30.2 (1), 55.1 (q), 113.8 (d, 2C), 115.1 (d, 2C), 128.9
(d, 20), 132.2 (s), 134.5 (d, 2C), 137.0 (s), 153.5 (s), 159.9 (s); IR
(neat) 3401 (broad, O-H), 3020-2835 (C-H), 1612, 1592, 1569,
1513, 1500, 1462, 1443, 1358, 1279, 1246 cm™'; MS (EI+) m/z
332 (M*); HRMS calcd. for C;H,,Ge™0, (M*) 332.0832, found
332.0824; Anal. caled. for C;H,,GeO,: C 61.7, H 6.7, found C
62.0, H 6.6%.

General procedure C
Williamson etherification with 2-chloroethyl ethyl ether.

{2-[4-(2-Ethoxyethoxy)phenyl]ethyl}-(4-methoxyphenyl)dimethyl-
germane 9a. To a solution of phenol 8a (96.1 mg, 290 umol) in
acetonitrile (65 mL) was added 2-chlorodiethyl ether (70.0 pL,
638 pmol), TBAI (10.7 mg, 29.0 umol) and caesium carbonate
(153 mg, 434 pmol). The mixture was refluxed at 85 °C for 17 h
then cooled and filtered. The solvent was removed in vacuo and
the residue purified by FC (petrol-EtOAc, 20 : 1) to give ether
9a as a pale yellow oil (105 mg, 90%). R; 0.30 (petrol-EtOAc, 9 :
1); "H NMR (250 MHz, CDCl;):  0.25 (s, 6H), 1.16 (m, 5H),
2.54 (m, 2H), 3.52 (q, J = 7, 2H), 3.70 (t, J = 4.5, 2H), 3.73 (s,
3H), 4.01 (t, J = 4.5, 2H), 6.64 (d, J = 8.5, 2H), 6.84 (d, J =
8.5, 2H), 6.95 (d, J = 9, 2H), 7.29 (d, J = 9, 2H); “C NMR
(62.8 MHz, CDCl;) 6 —3.5 (q, 20), 15.2 (q), 18.2 (1), 30.2 (1),
55.1 (q), 66.9 (1), 67.5 (1), 69.1 (1), 113.8 (d, 2C), 114.6 (d, 2C),
128.7 (d, 2C), 132.0 (s), 134.5 (d, 2C), 137.1 (s), 156.9 (s), 159.9
(s); IR (neat) 2930-2870 (C-H), 1611, 1593, 1568, 1511, 1500,
1458, 1280, 1247 cm™'; MS (EI+) m/z 404 (M*); HRMS calcd.
for C, H;Ge™ 05 (M*) 404.1407, found 404.1393.

{2-[4-(2-Ethoxyethoxy)phenyl]ethyl } -(4-hexylthiophen-2-yl)di-
methylgermane 10a. To germyl-p-anisole 9a (1.16 g, 2.01 mmol)
was added HCI in Et,O (40.2 mL, 1.0 M, 40.2 mmol) and the
reaction mixture left to stir for 16 h. The solvent was then removed
in vacuo to give the crude germyl chloride as a brown oil ['H NMR
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(250 MHz, CDCly): 6 0.59 (s, 6H), 1.20-1.27 (m, 3H), 1.45-
1.55 (m, 2H), 2.80 (t, J = 8, 2H), 3.59 (q, J = 7, 2H), 3.77
(t, J = 5, 2H), 4.10 (t, J = 5, 2H), 6.85 (d, J = 8.5, 2H),
7.10 (d, J = 8.5, 2H); MS (EI+) m/z 332 (M*); HRMS (EI+)
caled. for C,H,ClGe™0O, (M*) 332.0598, found 332.0586]. In a
separate flask, a solution of LDA (3.99 mL, 2.0 M, 7.98 mmol)
in hexanes-THF-ethylbenzene (6 : 5 : 3) was added dropwise to
a degassed solution of 3-(n-hexyl)thiophene (1.34 g, 7.98 mmol)
in THF (5 mL) at —50 °C. This solution was stirred for 40 min at
—40 °C, and then transferred by cannula to a degassed solution
of the crude germyl chloride in THF (5 mL) at —50 °C. The
resulting mixture was stirred for 1 h at —40 °C, warmed to RT
and stirred for a further 1 h. After quenching with sat. NH,Cl (aq)
(100 mL), the mixture was extracted with Et,O (3 x 100 mL), the
combined organic extracts dried (MgSO,) and the solvent removed
in vacuo. The residue was purified by FC (petrol-EtOAc, 9 : 1) to
give dimethylgermylthiophene 10a as a brown/yellow oil (741 mg,
60%). R; 0.40 (petrol-EtOAc, 9 : 1); '"H NMR (250 MHz, CDCl;):
0 0.38 (s, 6H), 0.88 (t, / = 7, 3H), 1.23 (t, J = 7, 3H), 1.25-1.30
(8H), 1.58 (m, 2H), 2.62 (t, J = 8, 2H), 2.67 (t, J = 8.5, 2H), 3.59
(q, J =7,2H), 3.77 (t, J = 5.5, 2H), 4.09 (t, J = 5.5, 2H), 6.83
(d, J =8, 2H), 6.96 (s, IH), 7.06 (s, 1H), 7.11 (d, J = 8, 2H); *C
NMR (62.8 MHz, CDCl;) § —2.3 (q, 2C), 14.1 (q), 15.2 (q), 19.1
(1), 22.6 (1), 29.2 (1), 30.1 (t, 2C), 30.7 (1), 31.7 (1), 66.8 (1), 67.5 (1),
69.1 (1), 114.6 (d, 2C), 124.5 (d), 128.7 (d, 2C), 134.5 (d), 136.8 (s),
139.6 (s), 144.5 (s), 157.00 (s); IR (neat) 2930-2855 (C-H), 1611,
1511, 1246 cm™'; MS (EI+) m/z 464 (M*); HRMS (EI+) calcd.
for C,,H3;Ge™O,S (M*) 464.1804, found 464.1798.

Typical procedure A
Assessment of AcOH stability of a germyl/silyl thiophene.

(Table 1, entry 3). To silylthiophene 1¢ (10.5 mg, 37 umol) was
added CH,Cl, (500 nL) and then AcOH (5 pL). The mixture was
stirred at 25 °C for 24 h, then at 60 °C for 24 h and then at 110 °C
for a further 24 h, analysing by '"H NMR (CDCl,) for extent of
conversion to 3-(n-hexyl)thiophene 11.%

Typical procedure B
Assessment of CsF stability of a germyl/silyl thiophene.

(Table 1, entry 3). To silylthiophene 1¢ (7.6 mg, 27 umol) was
added DMF (500 uL) and CsF (20 mg, 0.13 mmol). The mixture
was stirred at 25 °C for 24 h, then at 60 °C for 24 h and then
at 110 °C for a further 24 h, analysing by 'H NMR (CDCl;) for
extent of conversion to 3-(n-hexyl)thiophene 11.%

Quadragel®-Br 30. To a suspension of Quadragel® (29, 38.7 g,
LL = 930 pmol g, 36.0 mmol) in CH,Cl, (220 mL) at 0 °C
was added triphenylphosphine (10.3 g, 39.3 mmol) and carbon
tetrabromide (26.0 g, 78.4 mmol). The orange reaction mixture was
warmed to RT and left to stir for 24 h. The solvent was removed
by filtration and the resin washed sequentially with CH,Cl, (3 x
300 mL), DMF (300 mL), THF-H,O (1 : 1, 2 x 300 mL), THF
(2 x 300 mL, and MeOH (2 x 300 mL). The resin was then dried
in vacuo to give resin 30 as yellow grains (37.5 g, LL = 880 umolg~'.
'H MAS NMR (400 MHz, CDCl;): 6 1.00-1.75 [CH(Ar)CH,],
1.75-2.20 [CH(Ar)CH,], 3.50-3.60 (OCH,), 3.75-4.20 (OCH,),
6.30-6.85(ArH), 6.85-7.30 (ArH); *C gel phase NMR (125 MHz,

CDCl;) 0 29.8, 30.5, 40.6, 44.5, 46.3, 55.4, 61.9, 67.4, 70.1, 70.8,
71.3,72.7,77.2,77.5,78.2,79.3, 114.3, 125.7, 128.4, 133.5, 137.7,
145.4, 156.8; IR (neat) 3030-2865 (C-H), 1601, 1509, 1492, 1452,
1350, 1244, 1101, 697 (strong) cm™".

Quadragel®-di-para-tolylgermyl-para-anisole 31. To bromi-
nated resin 30 (20.0 g, LL = 880 pumolg™', 17.6 mmol) swollen
in a minimum of acetonitrile (200 mL) was added germylphenol
8e (19.4 g, 81.2 mmol), tetra-n-butylammonium iodide (740 mg,
2.00 mmol) and caesium carbonate (26.2 g, 74.3 mmol) and the
resulting mixture heated at 85 °C for 20 h. The reaction mixture
was cooled and the resin was washed successively with MeCN (3 x
350 mL), DMF (3 x 350 mL), THF-water (1 : 1, 3 x 350 mL),
THF (3 x 350mL), MeOH (3 x 350 mL) and then dried in vacuo to
give resin 31 as light brown granules (13.4 g, 74% conversion by the
weight increase of the resin and the amount of phenol returned,
LL = 0.52 mmol g'). '"H MAS NMR (400 MHz, CDCl): ¢
1.15-1.65 [CH(Ar)CH,], 1.65-2.10 [ArCH,, CH(Ar)CH,], 2.37
(s, ArCH,), 2.70-2.80 (GeCH,), 3.50-4.15 (OCH,, OCH,), 6.10-
6.70 (ArH), 6.70-7.30 (m, ArH), 7.41 (d, J = 4.5, ArH); “C gel
phase NMR (75 MHz, ds-THF) 0 17.6,21.8,31.7,37.4,41.6,71.7,
72.2, 128.9; IR (neat) 3030-2865 (C-H), 1593, 1510, 1494, 1453,
1281, 1245, 698 (strong) cm™".

Quadragel®-di-para-tolylgermyl chloride 32. To germyl-p-
anisole resin 31 (13.1 g, LL = 0.52 mmol g~', 6.8 mmol) swelled in
CH,Cl, (50 mL) was added HCI (65 mL, 1.0 M, 65 mmol) in Et,O
and the reaction mixture left to stir for 16 h. The solvent was then
removed by filtration to give resin 32 as brown granules (11.7 g,
100% conversion by '"H NMR, LL = 0.54 mmol g'). '"H MAS
NMR (400 MHz, CDCl;): 6 1.00-2.30 [ArCH,, CH(Ar)CH,],
2.47 (s, ArCHS;), 2.85-2.95 (GeCH,), 3.60-4.20 (OCH,), 6.10—
6.70 (ArH), 6.70-7.30 (ArH), 7.56 (d, J = 4.5, ArH); IR (neat)
3030-2865 (C-H), 1601, 1509, 1493, 1452, 1243, 697 (strong) cm~".

Quadragel®-di-para-tolylgermyl monothiophene (a-TBS) 33.
A solution of LDA (1.11 mL, 2.0 M, 2.21 mmol) in hexanes—
THF-ethylbenzene (6 : 5 : 3) was added dropwise to a degassed
solution of silylthiophene 12 (616 mg, 2.18 mmol) in THF (4 mL)
at —50 °C. This solution was warmed to —40 °C, stirred for 40 min
at this temperature and recooled to —50 °C. The solution was then
transferred by cannula to a degassed suspension of germylchloride
resin 32 (777 mg, LL =0.54 mmol g~', 0.42 mmol) in THF (10 mL)
at —50 °C. The reaction mixture was stirred for 1 h at —40 °C,
warmed to RT and stirred for a further 1 h. After quenching with
sat. NH,Cl (aq) (50 mL), the solvent was removed by filtration
and the resin washed with DMF (50 mL x 3), THF : water
1:1 (50 mL x 3), THF (50 mL x 3) and MeOH (50 mL x
3). The resin was then dried in vacuo at 60 °C to give resin 33
as yellow/orange granules (876 mg, 83% conversion by weight
increase of resin, LL = 0.40 mmol g~'). '"H MAS NMR (400 MHz,
CDClLy): 6 041 [s, Si(CH;),], 0.91 (t, J = 4.5, CH,CH,), 0.95-
2.30 [C(CH);, (CH,),CH;, ArCH,CH,Ge, CH(Ar)CH,], 2.47 (s,
ArCH,), 2.54 [t, J = 5, CH,(CH,),CH;], 2.80-2.95 (GeCH,),
3.60-4.25 (OCH,), 6.10-6.80 (ArH), 6.80-7.30 (ArH), 7.53 (d,
J = 4.5, ArH); IR (neat) 3030-2865 (C-H), 1601, 1509, 1492,
1451, 1244, 697 (strong) cm™".

Quadragel®-di-para-tolylgermyl monothiophene (o-H) 34. To
germylthiophene resin 33 (642 mg, LL = 400 umolg™', 257 umol)
swollen in DMF (8 mL) was added caesium fluoride (341 mg,
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2.24 mmol) and the mixture left to stir for 72 h at 110 °C. The
solvent was then removed by filtration and the resin washed with
DMF (2 x 75mL), THF-H,O(1:1,3 x 75mL), THF (3 x 75mL)
and MeOH (3 x 75mL). The resin was then dried in vacuo at 60 °C
to give germylthiophene resin 34 as brown granules (560 mg, 100%
conversion by integrals in "H NMR, LL = 420 umolg™"). "H MAS
NMR (400 MHz, CDCl;): ¢ 0.82 (t, J = 7.0, CH,CH;), 0.85-
2.20 [(CH,),CH;, ArCH,CH,Ge, CH(Ar)CH,], 2.37 (s, ArCH),
2.48 [m, CH,(CH,),CH;], 2.77 (m, GeCH,), 3.60-4.15 (OCH,),
6.10-7.30 (ArH), 7.44 (d, J = 4.5, ArH), 7.53 (m, SCH); IR (neat)
3030-2865 (C-H), 1601, 1508, 1492, 1451, 1242, 697 (strong) cm™".

Quadragel®-di-para-tolylgermyl monothiophene (o-I) 35. A
solution of LDA (315 pL, 2.0 M, 630 umol) in hexanes—-THF—
ethylbenzene (6 : 5 : 3) was added dropwise to a suspension of
germylthiophene resin 34 (526 mg, LL = 420 umolg™"; 221 pmol)
in THF (4 mL) at —50 °C. After stirring for 2 h at —30 °C, a
solution of degassed 1,2-diiodoethane (296 mg, 1.05 mmol) in
THF (2 mL) was added by cannula at —50 °C. The resulting
mixture was stirred in the dark for 2 h at —30 °C, warmed to RT
and stirred for a further 1 h. The solvent was then removed by
filtration and the resin washed with Na,S,0; (aq) (3 x 75 mL),
THF-H,O (1:1,3 x 75mL), THF (3 x 75 mL) and MeOH (3 x
75 mL). The resin was then dried in vacuo at 60 °C to give iodide
resin 35 as orange grains (533 mg, 100% conversion by integrals
of "TH NMR, LL = 400 pmolg™"). "H MAS NMR (400 MHz,
CDCly): 6 0.82 (t, J = 4.5, CH,CH,), 0.85-2.20 [(CH,);CHj,
ArCH,CH,Ge, CH(Ar)CH,, ArCH;], 2.77 (m, GeCH,), 3.60—
4.15 (OCH,), 6.10-7.30 (ArH), 7.42 (d, J = 7.0, ArH); IR (neat)
3030-2865 (C-H), 1601, 1509, 1493, 1452, 1243, 697 (strong) cm™".

Quadragel®-di-para-tolylgermyl bithiophene (0-TBS) 36. To
a degassed solution of boronic ester 16 (242 mg, 592 pmol),
K;PO, (134 mg, 985 pmol) and iodide resin 35 (493 mg, LL =
400 umol g=', 197 umol) swollen in DMF (4 mL) was added
[Pd(PPh;),] (11.6 mg, 10.0 pmol) and the resulting mixture stirred
at 60 °C for 48 h. The solvent was then removed by filtration and
the resin washed with DMF (2 x 50 mL), THF-H,O (1: 1, 3 x
50mL), THF (3 x 50 mL) and MeOH (3 x 50 mL). The resin was
then dried in vacuo at 60 °C to give bithiophene resin 36 as dark
brown grains [508 mg, 87% conversion by mass of bithiophene
19 cleaved from the resin (see ‘3,4'-di-(n-hexyl)-[2,2'bithiophenyl
19 Method 2°, below), LL = 350 umol g']. '"H MAS NMR
(CDClL): 6 0.31 [s, Si(CHS),], 0.75-2.50 [C(CH5);, (CH,)sCH;,
ArCH,CH,Ge, CH(Ar)CH,, ArCH;], 2.80 (m, GeCH,), 3.50—
4.20 (OCH,), 6.10-7.35 (ArH), 7.47 (d, J = 7, ArH); "C MAS
NMR (100 MHz, CDCl;) 6 —4.5, 14.5, 17.3, 18.6, 21.9, 22.9,
23.0, 26.8, 29.6, 29.7, 30.0, 30.8, 31.1, 31.7, 32.0, 32.2, 40.9, 43.6,
67.9, 70.2, 71.1, 71.2, 115.0, 126.1, 128.4, 128.8, 129.1, 129.5,
133.6, 135.1, 137.4, 138.7, 139.3, 140.6, 141.5, 145.7, 151.4, 157.3;
IR (neat) 3030-2865 (C-H), 1601, 1509, 1492, 1452, 1244, 697
(strong) cm™'.

Double-couple procedure on Quadragel®-di-para-tolylgermyl
bithiophene (a-TBS) 36. A solution of LDA (130 uL, 2.0 M,
260 pmol) in hexanes-THF-ethylbenzene (6 : 5 : 3) was added
dropwise to a suspension of germylthiophene resin 36 (219 mg,
LL = 350 umol g!, 76.7 umol) in THF (2 mL) at —50 °C. After
stirring for 40 min at —40 °C, a solution of degassed 1,2-

diiodoethane (124 mg, 440 pmol) in THF (1 mL) was added by
cannula at —50 °C. The reaction mixture was stirred in the dark
for 1 h at —40 °C, warmed to RT and stirred for a further 1 h.
The solvent was then removed by filtration and the resin washed
with Na,S,0; (aq) (3 x 50 mL), THF-H,O (1 : 1, 3 x 50 mL),
THF (3 x 50 mL) and MeOH (3 x 50 mL). The resin was then
dried in vacuo at 60 °C to give brown grains (221 mg) which
were then swollen in DMF (1.5 mL). To this swollen resin was
added boronic ester 16 (96.0 mg, 235 pmol) and K;PO, (37.2 mg,
273 umol), the reaction mixture degassed and [Pd(PPh;),] (4.5 mg,
3.89 umol) added. The resulting mixture was stirred at 60 °C for
48 h. The solvent was then removed by filtration and the resin
washed with DMF (2 x 50 mL), THF-H,O (1 : 1, 3 x 50 mL),
THF (3 x 50 mL) and MeOH (3 x 50 mL). The resin was then
dried in vacuo at 60 °C to give bithiophene resin 36 as dark brown
grains [196 mg, LL = 350 umol g' by mass of bithiophene 19
cleaved from the resin (see ‘3,4'-di-(n-hexyl)-[2,2']bithiophenyl 19
Method 2, below)]. Spectroscopic data as above.

Quadragel®-di-para-tolylgermyl bithiophene (a-H) 37. To
germylthiophene resin 36 (165 mg, LL = 350 umol g~', 578 umol)
swollen in DMF (2 mL) was added caesium fluoride (50.0 mg,
329 umol) and the mixture left to stir for 72 h at 110 °C. The
solvent was then removed by filtration and the resin washed with
DMF (2 x 75mL), THF-H,0(1:1,3 x 75mL), THF (3 x 75mL)
and MeOH (3 x 75mL). The resin was then dried in vacuo at 60 °C
to give germylthiophene resin 37 as a dark brown beads (157 mg,
~100% conversion by integrals in "H NMR, LL = 360 pumol g").
'H MAS NMR (400 MHz, CDCly): ¢ 0.75-2.50 [(CH,);CHS,
ArCH,CH,Ge, CH(Ar)CH,, ArCH;], 2.80 (m, GeCH,), 3.50—
4.15(OCH,), 6.10-7.40 (ArH), 7.47 (d, J = 6.5, ArH); IR (neat)
3030-2865 (C-H), 1601, 1508, 1492, 1451, 1243, 697 (strong) cm™".

General procedure D

TFA mediated cleavage of 3,4'-di-(n-hexyl)-[2,2']bithiophene 19
from resin 36 (Method 1).

3,4'-Di-(n-hexyl)-[2,2']bithiophene 19°* from mono-coupled resin
36. To bithiophene resin 36 (35.7 mg, 14.3 umol) was added a
33% v/v solution of TFA in CH,Cl, (750 pL) and the mixture left
to stir at RT for 2 h. The solvent was then removed by filtration and
the resin washed with CH,Cl, (3 x 50 mL). These washings were
then passed through a plug of silica and concentrated in vacuo to
give bithiophene 19 as a yellow oil [3.1 mg, >94.0% pure by HPLC:
Jupiter ODS-C18 column (250 x 0.46 cm), UV 254 nm detection,
I mL min~', 5 — 100% MeCN in H,O + 0.1% formic acid, R, =
17.1 min.]. R; 0.60 (pentane); 'H NMR (250 MHz, CDCl,): 6 0.34
(s, 9H), 0.84-0.92 (6H), 1.20-1.35 (12H), 1.52-1.70 (4H), 2.63 (t,
J =8.5,2H),2.74 (t, J = 8, 2H), 6.90 (d, J = 5.5, 1H), 7.03 (s,
1H), 7.12 (d, J = 5.5, 1H); “C NMR (62.8 MHz, CDCl,) ¢ 14.1
(q, 20), 22.6 (1), 29.0 (1), 29.1 (1), 29.2 (1), 29.7 (1), 30.4 (v), 30.5
(t), 30.7 (1), 31.6 (1), 31.7 (t), 119.9 (s), 123.4 (s), 127.3 (s), 129.9
(s), 130.9 (d), 135.8 (d), 139.3 (d), 143.5 (d); IR (neat) 2950-2850
(C-H), 1457, 1377 cm™'; MS (EI+) m/z 334 (M*); HRMS calcd.
for C,yH3,S, (M*) 334.1789, found 334.1784.

3,4'-Di-(n-hexyl)-[2,2']bithiophene 195 from double-coupled resin
36. According to the general procedure D, bithiophene resin 36
(40.4 mg, 16.2 umol) in TFA in CH,Cl, (750 pnL) gave bithiophene
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19 as a yellow oil [6.1 mg, >96.0% pure by HPLC (same conditions
and R, as above)]. Spectroscopic data as above.

HypoGel®-Br 39. To a suspension of HypoGel® 38 (24.55 g,
LL = 0.80 mmol g=', 19.6 mmol) in CH,Cl, (250 mL) at 0 °C
was added triphenylphosphine (10.30 g, 39.3 mmol) and carbon
tetrabromide (26 g, 78.4 mmol). The reaction mixture was stirred
at RT under N, for 24 h. After removal of the solvent by filtration,
the resin was washed with DMF (300 mL), THF-water (1 : 1)
(2 x 300 mL), THF (2 x 300 mL) and MeOH (2 x 300 mL)
and was dried for 16 h at 50 °C in vacuo to give the brominated
resin 39 as pale yellow granules (25 g, 100% conversion by *C
NMR, LL = 0.80 mmol g™'). "H MAS NMR (400 MHz, CDCl,):
0 1.00-1.75 [CH(Ar)CH,], 1.15-1.60 [CH(Ar)CH,], 1.60-2.10
[CH(Ar)CH,], 3.50-3.60 (OCH,), 3.60-3.90 (CH,CH,0), 6.20—
6.80 (ArH), 6.80-7.30 (ArH); *C gel-phase NMR (75 MHz, d-
THF) ¢ 31.7, 32-56, 71.7, 72.3, 120-135, 146.3 ppm; IR (neat)
3030-2865 (C-H), 1601, 1493, 1452, 1349, 1296, 1249, 1101
(strong) cm™'; Anal. C, 76.5%, H 7.7%, Br 6.4%.

HypoGel®-di-para-tolylgermyl-para-anisole 40. Germylphe-
nol 8 (17.8 g, 36.8 mmol), tetra-n-butylammonium iodide
(680 mg, 1.84 mmol) and cesium carbonate (19.5 g, 55.2 mmol)
were added to a suspension of brominated resin 40 (24.5 g, LL =
0.80 mmol g, 18.4 mmol) in acetonitrile (150 mL). This mixture
was stirred at 85 °C for 22 h. After removal of the solvent by
filtration, the resin was washed extensively with acetonitrile (3 x
300 mL), DMF (2 x 300 mL), THF-water (1 : 1) (3 x 300 mL),
THF (2 x 300 mL), MeOH (2 x 300 mL) and was dried for 16 h
at 50 °C in vacuo to give resin 40 as pale yellow granules (29.0 g,
99% conversion by the amount of germylphenol returned and
Ge elemental, LL = 0.48 mmol g'). '"H MAS NMR (400 MHz,
CDCly): 0 1.00-1.65 [CH(Ar)CH,], 1.65-2.10 [ArCH,CH,Ge,
CH(Ar)CH,)], 2.37 (s, ArCH;), 2.80 (m, GeCH,), 3.40-4.15
(OCH;, CH,CH,0), 6.10-6.70 (ArH), 6.70-7.30 (ArH), 7.41 (d,
J = 6.5, ArH); BC gel-phase NMR (75 MHz, ds-THF) 6 17.6,
21.8,31.4,36-52,55.4,69.0,70.8,71.7,114.9, 115.3, 128.6, 129.5,
129.9, 135.0, 135.8, 137.0, 139.3, 161.7 ppm; IR (neat) 3030-2865
(C-H), 1593, 1509, 1493, 1452, 1349, 1281, 1245, 1102 (strong),
698 (strong) cm™'; Anal. C 78.0%, H 7.7%, Ge 3.5%.

HypoGel®-di-para-tolylgermyl chloride 41. A solution of | M
HCI in diethyl ether (150 mL, 150 mmol) was added to a
suspension of resin 40 (27.0 g, LL = 0.48 mmol g~!, 14.9 mmol) in
CH,Cl, (500 mL). This mixture was stirred at RT under N, for 20 h.
After removal of the solvent by filtration, the resin was washed with
anhydrous diethyl ether (2 x 200 mL) and dried at 50 °C in vacuo
for 16 h to give resin 41 as pale yellow granules (25.0 g, 100%
conversion by '"H NMR, LL = 0.49 mmol g'). '"H MAS NMR
(400 MHz, CDCl;): 6 1.20-2.20 [ArCH,CH,Ge, CH(Ar)CH,],
2.38 (s, ArCHs), 2.90 (m, GeCH,), 3.40-4.20 (CH,CH,0), 6.10—
6.70 (ArH), 6.70-7.30 (ArH), 7.49 (d, J = 7, ArH); *C gel-phase
NMR (75 MHz, ds-THF) ¢ 21.8, 22.0, 30.2, 36-52, 69.0, 70.7,
71.7, 115.4, 129.7, 130.2, 133.6, 134.4, 136.3, 141.1, 158.4 ppm;
IR (neat) 3030-2865, 1601, 1510, 1493, 1452, 1349, 1245, 1102
(strong), 607 (strong) cm™'; Anal. C 76.7%, H 7.9%, Cl1 2.2%, Ge
3.6%.

HypoGel®-di-para-tolylgermyl mono(triarylamine) (p-OTBS)
43. A solution of n-butyllithium (2.5 M in hexane) (3.4 mL, 5.4 x
10* mol) was added dropwise to a solution of triaryl bromide

4277 (2.53 g, 5.4 mmol) in THF (20 mL) at —78 °C. After being
stirred for 45 min, the mixture was transferred by cannula to a
suspension of resin 41 (3.00 g, LL = 0.49 mmol g*', 1.5 mmol) in
toluene (30 mL) at —78 °C. The resulting mixture was stirred for
18 h at RT. An aqueous solution of 1 M HCI was then added and
the mixture stirred another 30 min. After removal of the solvent
by filtration, the resin was washed extensively with DMF (75 mL),
THF-water (1 : 1) (2 x 75 mL), THF (2 x 75 mL), MeOH (2 x
75 mL) and was dried for 18 h at 50 °C in vacuo to give resin 43 as
pale yellow granules (3.23 g, LL = 0.37 mmol g'). *C gel-phase
NMR (75 MHz, d,-THF) 6 —4.1,17.5,19.0, 21.1, 21.7,26.3, 31.4,
36-52, 69.0, 70.8, 71.7, 115.33, 121.65, 125.60, 128.02, 129.81,
130.81, 133.37, 135,35, 135.83, 136.48, 139.23, 142.28, 146.33,
150.19, 153.09 ppm; Anal. C, 80.2%; H, 8.0%; N, 0.5%; Ge, 2.7%.

HypoGel®-di-para-tolylgermyl mono(triarylamine) (p-OH) 44.
TBAF (1.34 g, 4.25 mmol) was added to a suspension of resin
43 (2.43 g, LL = 0.37 mmol g', 1.22 mmol) in THF (20 mL).
This mixture was stirred under N, at RT for 20 h. After removal
of the solvent by filtration, the resin was washed extensively with
DMF (75 mL), THF-water (1:1) (2 x 75mL), THF (2 x 75mL),
MeOH (2 x 75 mL) and was dried for 16 h at 50 °C in vacuo to give
resin 44 as pale yellow granules (2.33 g, LL = 0.38 mmol g'). *C
gel-phase NMR (75 MHz, d,-THF) 6 17.5, 21.1, 21.8, 31.5, 36—
52,68.5,70.8,71.7,115.33,117.29, 121.08, 125.13, 128.92, 129.80,
130.63,132.86, 135.35,135.85,139.17, 146.53, 150.42, 156.54 ppm;
Anal. C, 80.8%; H, 7.7%; N, 0.7%; Ge, 2.8%.

HypoGel®-di-para-tolylgermyl mono(triarylamine) (p-OTf) 45.
Trifluoromethanesulfonic anhydride (0.50 mL, 2.97 mmol) was
added slowly to a suspension of resin 44 (1.61 g, LL =
0.38 mmol g~', 0.81 mmol) swollen in pyridine (10 mL) at 0 °C. The
resulting mixture was stirred at 0 °C for 5 min, then allowed to
warm to RT and stirred at this temperature for a further 16 h.
After removal of the solvent by filtration, the resin was washed
extensively with DMF (75 mL), THF-water (1 : 1) (2 x 75 mL),
THF (2 x 75 mL), MeOH (2 x 75 mL) and was dried for 16 h at
50 °C in vacuo to give resin 45 as pale yellow granules (1.73 g, LL =
0.37 mmol g ). BC gel-phase NMR (75 MHz, ds-THF) 6 17.5,
21.2, 21.8, 31.4, 36-52, 68.5, 70.8, 71.7, 115.25, 117.84, 123.08,
124.39, 127.14, 129.84, 131.35, 132.72, 135.83, 136.97, 139.09,
145.44, 146.82, 148.97 ppm; “F gel-phase NMR (75 MHz, d;-
THF) 6 —76.4 ppm; Anal. C, 76.3%; H, 6.7%; N, 0.7%; S, 1.3%;
F, 2.2%; Ge, 2.7%; N, 0.7%.

HypoGel®-di-para-tolylgermyl di(triarylamine) (p-OTBS) 46.
Resin 45 (1.34 g, LL = 0.37 mmol g!, 0.67 mmol), triarylamine
boronicester 4 (1.73 g, 3.35 mmol), Pd(PPh;), (0.15 g, 0.13 mmol),
aqueous Na,CO; (2 M, 10 mL) in 1,2-DME (10 mL) were stirred
at 80 °C for 18 h. After removal of the solvent by filtration, the
resin was washed extensively with DMF (50 mL), THF-water (1 :
1) (2 x 50 mL), THF (2 x 50 mL), MeOH (2 x 50 mL) and
was dried for 16 h at 50 °C in vacuo to give resin 46 as dark
brown granules (1.25 g, LL = 0.34 mmol g'). "C gel-phase NMR
(75 MHz, ds-THF) 6 —4.0 (b), 17.5 (b), 19.0 (b), 21.6 (b), 26.4 (b),
31.5(b), 36-52, 71.6 (b), 110.1 (b), 129.7 (b), 135.40 (b), 146.5 (b)
ppm; Anal. C, 77.1%; H, 7.0%; N, 1.0%; Ge, 2.5%.

HypoGel®-di-para-tolylgermyl di(triarylamine) (p-OH) 47.
TBAF (0.74 g, 2.35 mmol) was added to a suspension of resin
46 (0.94 g, LL = 0.34 mmol g', 0.47 mmol) in THF (10 mL).
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This mixture was stirred under N, at RT for 20 h. After removal
of the solvent by filtration, the resin was washed extensively with
DMF (30 mL), THF-water (1: 1) (2 x 30 mL), THF (2 x 30 mL),
MeOH (2 x 30 mL) and was dried for 16 h at 50 °C in vacuo to
give resin 47 as dark brown granules (0.91 g, LL = 0.33 mmol g').
BC gel-phase NMR (75 MHz, d,-THF) 6 17.5 (b), 21.8 (b), 31.5
(b), 36-52, 71.6 (b), 110.1 (b), 115-117 (b), 129.8 (b), 135.6 (b),
146.0 (b) ppm; Anal. C, 78.5%; H, 7.0%; N, 1.0%; Ge, 2.4%.

HypoGel®-di-para-tolylgermyl di(triarylamine) (p-OTf) 48.
Trifluoromethanesulfonic anhydride (0.30 mL, 1.75 mmol) was
added slowly to a suspension of resin 47 (0.70 g, LL =
0.33mmol g, 0.35 mmol) swollen in pyridine (10 mL) at 0 °C. The
resulting mixture was stirred at 0 °C for 5 min, then allowed to
warm to RT and stirred at this temperature for a further 16 h.
After removal of the solvent by filtration, the resin was washed
extensively with DMF (30 mL), THF-water (1 : 1) (2 x 30 mL),
THF (2 x 30 mL), MeOH (2 x 30 mL) and was dried for 16 h at
50 °C in vacuo to give resin 48 as brown granules (0.65 g, LL =
0.30 mmol g"). *C gel-phase NMR (75 MHz, d,-THF) 6 17.5 (b),
21.9 (b), 31.4 (b), 36-52, 71.7 (b), 113.9 (b), 115.2 (b), 126.4 (b),
129.4 (b), 135.5 (b), 145.9 (b) ppm; “F gel-phase NMR (75 MHz,
ds-THF)) 0 —74.6 ppm; Anal. C, 67.9%; H, 6.3%; N, 1.1%; S,
1.1%; F, 1.8%; Ge, 2.2%.

HypoGel®-di-para-tolylgermyl tri(triarylamine) (p-Me) 49.
Resin 48 (0.53 g, LL = 0.30 mmol g, 0.35 mmol), triarylamine
boronicester 5(1.73 g, 3.35 mmol), Pd(PPh;), (0.15 g, 0.13 mmol),
aqueous Na,CO; (2 M, 5 mL) in 1,2-DME (5 mL) were stirred
at 80 °C for 18 h. After removal of the solvent by filtration, the
resin was washed extensively with DMF (30 mL), THF-water (1 :
1) (2 x 30 mL), THF (2 x 30 mL), MeOH (2 x 30 mL) and was
dried for 16 h at 50 °C in vacuo to give resin 49 as brown granules
(0.41 g, LL = 0.30 mmol g'). *C gel-phase NMR (75 MHz, d;-
THF) 6 17.5 (b), 21.0 (b), 22.5 (b), 31.4 (b), 36-52, 71.7 (b), 115.3
(b), 125.5 (b), 128.1 (b), 129.8 (b), 130.9 (b), 133.1 (b), 135.4 (b),
136.6 (b), 146.5 (b) ppm; Anal. C, 72.3%; H, 6.2%; N, 1.3%; Ge,
2.2%.

N4 -|4 -(Di-para-tolylaminobiphenyl-4-yl]- N4-(4'-phenyl)- V4,
N4 -di-para-tolylbiphenyl-4,4'-diamine 50. A suspension of resin
49 (0.33 g, LL = 0.30 mmol g~', 0.10 mmol) in trifluoroacetic acid
(10% in CH,Cl,) (5 mL) was stirred at RT for 16 h. The resin was
separated off by filtration and washed with CH,Cl,. The organic
washings were concentrated 50 °C in vacuo to give a dark brown
oil. The crude material was purified by FC (hexane-ethyl acetate,
10 : 1) to give the expected product as a white solid [0.07 g, 90%,
>97% pure by HPLC: Jupiter ODS-C18 column (250 x 0.46 cm),
UV 300 nm detection, ] mL min~', 5 — 100% MeCN in H,O +
0.1% formic acid, R, = 9.7 min.]. "H NMR (400 MHz, CDCl;) ¢
2.30 (s, 6H), 2.31 (s, 3H), 2.32 (s, 3H), 6.95-7.12(m, 27H), 7.21-
7.24 (m, 2H), 7.39-7.43 (m, 8H); *C NMR (100 MHz, CDCl;) ¢
20.82,20.85,20.87, 122.37, 122.90, 123.57, 123.68, 123.78, 124.58,
125.05, 125.10, 127.12, 127.20, 127.22, 129.16, 129.88, 129.97,
130.00, 132.47, 132.89, 132.99, 133.87, 134.40, 134.51, 134.67,
145.05,145.15,145.33, 146.64, 146.75, 146.89, 147.15, 147.93 ppm;
HRMS (EI+) caled. for CssHyN; (M*) 787.3926; found 787.3923.
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Neutral N-amidothiourea based PET anion sensors bearing a pyrene fluorophore, 1-3, were synthesized
and their fluorescent response toward anions was assessed. The anion quenching and binding constants
were found to be much higher than those of the corresponding PET sensors bearing a simple thiourea

receptor despite a higher oxidation potential of the electron donor and a relatively longer spacer (CH,),

between the signal reporter and binding receptor in 1-3. This was explained in terms of a much more
substantial increase in the electron donating ability of amidothiourea upon anion binding.

Introduction

A photo-induced electron transfer (PET) signalling mechanism,
developed for reporting the presence of metal cations and protons,
was first proposed by Weller' and developed further by de
Silva? and others.* The first example of anion sensing under
a PET mechanism was described by the Czarnik group who
utilized anthrylpolyamines for the detection of phosphate and
pyrophosphate in aqueous solutions.* Recent PET anion sensors
mostly bore charged receptors.>® With neutral PET anion sensors,
thiourea is one of the important binding receptors via hydrogen
bonding.” Linking thiourea with pyrene through a CH, spacer,
Teramae et al.”* synthesized a neutral PET anion sensor, the fluo-
rescence of which was quenched while a long-wavelength emission
developed upon anion binding. This lower energy emission was
assigned to exciplex formed from pyrene and an anion-thiourea
binding unit. This is the first direct evidence of electron transfer
in PET anion sensors. Employing anthracene as a fluorophore
and thiourea as the anion binding receptor, Gunnlaugsson et al.”*
synthesized a series of PET sensors whose fluorescence was found
to be quenched in the presence of anion whereas absorption
remained unchanged. This was ascribed to the increased electron-
donating ability of the anion-thiourea unit compared to the
original thiourea moiety that leads to enhanced PET quenching of
fluorescence. In the reported thiourea-based neutral PET sensors,
however, the fluorescence quenching constants (K )* were at
10° mol~' L orders of magnitude or lower. This could be due
to low anion affinity of the sensor and/or less favorable PET
thermodynamics (AG) in the anion binding complex. We previ-
ously reported a new kind of thiourea-based receptor for anions,
N-benzamidothioureas,” that showed a substantially enhanced
anion binding affinity despite the lower acidity of the thioureido —
NHs. This was attributed to the occurrence of ground-state charge
transfer in the anion-/N-benzamidothiourea binding complexes in
which the thiourea moiety is the electron donor. This pointed to
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a much more substantial increase in the electron-donating ability
of amidothiourea upon anion binding compared to that of the
traditional thiourea itself. It was therefore envisaged that with N-
amidothiourea, instead of simply thiourea being introduced into
PET anion sensors, Ky, would be much higher thus likely allowing
a more sensitive anion sensing.

Herein we report the synthesis and evaluation of three neu-
tral PET chemosensors for anions, N-(1-pyrenebutanamide)-
N'-(substituted-phenyl)thioureas (1-3, Fig. 1), in which N-
amidothiourea is the binding receptor that is linked to the pyrene
fluorophore via a relatively longer (CH,); spacer. Indeed, the
K, ’s in acetonitrile (MeCN) were found at 10° mol™' L orders
of magnitude, 1-2 orders higher than those of the corresponding
thiourea-based PET sensors with a shorter CH, spacer.

He

Fig.1 Chemical structure of sensors 1-3.

Results and discussion

Sensors 1-3 in MeCN show characteristic absorption and flu-
orescence of pyrene (Fig. 2), with quantum yields (@) of
0.0532, 0.0537 and 0.0515, respectively. Compared with that of
I-methylpyrene (@ = 0.77 in MeCN)" bearing no receptor, it
is obvious that PET is active in 1-3 prior to anion binding.
With the addition of a series of anions (F~, AcO~, H,PO,",
HSO,~, CI, Br~, I, NO;~, ClO,") as their tetrabutylammonium
salts, fluorescence of 1-3 in MeCN was quenched whereas the
absorption of pyrene, the fluorophore remained unaffected. Fig. 2a
and 2b show absorption and fluorescence spectra of 2 in the
presence of AcO~. F~ and H,PO,~ produced similar effects. @:’s
of anion-2 complexes were 0.0112, 0.0084 and 0.0109, respectively,
for AcO~, F~, and H,PO,". Obviously PET in 2 becomes more
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Fig. 2 Absorption (a) and fluorescence (b) spectra of 2 in MeCN in the
presence of AcO~ and plots of 1/1, versus anion concentration (c). [2] =
8.55 x 10* mol L', [anion] = 0-2.5 x 10~* mol L~". Excitation wavelength
was 340 nm.

efficient after anion binding. The quenching of other anions is
much less. The quantum yields of anion complexes are listed in
Table 1. The order of the quenching for 1-3 is F~ > AcO~ >
H,PO,” » HSO, > Cl, Br,I",NO;", ClO,".

The nature of the interactions of 1-3 with anions was investi-
gated by '"H NMR titrations in CD;CN. As seen in Fig. 3, two
of the three -NH resonances of 2 were at 8.60 and 7.87 ppm,
respectively. Another one was at ca. 8.22 ppm which was wrapped
in the pyrene CH resonances (signals of -NH protons were
assigned also by referring to the 2D COSY spectrum of N-
acetamidothiourea, Fig. S1 in the ESIf). The signals of three
NH protons were initially broadened in the presence of up to
1.0 equivalent F-, after which they were sharpened again. The
signals of NH protons moved downfield to 9.89 and 9.44 ppm,
respectively. This suggested the hydrogen bonding nature of the
interaction between N-amidothiourea and F~. Meanwhile, the
N'-phenyl CH¢ signal moved downfield because of a deshielding
effect, whereas signals of CH® and CH' moved upfield, again
supporting the hydrogen bonding interaction between 2 and F~.
"H NMR titrations by AcO~ and H,PO,~ showed similar profiles
to that of F~.

A '1: 1 stoichiometry of anion binding to 1-3 was made evident
from Job plots (Fig. S2t). Anion binding constants of 1-3 in
MeCN were evaluated by nonlinearly fitting"? the fluorescence
intensity versus anion concentration (Fig. 2c) and are listed in
Table 1. They are at 10°~10" mol™' L orders of magnitude. The
observations that the binding constant decreases in the order of
1 < 2 < 3 for H,PO,” in MeCN (binding constants for F~ and
AcO™ in MeCN are too high thus with high fitting uncertainty)
and for AcO™ in water containing MeCN (Table 2), and that the

0 4
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Fig. 3 Trace of NMR titration by F~ of 2 in CD;CN. [2] = 6.0 x
10~ mol L~'. The spectra were recorded after addition of 0 (a), 0.25
(b), 0.50 (¢), 0.75 (d), 1.0 (e), 1.5 (f), 2.0 (g), 4.0 (h) and 8.0 (i) equiv. of F~,
respectively.

binding constant is higher for F~ or AcO™ than for H,PO,~ (Fig. 2¢c
and Table 1) are in line with the hydrogen bonding nature of 1-3
with these anions.”

The corresponding quenching constants (Kgy)® in MeCN are
at 10° mol™" L orders of magnitude (Table 1 and Stern—Volmer
plots in Fig. S31). Compared with Kg,’s of PET sensors bearing
simple thiourea receptors of 10°-~10° mol™' L orders of magnitude,
the Kg’s of 1-3 with the N-amidothiourea receptor are much
higher despite a relatively longer (CH,); spacer in 1-3 whereas
CH, is normally an optimal spacer in classic PET sensors.? This
is surprising since the oxidation potential of N-amidothiourea
estimated from CV is higher than that of thiourea (Fig. 4).
In terms of PET thermodynamics,”® the enhanced fluorescence
quenching by anions observed with 1-3 means that a much
stronger lowering in the oxidation potential of N-amidothiourea
should occur upon anion binding, so as to promote PET in
the binding complexes to a much higher extent than that with
the corresponding sensors bearing a simple thiourea receptor.
The binding constants of AcO~ and F~ of 1-3 in MeCN are
too high to allow for a credible correlation with the Hammett
constant of substituent R, those of H,PO,” in MeCN (Table 1)
and of AcO~ in water containing MeCN (Table 2) show a
stronger substituent dependence than that of the corresponding

Table 1 Fluorescence quantum yield @, fluorescence quenching constant Ky and anion binding constant K of 1-3 in MeCN

1 2 3

Dy Ks/10°mol' L K/10°mol' L & Ks/10°mol' L K/10°mol™' L & Ks/10° mol™' L K/10° mol™!
Free 0.0532 0.0537 0.0515
AcO~ 0.0099 5.87+0.22 259+9.6 0.0112 581 +0.15 7.89 +1.93 0.0036 3.81 +0.21 32.9420.6
F- 0.0065 5.05+0.12 274+79 0.0084 5.80 + 0.09 14.5 +1.80 0.0034 9.28 +0.52 58.6 £22.3
H,PO,~ 0.0091 1.4140.06 0.429 +0.026  0.0109 2.60 + 0.04 1.63+0.22 0.0036 1.74 +0.08 8.86 +4.23
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Fig. 4 Cyclic voltammograms of receptors vs. SCE in MeCN containing
0.1 mol L' (n-C,H,),NCIlO,. The working electrode was a glassy carbon
electrode. The scan rate was 50 mV s~'.

N-(substitued-phenyl)thioureas.* This actually points to a bind-
ing signal amplification in N-amidothiourea receptors in their
binding to anions.

Anion sensing by neutral sensors following hydrogen bonding
interactions has, in most cases, been carried out in aprotic organic
solvents such as MeCN, CHCI; and DMSO.* In protic solvents,
multiple hydrogen bonding would be needed to guarantee a
noticeable binding.”® Neutral sensors 1-3, however, are able to
sense anions in up to 8% H,O-MeCN binary solvent with a
binding constant as high as 10° mol™' L orders of magnitude.
Detailed K, Ky and @ values of 1-3 with AcO~ in H,O-MeCN
binary solvents are listed in Table 2. With these promising results
in hand, we are currently modifying the structure of the sensor
molecule in order to enhance its performance in protic and highly
competitive solvents such as water.

Conclusions

In summary, we have designed neutral PET anion sensors 1-3
employing N-amidothiourea as the receptor that is linked to a
pyrene fluorophore by a relatively longer (CH,); spacer. They have
a higher E,, than those of the corresponding sensors bearing a
simple thiourea receptor, yet show much higher anion quenching
constants at 10° mol™' L orders of magnitude in MeCN and
therefore much higher sensitivity. This suggests a greater drop
in the oxidation potential of the electron donors in 1-3 upon
anion binding. The present results thus demonstrate that N-
amidothiourea as an electron donor is much better than thiourea
itself in constructing electron transfer type anion sensors and
it shows signal amplification in anion binding. Because of the
extremely high binding constants in pure MeCN, simple neutral
sensor 3 is already able to show a sensitive response toward AcO~
in MeCN containing up to 8% by volume of water.

Experimental
General procedures and materials

UV-Vis spectra were recorded on a Varian Cary-300 spectropho-
tometer using a 1 cm quartz cell. "H NMR (400 MHz) and “C

This journal is © The Royal Society of Chemistry 2007
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NMR (100 MHz) spectra in DMSO-d, or CD;CN were obtained
on a Bruker AV400 NMR spectrometer using TMS as an internal
standard. The HRMS were recorded with Micromass-LCT high
resolution mass spectrometer by injection of a methanol solution
of the sample. Cyclic voltammograms were obtained on a LabNet
VA2000 electrochemical analyzer. Absorption spectral titrations
for anion binding were carried out by adding an aliquot of anion
solution into bulk sensor solution at a given concentration.

Solvents used for sensor syntheses were commercially available
at AR grade. Solvents for spectral titrations were purified by
re-distillation until no fluorescent impurity could be detected.
Tetrabutylammonium salts of the anions were prepared by neu-
tralization of the corresponding acids with tetrabutylammonium
hydroxide.

Syntheses of 1-3

An equal equivalent of SOCI, was added dropwise to a solution
of 1-pyrenebutyric acid in methanol in an ice bath which was kept
for 0.5 h. The mixture was refluxed for 8 h before the solvent was
removed. After pH adjustment by saturated NaHCO; solution,
methyl [-pyrenebutyrate was obtained as a white solid. An excess
amount of hydrazine monohydrate (80%) was added to the ethanol
solution of methyl 1-pyrenebutyrate which was stirred at 80 °C for
8 h. After removing the solvent, the residue was washed with iced
ethanol and dried in vacuum to produce 1-pyrenebutyrohydrazide,
which, after stirring in ethanol with substituted phenyl isothio-
cyanate for 3 h at room temperature, afforded products when the
solvent was removed. Recrystallization from ethanol yielded white
crystals.

N-(1-Pyrenebutanamido)-N'-(p-tolyl)thiourea (1). 'H NMR
(400 MHz, DMSO-d;) (ppm): 9.88 (s, 1H), 9.50 (s, 2H), 8.43 (d,
J =9.2 Hz, 1H), 8.29-8.21 (m, 4H), 8.16-8.11 (m, 2H), 8.06 (t,
J =17.6 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 7.28 (d, J = 6.4 Hz,
2H), 7.12 (d, J = 8.4 Hz, 2H), 3.39 (t, J = 7.6 Hz, 2H), 2.36 (t,
J =17.2Hz, 2H), 2.27 (s, 3H), 2.08 (m, 2H). "C NMR (100 MHz,
DMSO-d;) (ppm): 181.3, 172.0, 136.6, 136.4, 134.2, 130.8, 130.4,
129.3,128.5,128.2, 127.4, 127.4, 127.2, 126.4, 126.0, 124.9, 124.7,
124.2,124.1,123.5, 33.1, 32.2,26.9, 20.5. HRMS exact mass calcd
for [CosH,sN;OS + HJ* 452.1797, found 452.1805.

N-(1-Pyrenebutanamido)-N'-phenylthiourea (2). 'H NMR
(400 MHz, DMSO-d) (ppm): 9.89 (s, 1H), 9.56 (s, 2H), 8.43 (d,
J = 9.2 Hz, 1H), 8.29-8.22 (m, 4H), 8.16-8.11 (m, 2H), 8.06 (t,
J=7.6Hz, 1H),7.98 (d,J =8.0 Hz, 1H), 7.42 (s, 2H), 7.32 (t, J =
8.0 Hz,2H), 7.15 (t,J = 7.2 Hz, 1H), 3.39 (t, / = 8.0 Hz, 2H), 2.36
(t, J = 7.2 Hz, 2H), 2.06 (m, 2H). *C NMR (100 MHz, DMSO-
ds) (ppm): 181.0, 172.1, 139.2, 136.5, 130.9, 130.4, 129.3, 128.2,
128.1,127.5, 127.4,127.2, 126.5, 126.1, 124.9, 124.8, 124.2, 124.1,
123.6,33.1, 32.2,26.9. HRMS exact mass calcd for [C,;H,;N;OS +
H]* 438.1640, found 438.1642; for [C,;H,;N;OS + NaJ* 460.1460,
found 460.1457.

N-(1-Pyrenebutanamido)-/N'-(m-trifluoromethylphenyl)thiourea
(3). 'H NMR (400 MHz, DMSO-d,) (ppm): 9.94 (s, 1H), 9.81
(s, 2H), 8.43 (d, J = 9.2 Hz, 1H), 8.29-8.21 (m, 4H), 8.17-8.12
(m, 2H), 8.06 (t, J = 7.6 Hz, 1H), 7.98 (d, J = 7.6 Hz, 1H), 7.81
(d, J =7.6 Hz, 2H), 7.56 (t, / = 8.0 Hz, 1H), 7.49 (d, J/ = 8.0 Hz,
1H), 3.39 (t, / = 7.8 Hz, 2H), 2.37 (t, / = 7.2 Hz, 2H), 2.08 (m,
2H). *C NMR (100 MHz, DMSO-d,) (ppm): 180.0, 171.2, 139.0,

135.4,129.9,129.4, 128.3, 128.1, 127.2, 126.5, 126.4, 126.2, 125.5,
125.1,124.4,123.9, 123.8,123.2, 123.2, 122.5, 121.7, 120.8, 120.2,
61.8,32.0, 31.2,25.9. HRMS exact mass calcd for [C,sH,, F;N;0S
+ HJ* 506.1514, found 506.1516.
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Recombinant whole-cell expression systems for Baeyer—Villiger monooxygenases of various bacterial
origin were utilized in the regiodivergent biooxidation of cyclic terpenones enabling access to enantio-

and regioisomeric lactones on preparative scale.

Introduction

Baeyer—Villiger oxidation of cyclic ketones to chiral lactones
allows access to highly interesting and versatile intermediates in
the synthesis of bioactive or natural products.* The biocatalytic
approach to realize this transformation with high regio- and
enantioselectivity takes advantage of the high promiscuity of
flavin dependent monooxygenases to accept a large diversity of
non-natural substrates. Moreover, this “green chemistry” strategy
utilizes molecular oxygen for the oxidation process as most
sustainable oxidant. An increasing number of such Baeyer—Villiger
monooxygenases (BVMOs) has become available in recent years.
Due to the application of recombinant overexpression systems for
the production of biocatalyst as well as the direct implementation
of such systems in whole-cell mediated biotransformations, the
microbial Baeyer—Villiger biooxidation has become a highly
attractive methodology to access optically pure lactones in both
kinetic resolution and desymmetrization processes.*

While the regioselectivity of the Baeyer—Villiger oxidation is
governed predominantly by electronic effects leading to preferred
migration of the more nucleophilic and higher substituted carbon
center, stereoelectronic effects can override this rule-of-thumb
in reactions catalyzed by salen-type complexes with Zr as the
central atom® or, more frequently, in enzymatic transformations.®
In particular, in the series of fused bicycloketones incorporating
a cyclobutanone structural motif, regiodivergent biooxidation of
the antipodal substrate ketones to enantiomerically pure “normal”
and “abnormal” lactone regioisomers was observed as one of the
remarkable behaviors of BVMOs.”

However, such a behavior was found only in a few cases of
the cyclohexanone series. Alphand and Furstoss reported that
wild-type cells of Acinetobacter NCIMB 9871 or the mutant
strain Acinetobacter TD63 convert (—)-trans-dihydrocarvone to
the expected normal lactone, while (+)-trans-dihydrocarvone
afforded abnormal lactone.® In contrast, metabolism of carveol
and dihydrocarveol in Rhodococcus erythropolis DCL14 displayed
transformation of (+)-trans and (—)-cis-dihydrocarvone to normal
lactones while opposite enantiomers led to the formation of the
abnormal lactones.’

Institute of Applied Synthetic Chemistry, Vienna University of Technol-
ogy, Getreidemarkt 9/163-OC, 1060 Vienna, Austria. E-mail: mmihovil@
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and "C NMR spectra. See DOI: 10.1039/b703175k

Normal lactones of o-substituted cyclohexanones can be
also synthesized by chemical Baeyer—Villiger oxidation using
m-chloroperoxybenzoic acid, trifluoroperoxyacetic acid, peroxy-
acetic acid and hydrogen peroxide as oxidants. However, starting
from unsaturated ketones such as dihydrocarvone, competitive
oxidation of the carbon-carbon double bond can take place.
Within non-chiral reactions, utilization of Sn-beta zeolites and
platinum complexes in H,0O, or PSA (monopersuccinic acid)
in water enabled complete control of the parallel oxidation
processes, ultimately giving selective Baeyer—Villiger oxidation
upon reaction of bifunctional substrates."

Herein, we are reporting a preliminary study on regiodivergent
and enantiocomplementary biooxidations in the cyclohexanone
series. Utilizing a collection of BVMO producing recombinant E.
coli strains we were able to provide access to all regio- and enan-
tiomeric lactones for the first time starting from terpenone precur-
sors. In particular we have studied the biooxidation of pure enan-
tiomers of trans- and cis-dihydrocarvone 1a/b, carvomenthone
1c¢ and menthone 1d (Scheme 1). We compared substrate accep-
tance profiles and stereopreferences of cyclohexanone (CH) and
cyclopentanone (CP) monooxygenases originating from Acineto-
bacter (CHMO 4 iner0),"* Arthrobacter (CHMO 4,,,,),"* Brachymonas
(CHMOg,,,),"*  Brevibacterium (CHMOy,,;, CHMOy,,.),"
Rhodococcus (CHMO 001, CHMOg002),2 and  Comamonas

"normal" lactone  “"abnormal” lactone
1a-c 2a-c 3a-c

o

"normal” lactone "abnormal" lactone
(+)-or (-)-2d (+)-or (-)- 3d

(+)-or(-)-1d

Scheme 1 Baeyer—Villiger oxidations of ketones la—-d to “normal”
lactones 2a—d and “abnormal” lactones 3a—d.
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(CPMOg,,..)" species in whole-cell mediated Baeyer—Villiger oxi-
dations with recombinant E. coli as the host organism.'

Results and discussion

Enantiomerically pure biooxidation substrates were either pur-
chased (menthone 1d) or prepared according to literature pro-
tocols: reduction of (—)- and (+)-carvone was performed with
Zn dust to give cis- and frans-isomers of enantiomerically pure
dihydrocarvone in a ratio of 15 : 85, which were separated by
flash column chromatography; reduction with a mixture of zinc
dust and nickel chloride hexahydrate led to enantiomerically pure
carvomenthone."’

The regiopreference of Baeyer—Villiger biooxidation was first
investigated for (—)- and (+)-trans-dihydrocarvone with all eight
overexpression systems of E. coli. Initial mini-scale screening
experiments using 24-well plastic dishes previously standardized
in our laboratory™ gave results with only very low reproducibility
because of the high volatility of substrates, hence making baffled
flask biotransformations mandatory. The optimized experiments
were carried out with 10 mg of substrate in 25 cm® of medium.
Biotransformations were stopped after 24 hours of fermentation
time at 24 °C and analyzed by chiral phase GC after extraction
of the sample with EtOAc supplemented by an internal standard.
Results of this screening program are summarized in Table 1.

Recently, we have proposed the existence of two distinct
sub-clusters of cycloketone oxidizing BVMOs based on protein
sequence alignment, substrate acceptance, and stereopreference.”
Baeyer—Villiger oxidations of (—)-trans-dihydrocarvone (—)-1a
and (—)-carvomenthone (—)-1¢ catalyzed with “CHMO”-type

enzymes (CHMO ..o, CHMO 40, CHMOg,,, CHMO 101,
CHMOy.42) led to the formation of “normal” lactones 2a,¢ with
good to excellent conversions. In contrast, the opposite enan-
tiomers (+)-1a and (+)-1¢ were transformed exclusively into “ab-
normal” lactones 3a,c with “CHMO”-type proteins. Biooxidation
with “CPMO”-type enzymes (CHMOy,,,, CPMO,,,,) showed
in both cases preferred formation of “abnormal” lactones 3a,c,
however, with low conversions. A somewhat different outcome
was observed for the biotransformation of (+)-1a and (+)-1¢ with
CHMOy,.,.;, where both “normal” and “abnormal” lactones were
obtained in ratios of 55 : 45 and 41 : 59.

Biooxidation of cis-dihydrocarvone 1b was also investigated:
“CHMO”-type enzymes converted (—)-1b to “normal” lactone
(—)-2b with excellent conversions, while “abnormal” lactone (—)-
3b was generated with “CPMO”-type enzymes, however in low
conversions. While these findings are in line with biooxidations
of (—)-1a,c, the opposite enantiomer (+)-1b was only poorly to
moderately converted by all studied strains displaying decreased
regioselectivities.

Host strain mediated reduction to the corresponding alcohol
(10-30%) was observed whenever BVMO mediated biooxidation
was sluggish; this side reaction became even more prominent when
replacing LB media with TB media. Another possible side reaction
was observed for the cis-substrates: these compounds can undergo
chemical isomerization to frans-products and the presence of cells
seems to further promote this effect (below 20% of side product).

It is important to point out that both lactones (“normal” and
“abnormal”) can be prepared selectively by our BVMO collection
from each enantiomer of trans- and cis-dihydrocarvone as well as
carvomenthone.

Table 1 Screening for Baeyer—Villiger oxidations of ketones la—d by recombinant E. coli cells producing BVMOs of bacterial origin

trans-Dihydrocarvone cis-Dihydrocarvone Carvomenthone Menthone
(-)-1a (+)-1a (-)-1b (+) 1b (-)-1c¢ (+) 1lc (-)-1d (+)-1d
Conversion“
Strain “normal” : “abnormal” lactone ratio
CHMO ,.ner0 +++ +++ +++ + ++ ++ n.c. +++
100 : 0 0:100 100: 0 64:36 100:0 0:100 — 100: 0
CHMO ., ++ +++ +++ +(traces) + + n.c. +++
100: 0 0:100 100: 0 0:100 100:0 0:100 — 100: 0
CHMO 0 +++ ++ +++ + +++ ++ n.c. +++
100:0 0: 100 100:0 57:43 100:0 0:100 — 100:0
CHMOg,..,; +++ ++ +++ + ++ ++ n.c. +++
100: 0 55:45 100: 0 100: 0 100:0 41:59 — 100: 0
CHMOg,,,» + +(traces) + n.c. +(traces) n.c. n.c. n.c.
0:100 0:100 0:100 — 0:100 — — —
CPMOg,,. + + + + + ++ n.c. n.c.
0:100 0:100 0:100 37:63 0:100 0:100 — —
CHMO 0401 +++ ++ +++ + ++ ++ n.c. +++
100 : 0 0:100 100 : 0 27:73 100:0 0:100 — 100: 0
CHMO 002 +++ +++ ++ + +++ +++ n.c. +++
100: 0 0:100 100: 0 28:72 100:0 0:100 — 100: 0

« Conversion according to GC: +++: >90%, ++: 50-90%, +: <50%.
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Table 2 Baeyer—Villiger oxidations of ketones 1a—d on preparative scale

Yield (%) [a]¥ (CHCL)

Substrate Strain Time/h 2 (normal) 3 (abnorm.) 2 (normal) 3 (abnorm.)
(-)-1a CHMO 0 19 77 (80)* - +45.5 (¢ 1.48) -

CPMO¢,,., 72 — 18 — +34.1 (¢ 0.46)
(+)-1a CHMO ,iner0 19 — 70 (73)* — —34.6 (¢ 0.90)

CHMOg,,,;; 24 34 28 —42.1 (¢ 1.12) —36.2(c0.73)
(—)-1b CHMO et 22 77 — —3.7(c3.78) —

CPMO¢y 53 — 28 — —45.8 (¢ 0.62)
(+)-1b CHMOg,,,;; 72 60 — +3.3(c 0.98) —

CHMO,,., 48 — 7 — —
(=)-1c CHMO,..., 24 71 — +16.9 (¢ 1.15) -

CPMO o 46 — 60 — +34.3 (¢ 2.35)
(+)-1¢ CHMOy,..; 44 34 44 —17.2(c 1.04) —35.1(c 1.36)

CHMOy,0 24 — 76 — —33.9(c 1.55)
(+)-1d CHMO iner0 24 82 (90)* — +19.9 (¢ 1.58) —

“ Isolated yield after FCC.

In the menthone series (1d) the findings by the group of
Furstoss® for CHMO,;.., could be generalized for the (+)-
substrate: “CHMO”-type enzymes give “normal” lactone 2d with
excellent conversions while “CPMO”-type enzymes did not accept
this precursor. None of the enzymes expressed within this strain
collection accepted (—)-1d.

To confirm the results of the screening, some representative
biotransformations were also performed on preparative scale in
order to isolate and characterize the biooxidation products; results
are summarized in Table 2.

This set of experiments confirms the principal access to both
regioisomers of the biooxidation process, in enantiocomplemen-
tary form, of the trans-dihydrocarvone and carvomenthone series
for the first time. In the cis-dihydrocarvone series three out of
the possible four isomers are accessible on preparative scale. In
these cases the biooxidation represents the only means to access
the “abnormal” products via a Baeyer—Villiger process. Moreover,
the enzymes are highly chemoselective and tolerate the presence
of olefinic substituents, which would undergo epoxidation upon
chemical oxidation.

While the obtained yields (18-82%) are not optimized, advanced
fermentation techniques have recently been applied in similar
cases to improve the overall performance of the whole-cell
mediated biooxidation reaction.?® Adaptations of these techniques
to counter the high volatility of these precursors as the major
challenge of this substrate class are currently underway in our
laboratories.

Conclusions

The observed substrate acceptance pattern and stereopreference
of the BVMOs investigated within this study is in good agree-
ment with our recently published hypothesis of two groups
of cycloketone oxidizing BVMOs." Within this class of sub-
strates “CHMO”-type enzymes displayed very good substrate
acceptance, while “CPMO”-type BVMOs usually gave poorer
conversions. “CHMO”-Type enzymes showed regiodivergent ox-
idations to both “normal” and “abnormal” lactones depending
on the absolute configuration of the ketone precursor; “CPMO”-
type BVMOs usually yielded “abnormal” lactone products. A
similar influence of the absolute configuration of enantiopure

substrate ketones was recently reported for the biooxidation of 8-
substituted cyclopentanones and -hexanones determining migra-
tory preference to yield proximal or distal lactone products.** The
CHMO originating from Brevibacterium (CHMOy,,.;) displayed
a distinctly different biooxidation profile, which underscores its
“borderline” position in the phylogenetic relationship relative to
“CHMO”-type and “CPMO”-type enzymes of this collection.

Considering the obtained results, we can conclude that both
“normal” and “abnormal” terpene derived lactones can be pre-
pared by enzyme mediated Baeyer—Villiger oxidation. Currently,
additional studies to determine the scope and limitation of this
behavior by BVMOs as well as the influence of various functional
substituents are being carried out by our group.

Experimental

Unless otherwise noted, chemicals and microbial growth media
were purchased from commercial suppliers and used without
further purification. All solvents were distilled prior to use. Shake
flask fermentations were performed in a Gerhard THOS orbital
thermoshaker. Flash column chromatography was performed on
silica gel 60 from Merck (40-63 um). NMR spectra were recorded
from CDCI; solutions on a Bruker AC 200 (200 MHz) spectrome-
ter and chemical shifts are reported in ppm using TMS as internal
standard. Enantiomeric purity was determined by chiral phase GC
using a BGB 175 column (30 m x 0.25 mm ID, 0.25 um film) on a
ThermoFinnigan Trace or Focus chromatograph and compared to
reference material obtained by chemical m-chloroperoxybenzoic
acid oxidation where applicable. GC-MS analyses were carried
out on a GC-MS Voyager 8000Top with standard capillary column
DB5 (30 m x 0.32 mm ID, 1.0 um film). Specific rotation [a]¥ was
determined using a Perkin Elmer Polarimeter 241.

Since no comprehensive characterization of the “normal” and
“abnormal” lactones of cis- and trans-dihydrocarvone, carvomen-
thone and menthone has been published until now, we provide
experimental data of all synthesised lactones.

Typical procedure for screening experiment

Precultures were inoculated with a single colony from a plate and
incubated at 37 °C on an orbital shaker at 120 rpm overnight.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1715-1719 | 1717





LB,., (25 cm®: 1% peptone, 0.5% yeast extract, 1% NaCl in dion.
water, supplemented by 200 ug mL~" of ampicillin) was inoculated
with the overnight preculture (250 uL) and incubated for 2-3 hours
at 37 °C. After reaching an optical density ODs, = 0.6, 4 uL of
IPTG stock solution was added (final concentration of 0.134 mM)
to start the expression of the corresponding monooxygenase,
followed by addition of 10 mg of substrate. Transformations were
analyzed after 24 hours of fermentation time at 24 °C by extraction
of the sample with EtOAc supplemented by an internal standard.

Typical procedure for biotransformation on preparative scale

Fresh LB,,, medium (1% peptone, 0.5% yeast extract, 1% NaCl
in dion. water, supplemented by 200 pg mL~" of ampicillin) was
inoculated with 1% of an overnight preculture of the correspond-
ing recombinant E. coli strain in a baffled Erlenmeyer flask. The
culture was incubated at 120 rpm at 37 °C on an orbital shaker for
2-3 hours. After reaching an optical density ODsy, = 0.6, IPTG
stock solution was added to a final concentration of 0.134 mM.
The substrate (3-6 mM) was added neat along with B-cyclodextrin
(1 equiv.). The culture was incubated at rt for 19-72 hours. The
biomass was removed by centrifugation, saturated with sodium
chloride, and repeatedly extracted with the corresponding solvent
(EtOAc, diethylether or dichloromethane). The combined organic
layers were dried over sodium sulfate, filtered, and the solvent was
removed in vacuo. The crude material was purified by standard
flash column chromatography.

7-Methyl-4-isopropenyl-2-oxo-oxepanone 2a.

(4S,7S)-(+). (—)-trans-Dihydrocarvone 1a (60 mg in 125 cm’
of LB,,,) was oxidized with CHMO 4., according to the general
procedure. The crude product was purified by column chromatog-
raphy (silica gel, petroleum ether (PE) : Et,O = 6 : 1) and (+)-2a®
was obtained as a colorless oil (51 mg, 77%). [a]¥ +45.5 (¢ 1.48,
CHCL) (lit.,* +46.2, ¢ 1.1, CHCL,).

(4R,7R )-(—). (+)-trans-Dihydrocarvone 1a (92 mg in 250 cm?®
of LB,,,,) was oxidized with CHMO,,,;; according to the general
procedure. The crude product, a mixture of normal and abnormal
lactones, was separated by column chromatography (silica gel, PE :
Et,O0 =6:0.5;6: 1) and (—)-2a° was obtained as a colorless oil
(35 mg, 34%). [a]? —42.1 (¢ 1.12, CHCL,)

0u(200 MHz; CDCl;; Me,Si) 1.37 (3 H, d, J 6.4 Hz), 1.58-1.97
(4 H, m), 1.73 (3 H, s), 2.24-2.35 (1 H, m), 2.58-2.80 (2 H, m),
4.41-4.54 (1 H, m) and 4.74-4.76 (2 H, m); (50 MHz; CDCl;;
Me,Si) 20.1 (q), 22.6 (q), 34.3 (1), 35.8 (1), 40.2 (1), 41.8 (d), 76.2
(d), 110.1 (t), 148.4 (s) and 174.6 (s); m/z 168 (M*, 6%), 125 (33),
108 (43), 81 (34), 67 (100).

3-Methyl-6-isopropenyl-2-oxo-oxepanone 3a.

(3S,6R )-(+). (—)-trans-Dihydrocarvone 1a (95 mg in 250 cm’®
of LB,,,) was oxidized with CPMO,,, according to the general
procedure. The crude product was purified by column chromatog-
raphy (silica gel, PE : Et,O = 6 : 1) and (+)-3a’ was obtained as a
colorless oil (19 mg, 18%). [a]® +34.1 (¢ 0.46, CHCL;).

(3R,6S)-(—). (+)-trans-Dihydrocarvone 1a (40 mg in 125 cm?
of LB,,,) was oxidized with CHMO ,,,.,, according to the general
procedure. The crude product was purified by column chromatog-
raphy (silica gel, PE : Et,O = 6 : 1) and (—)-3a® was obtained as a
colorless oil (31 mg, 70%). [a]5 —34.6 (¢ 0.9, CHCL,) (lit.®* —35.8,
¢ 1.6, CHCl,).

3,(200 MHz; CDCL; Me,Si) 1.22 3 H, d, J 6.7 Hz), 1.50-2.07
(4 H, m), 1.82 (3 H, s), 2.22-2.34 (1 H, m), 2.68-2.85 (1 H, m),
4.15-4.18 (2 H, m) and 4.72-4.83 (2 H, m); 5o(50 MHz; CDCl,;
Me,Si) 18.4 (q), 21.8 (q), 31.8 (1), 34.1 (t), 37.2 (d), 46.4 (d), 71.5
(), 111.1(t), 145.7 (s) and 177.7 (s); m/z 168 (M*, 0.4%), 138 (23),
110 (100), 95 (46), 68 (89).

7-Methyl-4-isopropenyl-2-oxo-oxepanone 2b.

(4S,7R )-(—). (—)-cis-Dihydrocarvone 1b (100 mg in 250 cm?
of LB,,,) was oxidized with CHMO 4., according to the general
procedure. The crude product was purified by column chromatog-
raphy (silica gel, PE : Et,O = 3 : 1) and (—)-2b’ was obtained as a
colorless oil (85 mg, 77%). [a]}y —3.7 (¢ 3.78, CHCL,).

(4R,7S)-(+). (+)-cis-Dihydrocarvone 1b (50 mg in 125 cm?® of
LB,.,) was oxidized with CHMOs,,; according to the general
procedure. The crude product was purified by column chromatog-
raphy (silica gel, PE : Et,0 = 3 : 1) and (+)-2b was obtained as a
colorless oil (33 mg, 60%). [a]X) +3.3 (¢ 0.98, CHCL,).

0n(200 MHz; CDCl;; Me,Si) 1.37 (3 H, d, J 6.4 Hz), 1.72-2.05
(4 H, m), 1.79 (3 H, s), 2.52-2.59 (1 H, m), 2.75-3.04 (2 H, m),
4.44-4.55 (1 H, m) and 4.84-4.86 (2 H, m); 6.(50 MHz; CDCl;;
Me,Si) 21.3 (q), 21.8 (q), 29.7 (1), 33.3 (1), 38.4 (1), 38.6 (d), 75.5
(d), 111.4 (1), 146.3 (s) and 173.8 (s); m/z 168 (M*, 6%), 139 (13),
108 (98), 81 (39), 67 (100).

3-Methyl-6-isopropenyl-2-oxo-oxepanone 3b°.

(3R,6R )-(—). (—)-cis-Dihydrocarvone 1b (95 mg in 250 cm’
of LB,,,) was oxidized with CPMO,,,, according to the general
procedure. The crude product was purified by column chromatog-
raphy (silica gel, PE : Et,0 = 3 : 1) and (—)-3b was obtained as a
colorless oil (30 mg, 28%). [a]}y —45.8 (¢ 0.62, CHCL,).

on(200 MHz; CDCl;; Me,Si) 1.20 (3 H, d, J 6.7 Hz), 1.64-2.14
(4 H, m), 1.80 (3 H, s), 2.40-2.50 (1 H, m), 2.76-2.93 (m, 1H),
4.32-4.49 (2 H, m) and 4.88-4.90 (2 H, m); 6.(50 MHz; CDCl;;
Me,Si) 18.0 (q), 21.6 (q), 28.6 (1), 29.5 (1), 36.7 (d), 43.2 (d), 69.0
(t), 112.3 (1), 144.1 (s) and 177.2 (s); m/z 168 (M*, 3%), 153 (9),
138 (12), 110 (98), 95 (51), 68 (100).

7-Methyl-4-isopropyl-2-oxo-oxepanone 2¢*.

(4R,7S)-(+). (—)-Carvomenthone 1c¢ (50 mg in 125 cm® of
LB,.,) was oxidized with CHMOy,,;; according to the general
procedure. The crude product was purified by column chromatog-
raphy (silica gel, PE : EtOAc =9 : 1) and (+)-2¢ was obtained as
a colorless oil (39 mg, 71%). [a]}) +16.9 (c 1.15, CHCL,).

(4S,7R )-(—). (+)-Carvomenthone 1c¢ (93 mg in 250 cm® of
LB,.,) was oxidized with CHMOs,,; according to the general
procedure. The crude product, a mixture of normal and abnormal
lactone, was separated by column chromatography (silica gel, PE :
EtOAc = 9.5 : 0.5) and (—)-2¢ was obtained as a colorless oil
(36 mg, 34%). [a]y) —17.2 (¢ 1.04, CHCL).

ou(200 MHz; CDCl;; Me,Si) 0.87 (3 H, d, J 6.7 Hz), 0.90 (3 H,
d,J6.7Hz),1.35(3H,d, J 6.4 Hz), 1.41-1.96 (6 H, m), 2.46-2.49
(1 H, m) and 4.36-4.50 (1 H, m); 6.(50 MHz; CDCl;; Me,Si) 18.5
(q), 18.8 (q), 22.6 (q), 31.3 (1), 33.5 (d), 35.8 (1), 38.1 (1), 40.3 (d),
76.6 (d) and 175.7 (s); m/z 171 (M*, 0.4%), 155 (1), 126 (58), 83
(100), 69 (29), 55 (52).

3-Methyl-6-isopropyl-2-oxo-oxepanone 3c.

(3S,6R)-(+). (—=)-Carvomenthone 1c¢ (90 mg in 250 cm?® of
LB,.,) was oxidized with CPMO,,, according to the general
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procedure. The crude product was purified by column chromatog-
raphy (silica gel, PE : EtOAc =9 : 1) and (+)-3¢ was obtained as
a colorless oil (60 mg, 60%). [a] +34.3 (¢ 2.35, CHCL,).

(3R,6S)-(—). (—)-Carvomenthone 1¢ (50 mg in 125 cm® of
LB..,) was oxidized with CHMOy,,,, according to the general
procedure. The crude product was purified by column chromatog-
raphy (silica gel, PE : EtOAc =9 : 1) and (—)-3¢ was obtained as
a colorless oil (42 mg, 76%). [a]y —33.9 (¢ 1.55, CHCL,).

0u(200 MHz; CDCl;; Me,Si) 0.90 (3 H, d, J 6.8 Hz), 0.91 (3 H,
d,J6.8Hz), 1.19(3H,d, J 6.8 Hz), 1.50-1.89 (6 H, m), 2.70-2.78
(1 H, m) and 4.03-4.20 (2 H, m); 6.(50 MHz; CDCl;; Me,Si) 18.4
(q), 19.1(q), 19.4 (q), 31.0 (d), 31.1 (t), 31.8 (1), 37.0 (d), 44.6 (d),
71.6 (t) and 178.1 (s); m/z 171 (M*, 0.4%), 140 (3), 125 (5), 98
(100), 82 (14), 69 (30), 55 (32).

(4S,7R)-(+)-4-Methyl-7-isopropyl-2-oxo-oxepanone 2d. (+)-
Menthone 1d (50 mg in 125 cm® of LB,,,) was oxidized with
CHMO ., according to the general procedure. The crude
product was purified by column chromatography (silica gel, PE :
EtOAc = 9 : 0.5) and (+)-2d* was obtained as a colorless oil
(45 mg, 82%). [a]y +19.9 (¢ 1.58, CHCL,) (lit.,* +20.5, ¢ 1.4,
CHCI,).

01(200 MHz; CDCl;; Me,Si) 0.97 (3 H, d, J 6.8 Hz), 0.98 (3 H,
d,J 6.8 Hz), 1.04 3H,d, J 6.6 Hz), 1.20-1.99 (6 H, m), 2.42-2.62
(2 H, m), 4.04 (1 H, dd, J 9.0 and 4.4 Hz); 6.(50 MHz; CDCl;;
Me,Si) 17.0 (q), 18.3 (q), 23.9 (q), 30.3 (d), 30.9 (t), 33.2 (d), 37.3
(t),42.4 (1), 84.6 (d) and 174.9 (s); m/z 171 (M*, 2%), 127 (93), 99
(85), 81 (100), 69 (96), 55 (86).
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Herein we report the first biochemical characterization of an
enzyme involved in the biosynthesis of chloramphenicol that
provides new insights into the origins of the antibiotic.

Chloramphenicol, produced by Streptomyces venezuelae, is a
potent antibiotic whose mechanism of action is inhibition of
protein synthesis via binding to the 50S subunit of the bac-
terial ribosome. Its unusual structure, which includes a rarely
observed aromatic nitro group and a dichloroacetamide moi-
ety, has motivated many investigations into the antibiotic’s
biosynthesis." Precursor labelling experiments proved that L-
para-aminophenylalanine, a non-proteinogenic amino acid, is a
direct precursor of chloramphenicol' (Fig. 1A). Accordingly,
the chloramphenicol biosynthesis pathway is known to con-
sist of the synthesis, B-hydroxylation, N-dichloroacetylation, N-
oxygenation, and reduction of p-aminophenylalanine.

A.

HO
L-para-aminophenylalanine Chloramphenicol
B.
Biosynthetic Reaction
B-Hydroxylation

Putative Enzyme
CmlA, a-ketoglutarate-dependent,

non-heme iron dioxygenase

N-Dichloroacetylation CmlG, amidase
N-Oxygenation Cmll, N-oxygenase
Reduction CmlP, nicotinamide-dependent reductase

Fig. 1 (A) Chemical structures of chloramphenicol and its precursor,
L-para-aminophenylalanine. (B) The reactions and their putative catalysts
for the conversion of L-p-aminophenylalanine into chloramphenicol.

The presumed enzymes for these reactions were identified by
bioinformatic analysis of the open-reading frames identified in the
sequence of the genetic locus for chloramphenicol biosynthesis
in S. venezuelae* (Fig. 1B). Thus far, genetic analyses of the

“Department of Biological Chemistry and Molecular Pharmacology, Har-
vard Medical School, 240 Longwood Avenue, Boston, M A, USA. E-mail:
christopher_walsh@hms.harvard.edu; Fax: +11 671 432-0438

*Department of Bacteriology, University of Wisconsin, Madison, WI, USA.
E-mail: thomas@bact.wisc.edu, Fax: +11 608-262-9895

T Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/b703356g

i Current address: Department of Analytical Chemistry, Wyeth Pharma-
ceuticals, 401 N. Middletown Road, Pearl River, NY 10965

§ Current address: Department of Chemistry, Brown University, 324 Brook
Street, Providence, RI, USA. E-mail: jason_sello@brown.edu

biosynthetic locus in S. venezuleae have not validated the proposed
functions of the enzymes encoded by these genes or revealed the
order of the reactions in the biosynthesis."? Herein we report the
first biochemical characterization of an enzyme implicated in the
biosynthesis of chloramphenicol.

The subject of this study is the enzyme coded by the cml/P
gene. CmlIP shows sequence similarity and protein domain orga-
nization with the yeast a-aminoadipate reductase (Lys2) involved
in L-lysine biosynthesis.* Both enzymes contain an N-terminal
adenylation domain, an internal peptidyl carrier domain, and a C-
terminal domain that is homologous to nicotinamide-dependent
dehydrogenases. Analysis of Lys2 established that the first two
domains are involved in o-aminoadipate recognition followed
by autoaminoacylation to generate an aminoacylthioester in-
termediate. The C-terminal domain subsequently catalyzes the
reductive release of this intermediate resulting in a-aminoadipate
semialdehyde formation.® Based on this precedent, the catalytic
strategy of CmlIP could be an iterative cycle of autoaminoacylation
of the constituent phosphopantetheine moiety and reduction
of the resulting aminoacyl thioester. A set of experiments was
designed and performed to test this hypothesis.q

CmlP, like Lys2 and the non-ribosomal synthetases, has
an adenylation domain. These domains catalyze the ATP-
dependent conversion of amino acids into reactive aminoacyl
adenylates, which is required for autoaminoacylation. Because L-p-
aminophenylalanine is a known precursor of chloramphenicol, we
hypothesized that it would be the favored co-substrate of the CmlP
adenylation domain. To enable assays of its activity, CmIP was
heterologously over-produced in E. coli and purified to homogene-
ity by sequential Ni**-chelate and ion-exchange chromatography.
By convention,* adenylation of L-p-aminophenylalanine by CmlIP
was assessed indirectly by measuring the rate at which apo-CmlP
catalyzed exchange of the radiolabel from [**P]-pyrophosphate to
ATP in the presence of the amino acid. The kinetic parameters of
the exchange reaction were determined (K, = 0.90 + 0.01 mM,
ke = 7.3 £ 0.2 min") and used to calculate a catalytic efficiency
(kew/ K ,) of 8.11 mM~" min~'. These parameters are very similar
to those reported for a homologous adenylation domain in the
presence of its cognate amino acid co-substrate.® There is a
strong preference for L-p-aminophenylalanine, as CmlP catalyzed
pyrophosphate exchange at markedly lower rates in the presence
of the proteinogenic, aromatic amino acids—tyrosine and pheny-
lalanine (Table 1). Interestingly, CmlP-catalyzed pyrophosphate
exchange was nearly undetectable when L-p-aminophenylalanine
was replaced with either L-p-nitrophenylalanine or racemic threo-
phenylserine. These results have implications for the order of re-
actions in chloramphenicol biosynthesis. The low degree to which
L-p-nitrophenylalanine stimulates the catalysis of pyrophosphate
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Table 1 Kinetic parameters of the CmlP-catalyzed pyrophosphate ex-
change in [*P]PPi-ATP assays with L-p-aminophenylalanine (L-p-APA),
L-phenylalanine (L-Phe), and L-tyrosine (L-Tyr)

Amino acid K,/mM Ko/ min~! kew/ K/ mM~'min™!
L-p-APA 0.90 £ 0.01 73+£0.2 8.11

L-Phe 9.40 £+ 0.90 0.90 +0.03 0.096

L-Tyr 4.10+0.43 1.97 £ 0.11 0.48

exchange rules out the possibility that N-oxygenation of L-p-
aminophenylalanine precedes its adenylation in the biosynthesis
of chloramphenicol. Likewise, the adenylation is likely to precede
B-hydroxylation in the biosynthetic sequence since phenylalanine
stimulates CmlP catalysis of pyrophosphate exchange while threo-
phenylserine, the 8-hydroxylated form of phenylalanine, does not.
In total, these data suggest that the CmlP-mediated adenylation
of L-p-aminophenylalanine is the first step in its conversion to
chloramphenicol.

By analogy to the mechanism of Lys2,* we proposed that
CmlP activates and attaches L-p-aminophenylalanine to itself via
a thioester linkage to the phosphopanthetheine moiety bound to
its peptidyl carrier domain. To assay autoaminoacylation, holo-
CmlP was incubated with [*H]-L-p-aminophenylalanine and ATP
and the enzyme’s incorporation of the radiolabel was measured
by liquid scintillation counting. In this experiment, nearly 50% of
the holo-CmlP is autoaminoacylated within 50 minutes (Fig. 2).
The rate and degree of p-aminophenylalanyl-S-CmlIP formation
are consistent with those reported for related enzymes.**

Based on the mechanism of Lys2 and related enzymes,*%” the
reductase domain of CmlP is expected to reduce an aminoacyl-S-
enzyme intermediate. Using loss of radiolabel as an indicator of
reductive release, the activity of the CmlP reductase domain was
assessed by measuring the stability of ['H]-L-p-aminophenylalanyl-
S-CmlP in the presence of nicotinamide co-factors. Using cold

NH, SHi
CmlP

~NH; ﬁ'
ATP AMP + PPi

HO 0

NO,
cl
N
HO" (o]
0
HO

NH,
. . . (¢}
Enzymatic Tailoring by n#\
M CmlA, CmlG, and Cmll ~ *° =
S (o]

% CmIP Autoaminoacylation

0 c 1 1 1 !

0 20 40 60 80 100
Time (min.)

Fig. 2 Time course of CmlP autoaminoacylation with [*H]-L-p-amino-
phenylalanine (in black, closed circles) and responses of the L-p-amino-
phenylalanyl-S-enzyme intermediate to the addition of NADPH to a con-
centration of 10 mM (dotted line, open circles). L-p-Aminophenylalanine
was added as a cold chase.

p-aminophenylalanine as a chase, this intermediate was found to
be stable in the presence of NADPH (Fig. 2) and NADH (data
not shown). As there are no indications that the reductase domain
is improperly folded or otherwise inactive, the most plausible ex-
planation of this result is that CmIP-bound p-aminophenylalanine
is not the substrate of the reductase domain and that the amino
acid is enzymatically modified at least once before it is reductively
released. In fact, there are precedents for the B-hydroxylation
and N-acylation of enzyme-bound amino acids in antibiotic
synthetic pathways by functional homologs of CmlA and CmlG,
respectively.>®

NO;

,--""(-\NMP)H

NAD(P)*

Chloramphenicol

Scheme 1

Proposal for the biosynthesis of chloramphenicol.
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Our biochemical analysis of CmlP has provided the first insights
into the molecular logic of the chloramphenicol biosynthesis. The
conclusion drawn from our study is that CmlP autoaminoacy-
lation with L-p-aminophenylalanine is the first committed step
in its conversion to chloramphenicol. The results also suggest
that through this reaction, the amino acid is primed not only
for reduction, but at least one of the other three enzymatic
transformations in the biosynthetic pathway. Based on bioinfor-
matic analyses and literature precedents,>® we propose that CmlG
and CmlA catalyze N-dichloroacetylation and B-hydroxylation
of the aminoacyl-S-enzyme intermediate. After these tailoring
reactions and perhaps N-oxygenation by Cmll, the amino acid
would be reductively released via the action of the CmlIP reductase
domain (Scheme 1). This unusual catalytic strategy of tailoring an
aminoacyl-S-enzyme intermediate by enzymes acting in cis and
in trans is another example on the growing list of variations on
the assembly-line enzymology strategy for antibiotic biosynthesis.”
Validation of this model will require reconstitution of the activities
of the other chloramphenicol biosynthetic enzymes, which has so
far been not been achieved.
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Notes and references

9 Heterologous overproduction and purification of CmlP. Details concerning
the cloning of ¢mlP, heterologous overproduction of CmlP in E. coli,
and purification of CmlP are provided in the ESL{ [2P|PPi-ATP
exchange assays. Reactions were carried out under standard conditions.
Reactions for amino acid specificity contained 2 uM and 1 mM of L-p-
aminophenylalanine, L-phenylalanine, L-tyrosine, L-p-nitrophenylalanine,

or racemic phenylserine. For determining the kinetic parameters of
pyrophosphate exchange in the presence of L-p-aminophenylalanine, the
reactions were carried out for 10 minutes with varying concentrations of
the amino acid. The reaction time was lengthened to 30 minutes and the en-
zyme concentration was increased to 4 uM to determine kinetic parameters
for pyrophosphate exchange with tyrosine and phenylalanine. Assays were
performed in triplicate for each concentration of amino acid. The reactions
were in the linear range for enzyme concentration and <10% substrate-to-
product conversion. Autoaminoacylation assays. Reactions were carried
out in solution containing 75 mM Tris-HCI (pH 7.5), 10 mM MgCl,,
1 mM ATP, 1| mM tris-(2-carboxyethyl)phosphine hydrochloride, I mM
L-p-aminophenylalanine, 50 uM [*H] p-aminophenylalanine (2 Ci mmol ',
custom synthesized by Moravek Biochemicals, Inc.) with 2 uM of
holo CmlP. Samples were quenched by precipitating protein with 10%
TCA. After washes with 10% TCA, the protein was resuspended in 88%
formic acid and the amount of radiolabel incorporated was measured
by liquid scintillation counting. The percent modification of CmlIP was
calculated from the specific activity of the [*H]-L-p-aminophenylalanine
and the holo-CmlIP concentration. A coomassie-stained SDS-PAGE gel
and a corresponding autoradiogram of CmlP incubated with [*H]-L-p-
aminophenylalanine and with or without ATP are included in the ESIf
to show that the radiolabel detected by these assays is associated with
CmlIP. Reductase activity assays. The [*H]-L-p-aminophenylalanyl-S-CmIP
intermediate was formed as described above. After 50 minutes, | mM L-p-
aminophenylalanine was added to the reaction as a cold chase and varying
concentrations of NADPH or NADH. The samples were processed and
the percent modification of CmlP was calculated as described above.
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A cascade radical-mediated Diels—Alder reaction with the iododienynone 16b produced the tricyclic
ketone 17 (22%). By contrast, treatment of the substituted furans 36 and 47 with Bu;SnH-AIBN,
instead led to the tetracycles 44 and 58 respectively, rather than the anticipated oestranes, i.e. 38 and 48.
In a separate study, attempted cascade radical-mediated cyclisations from the ortho-aryl substituted
iododienynones 72 and 73, leading to the ring-D aromatic steroid 7, instead gave the macrocyclic
ketone 76 or the novel bridged tricycles 77/82, respectively, depending on whether benzene or heptane

was used as solvent in the reactions.

Introduction

Applications of cascade radical-mediated cyclisation reactions
towards the construction of a wide array of ring-fused polycyclic
carbo- and heterocycles abound in the literature.! Over more than
a decade, our research group has explored a number of comple-
mentary radical-mediated macrocyclisation—transannulation and
sequential cascade ring forming reactions to elaborate a plethora
of linear, angular, and other ring-fused systems found amongst
natural products,” including terpenoids, taxoids® and steroids.*
Within these studies we have used alkyl, allyl, vinyl, acyl and
oxy-centred radical intermediates, and implicated a number of
substituted alkene and alkyne electrophores, i.e. radical acceptors.
In several investigations we have demonstrated that a terminal con-
jugated ynone electrophore has particular advantages in cascade
reactions involving substrates which incorporate additional alkene
unsaturation, e.g. the cascade 12-endo-dig, 6-exo-trig cyclisation
of the precursor 1 to the tricyclic 6,8,6-ring fused ‘taxane’ system
235 In a continuation of our studies of the use of the ynone
electrophore in the elaboration of interesting ring-fused systems,
we have now examined their scope in two new approaches to
steroid synthesis. Thus, in one study we have examined an oestrane
ring synthesis of 5 based on a macrocyclisation from a substrate,
viz 3, which includes an ynone electrophore and a 1,3-diene unit,
leading to 4, followed by radical-like transannular Diels—Alder

School of Chemistry, The University of Nottingham, University Park,
Nottingham, England, UK NG7 2RD. E-mail: gp@nottingham.ac.uk;
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T Electronic supplementary information (ESI) available: Experimental
details. See DOI: 10.1039/b703373g
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cycloaddition (Scheme 1). In a second study, we have explored
an approach to ring-D aromatic steroids, such as nicandrenone 8,
based on the cascade of 14-endo-dig, 6-exo-trig and 6-exo/endo-
trig radical cyclisations between 6 and 7, shown in Scheme 1.

Results and discussion

A radical-mediated Diels—Alder approach to the synthesis of
oestranes

A wealth of ingenious methods have been developed to synthesise
oestranes and other steroids. Methods based on biogenetic-
type electrophilic cyclisations of polyene precursors,® Diels—
Alder reactions,” and transition metal-catalysed cyclisations of
enynes and triynes,® are particularly prominent. Cascade radical-
mediated processes to synthesise steroids have also been ex-
amined by several authors,” including ourselves.” In addition,
Deslongchamps et al.'' have described some useful examples of
transannular Diels—-Alder reactions in steroid ring constructions,
and Malacria and Journet'* have used radical-based intramolecu-
lar Diels—Alder reactions in oestrane synthesis.

To demonstrate credence for the proposed radical-mediated
Diels—Alder approach to oestranes, presented in Scheme 1, we first
examined the less elaborate m-iodo-1,3-diene ynone system 16b."
The ynone 16b was elaborated via a Suzuki coupling reaction
between the known E-vinyl iodide 11** and the E-vinylboronic
acid 10 derived from the known acetylene 9, in the presence of
Pd(PPh;), and aqueous LiOH (Scheme 2). This coupling reaction
led to the conjugated E,E-diene 12a which, using a sequence of
functional group transformations, i.e. 12a — 12b — 13a — 13b
— 14, was next converted into the aldehyde 14. Treatment of
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the aldehyde 14 with acetylenemagnesium bromide led to the
corresponding sec-alcohol 15, which was then oxidised to the
ynone 16a using Dess—Martin periodinane. Finally, exchange of
bromide for iodide under Finkelstein conditions gave the w-iodo-
1,3-dieneynone system 16b.

When a solution of 16b in benzene was treated with Bu;SnH—
AIBN at 80 °C for 8 h, work-up and chromatography gave a
single diastereoisomer of the expected tricyclic enone 17, but in a
modest yield of 22%; the only other product characterised was the

dienynone 16c¢ resulting from reduction of the carbon-to-iodide
bond in the starting material 16a. The structure of the tricyclic
enone 17 followed from comparison of its spectroscopic data with
those of similar compounds prepared earlier by Roush ez al.,' who
used a sequence based on an intramolecular Wadsworth-Emmons
olefination from an appropriate ketophosphonate precursor, viz 18
— 19, followed by an in situ intramolecular Diels—Alder reaction.
The cis, syn, cis stereochemistry assigned to 17 was based on
detailed NOE studies together with molecular modelling and

i i
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H
Xii
R
H
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Scheme 2 Reagents and conditions: (i) catecholborane, THF, 67 °C, 14 h, 77%; (ii) H,O, 4 h, 87%; (iii) Pd(OAc),, PPh;, 11, THF, aq. LiOH, 40 °C, 16 h,
82%; (iv) Ac,0, NEt;, DMAP, DCM, 0 °C, 4 h, 91%; (v) TBAF, THF, 2 h, 79%; (vi) CBr,, PPh;, DCM, 0 °C, 30 min, 89%; (vii) K,CO;, MeOH, 2 h,
97%; (viii) Dess—Martin periodinane, DCM, 30 min, 89%; (ix) =-MgBr, THF, 0 °C — rt, 30 min, 98%; (x) Dess—Martin periodinane, DCM, 30 min,
82%; (xi) Nal, acetone, 16 h, quant.; (xii) Bu;SnH, AIBN, benzene, 80 °C, 8 h, 16¢ = 6%, 17 = 22%.
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comparison of vicinal coupling data in its '"H NMR spectrum,
with those of similar compounds described by Roush ef al.’® The
formation of exclusively the cis, syn, cis-diastereoisomer 17 from
16b is interesting and most likely implicates a pathway involving
a 13-endo-dig radical macrocyclisation, leading to 20, followed
by in situ H* quench to the E,E,Z-trienone intermediate 22 and
Diels—-Alder transannulation through an “endo-like” transition
state (Scheme 3). It is conceivable that a tandem 6-exo-trig, 5-
exo-trig radical cyclisation from the E,E,E-trienone intermediate
21, via 23, would also produce 17, but this pathway would also be
expected to lead to a mixture of diastereoisomers of the tricyclic
enone.

We next decided to examine a cascade radical cyclisation from
the corresponding w-iodoynone 24 where the 1,3-diene unit is
accommodated within a furan ring. Furans are well known
to act as excellent dienes in Diels—Alder cycloadditions,” and
the proposed sequence 24 — 25 — 26, would simultaneously
introduce an ether bridge in the adduct 26 permitting further
elaboration, as required.

The furyliodoynone 24 was prepared in a straightforward
manner, starting from the known substituted propanols 27a* and
28a? (Scheme 4). Thus, protection of 27a as its TBDPS ether
27b, followed by conversion into the corresponding 5-furyllithium
species 30a using BuLi, and quenching with Bu;SnCl first gave
the relatively unstable furylstannane 30b.*' Without isolation
and purification, the stannane 30b was reacted immediately with
the E-vinyl iodide 29, in the presence of Pd(PPh;),Cl,, leading
to the substituted vinylfuran 31a which was characterised as
the alcohol 31b. The E-vinyl iodide 29 was prepared from
the alcohol 28a after oxidation to 28b followed by a Wittig
olefination reaction with ICH,*PPh;I™ in the presence of KO'~Bu.
Hydrogenation of 31b next gave 32 which by successive functional

group interconversions was then converted into the aldehyde 34b.
Treatment of this aldehyde 34b with acetylenemagnesium bromide
led to the propargylic alcohol 34¢ which, after oxidation to the
corresponding ketone 35a and exchange of bromide for iodide,
gave the furyliodoynone 24.

Much to our disappointment, the furyliodoynone 24 was
unstable in hot benzene, and treatment of solutions in benzene
with Bu;SnH-AIBN under a range of temperatures led largely to
polymeric material. Only in one case, using Bu;SnH in the presence
of Et;B at 0 °C,* were we able to generate a radical centre from the
substrate 24, but this was immediately quenched by H* producing
35b in 37% yield. Unperturbed, we reasoned that the correspond-
ing ortho benzene-substituted furyliodoynone analogue 36 of 24
would be more robust to heat, and allow us to realise a cascade
radical-mediated macrocyclisation—transannulation Diels—-Alder
sequence, via 37, producing the oestrane 38.

The arylfuran iodoynone 36 was rapidly accessed via the adduct
39a resulting from a Stille coupling reaction between the previously
synthesised furylstannane 30b and 2-iodobenzeneacetonitrile
(Scheme 5). The arylfuran 39a was next elaborated to the aldehyde
40b in three straightforward synthetic steps, which was then
converted into the iodoynone 36 using chemistry developed earlier
in the synthesis of the analogue 24.

When a dilute solution of the arylfuran iodoynone 36 in reflux-
ing benzene was treated with Bu;SnH-AIBN, a single tetracyclic
product was isolated in 45% yield (69% based on recovered
starting material). The NMR spectroscopic data recorded for the
tetracycle were not consistent with the expected oestrane ring
system 38. Instead, the data, i.e. the presence of three olefinic
protons, one of which, absorbing at J; 5.89 correlated with a
carbon resonance at d. 89.8 ppm next to oxygen, were consistent
with the alternative tetracyclic [6,8,6,5] ring-fused dihydrofuran
structure 44. The tetracyclic ether 44 is produced from 36 via initial
13-endo-dig macrocyclisation of the alkyl radical intermediate 43
leading to the vinyl radical species 37 which equilibrates with the
geometrical isomer 46 (Scheme 6). A 6-exo-trig cyclisation at C-2
of the furan ring in 46, accompanied by allylic migration then
produces the benzylic radical intermediate 45 which is quenched
by H-abstraction leading to 44.
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Scheme 4  Reagents and conditions: (i) PCC, silica, DCM, 4 h, 60%; (ii) ICH,"PPh;I~, KO'~Bu, THF, —60 — —40 °C, 2 h, 97%; (iii) TBDPSCI, NEt;,

DMAP, DCM, 16 h, 97%; (iv) (a) ~BuLi, THF, —78 — —20 °C, 3 h, then Bu;SnCl,

—20°C — rt, 3 h, then 29, Pd(PPh;),Cl,, THF, 67 °C, 16 h, (b) PPTS,

MeOH, 24 h, 40%; (v) PA(OH),, H,, McOH, 6 h, 96%; (vi) Ac,O, NEt,, DMAP, DCM, 0 °C, 6 h, 74%; (vii) TBAF, THF, 2h, 96%; (viii) CBr,, PPh,,

DCM, 0 °C, 20 min, 95%; (ix) K,CO;, MeOH, 4 h, 98%; (x) Dess—Martin periodinane, DCM, 20 min, 70%; (xi) =—

MgBr, THF, 0 °C — rt, 30 min, 84%;

(xii) Dess—Martin periodinane, DCM, 30 min, 88%; (xiii) Nal, K,COs, acetone, 14 h, quant.; (xiv) Et;B, Bu;SnH, Tol, 0 °C, 48 h, 37%.
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We surmised that the driving force for the formation of 44 from
36 not only had its origins in the relative stabilisation and reactivity
of the equilibrating vinyl radical intermediates 37 and 46," but
also in the stabilisation of the product radical centre in 45, by
the neighbouring benzene ring and adjacent oxygen centre. To
overcome the latter stabilisation, we therefore finally decided to
examine a radical cascade from the cyclohexene analogue of 36,
i.e. 47, in anticipation of synthesising the modified steroidal ring
system 48.

The substituted cyclohexene 47 was synthesised via a Stille
coupling reaction between the furylstannane 30b and the vinyl-
triflate 51 derived in two straightforward steps from the known
hemiaminal 49, which gave the furanylcyclohexene 52a in 85%
yield (Scheme 7). A series of functional group manipulations
allowed the conversion of 52a into the substituted aldehyde 53¢
which was then converted into the w-iodoynone 47 using synthetic
methods and procedures already developed in the synthesis of the
related compounds 16b, 24 and 36.

37

o =

Radical

Dlels Alder ?

38

When a solution of the m-iodoynone 47 in benzene was treated
with Bu;SnH-AIBN, work-up and chromatography gave a single
diketone product, as colourless crystals, in 40% yield. Detailed
analysis of the "H and "C NMR spectroscopic data failed to
resolve the structure of the product, and suitable crystals for
X-ray analysis could not be grown. We therefore treated the
diketonic product with DIBAL-H which led to a crystalline diol,
viz 59 suitable for X-ray analysis. The X-ray crystal structure
of the diol (Fig. 1)* demonstrated that the diketone product
resulting from treatment of the w-iodoynone 47 has the novel and
unusual tetracyclic diene dione structure 58. The formation of 58
presumably results from an initial 13-endo-dig macrocyclisation
from the radical intermediate 54 leading to 55, which then
undergoes 6-exo-trig transannular cyclisation leading to the new
radical intermediate 56 (Scheme 8). Instead of being quenched by
H-abstraction, leading to a structure similar to 44, the radical 56
then undergoes a precedented fragmentation® to the enedione
species 57. A final 5-exo-trig radical cyclisation, involving the
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Scheme 5  Reagents and conditions: (i) 2-iodobenzeneacetonitrile, Pd(PPh;),Cl,, THF, 67 °C, 16 h, 89%; (ii) TBAF, pTSA, THF, 12 h, 75%; (iii) CBr,,
PPh;, DCM, 0 °C, 30 min, 85%; (iv) (a) DIBAL-H, Tol, =78 — 0 °C, 4.5 h, (b) =MgBr, THF, —78 °C — rt, 2h, 60%; (v) Dess—Martin periodinane,

DCM, 2 h, 50%; (vi) Nal, K,CO;, acetone, 14 h, 77%.
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cyclohexene double bond in 57 then leads to the tetracyclic diene
dione S8.

A radical-mediated cyclisation approach to ring-D aromatic
steroids

The family of insect antifeedant compounds known as nican-
drenones, e.g. 8, isolated from the Peruvian “shoofly” plant Nican-
dra physaloides is probably the best-known group of naturally
occurring ring-D aromatic steroids.® Although some detailed
studies have been made of the possible origin of the aromatic rings
in these compounds,” relatively little attention has been given to
their total synthesis.®

In an earlier study, which resulted in a synthesis of epi-oestrone
62, we showed that treatment of the iododienynone 60 with

Bu;SnH-AIBN led to the polycyclic enone 63 in 40% yield,
via a cascade of 13-endo-dig (to 61), 5-exo-trig and 6-exo—endo-
trig radical cyclisations (Scheme 9).* As an approach to ring-D
aromatic steroids we reasoned that, by analogy, the iododienynone
64, which contains a trisubstituted, rather than a disubstituted,
double bond, and one more methylene carbon in its side-chain
compared to 60, should undergo a similar cascade of radical
cyclisations leading to the polycycle 7, as a possible progenitor
to nicandrenones, e.g. 8.%°

In order to establish proof of principle, we first prepared both
the E- and Z-isomers of the trisubstituted double bonds in 64
where R = H and OMe, i.e. 72a, 73a, 72b and 73b (Scheme 10).
These syntheses were carried out in a fairly straightforward
manner starting from readily available starting materials. Thus,
separate Julia olefination reactions between the benzothiazole
sulfone 66, derived in two steps from the secondary alcohol
65b,** and the previously synthesised aldehydes 67a and 67b,*
using NaHMDS as base, first led to 3 : 2 mixtures of E- and
Z-isomers of the corresponding trisubstituted alkene products
68a and 68c respectively. The E- and Z-isomers were easily
separated following deprotection to the corresponding alcohols
68b/d and chromatography. The pure E- and Z-isomers of 68b
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X-Ray crystal structure of the diol 59.

and 68d were then converted separately into the E- and Z-isomeric
iododienynones 72 and 73 respectively, following chlorination to
69a/c, reduction and oxidation to 69b/d, addition of acetylene
(leading to 70), oxidation to 71, and, finally, chloride—iodide
exchange (Scheme 10) using essentially the same reagents and

procedures to those used earlier in the elaborations of 24, 36 and
47.

Addition of Bu;SnH-AIBN, over 8 hours, to a refluxing solution
of the Z-iododienynone 73a in benzene, followed by further
heating for 12 hours, resulted in the formation of a single product
in 35% yield. Analysis of "H and “"C NMR spectroscopic data
showed clearly that the product had the macrocyclic structure
76a (Scheme 11), resulting from a straightforward 14-endo-dig
cyclisation from the alkyl radical intermediate 74a produced from
73a, followed by H-quench of the resulting vinyl radical 75a.
The analogous macrocyclic ketone 76b was produced (40%) when
the corresponding Z-iododienynone 73b was treated likewise with
Bu;SnH-AIBN. The E-geometry of the newly incorporated alkene
bond in 76 followed conclusively from the magnitude of the
observed couplings between the vicinal olefinic hydrogen atoms,
i.e. J 15 Hz, in the "H NMR spectrum.

We assume that the different outcome following treatment of
73 with Bu;SnH-AIBN, compared to 60, has its origins in the
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preferred conformation of the first-formed macrocyclic radical
intermediate 75. Thus, a favourable conformation in 75 could facil-
itate rapid H-abstraction processes, perhaps involving the methyl
group hydrogens on the adjacent trisubstituted double bond, to
the exclusion of transannular-radical C—C bond forming reactions
found with the corresponding macrocyclic radical intermediate 61
produced from 60. We examined a range of alternative reaction
conditions, designed to promote a cascade of radical cyclisations
producing the ring-D aromatic steroid 7 from 73, but to no avail,
instead only the macrocyclic ketone 76 was obtained. We also
attempted to produce 7 by treatment of the macrocyclic ketone 76
with Sml, in THF, but only starting material was recovered.

We next studied the outcome of treatment of the corresponding
E-iododienynones 72a and 72b with Bu;SnH-AIBN, and this
was even more interesting and surprising! Thus, treatment of the
methoxyaryl-substituted iododienynone 72b with Bu;SnH-AIBN
in refluxing benzene, followed by work-up and chromatography
gave a 2 : 1 mixture of two diastereoisomers of an oily, chemically
homogenous, polycyclic product in approximately 30% yield.
The separation, and hence identification of these methoxyaryl-
substituted cyclic products proved problematic. The mixture
of diastereoisomers was therefore demethylated, using BBr; in
CH,Cl, at —78 °C, which led to a 2 : 1 mixture of diastereoisomers
of the corresponding phenols, isolated as a viscous liquid solid.
Crystallisation of the mixture from diethyl ether—pentane gave a
homogenous sample of the major diastereoisomer, as colourless
crystals, suitable for X-ray analysis.

To our surprise, the X-ray crystal structure® showed that we
had produced the unusual angular 6,6,6-ring fused substituted
aromatic structure 77 as the major product following treatment of
the iododienynone 72b with Bu;SnH-AIBN in refluxing benzene.
A similar 2 : 1 mixture of diastereoisomers, with 77a as the
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0] (0]

6-exo/endo
trig/
s
Hquench O H

MeO
63

major isomer, was produced when the corresponding des-methoxy
iododienynone 72a was treated with Bu;SnH-AIBN in refluxing
benzene.

The formation of the bridged tricycle 77 from 72 requires
three intramolecular carbon-to-carbon bond-forming processes
involving C-1 and C-11; C-5 and C-10; and C-4 and C-13; in
addition to an intermolecular radical coupling reaction between
C-14 and the benzene used as solvent. It is likely that 77 is produced
from 72 by initial 11-endo-trig cyclisation of the radical precursor
78 leading first to the benzylic radical intermediate 79. Sequential
6-exo-trig (to 80) and 6-exo-dig radical cyclisations, next lead to
the vinyl radical intermediate 81. The radical 81 is then quenched
by coupling to the solvent benzene, producing the benzylidene sub-
stituted tricycle 77, together with a diastereoisomer (Scheme 12).

The differing reactivity of 72 and 73 reflects the importance
of the geometry of the trisubstituted double bonds in these
substrates, permitting 14-endo-trig macrocycliation to 75 with the
Z-isomer 73 and, by contrast, favouring an unforeseen 11-endo-
trig cyclisation (to 79) with the E-isomer 72. Whereas the 14-
ring radical 75 suffers straightforward H-quench producing the
macrocyclic trienone 76, the favoured stereoelectronics present in
the 11-ring radical 79 permit the subsequent radical cyclisations,
leading to 81 via 80 (Scheme 11). Although the addition of carbon
centered radicals to, and the formation of radicals from, benzene
and other aryls is precedented,*® we were somewhat surprised
to encounter this phenomenon in the case leading to 77 from
81. We therefore investigated the outcome of treatment of the
iododienynone 72b with Bu;SnH-AIBN in refluxing heptane at
98 °C, in place of benzene. To our satisfaction, we found that
the only product was a 2 : 1 mixture of diastereoisomers of the
angular ring-fused enone 82, analogous to 77b, resulting from
hydrogen, instead of benzene, quench of the presumed vinyl radical

7 R R
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o} o]
64 7
Scheme 9
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intermediate 81. Although X-ray crystallography and comparative
NMR spectroscopic data established that structures 77 and 82

represent the stereochemistries of the major diasterecoisomers of
the angular ring-fused compounds resulting from treatment of 72
with Bu;SnH-AIBN, we have no reliable data, or intelligence, with
which to assign a stereochemistry to the minor diastereoisomers
of 77/81 produced simultaneously in these reactions.

Summary

We have evaluated the scope for two radical-based cascade
reactions involving ynone electrophores towards oestranes and
ring-D aromatic steroids (Scheme 1). Our attempts to carry out
radical-mediated Diels—Alder reactions with the substrates 36 and
47, leading to 38 and 48 respectively, instead led to the unexpected
tetracyclic structures 44 and 58. Likewise, treatment of the isomeric
iododienynones 72 and 73 with Bu;SnH-AIBN led to either
the macrocycle 76 or to the novel bridged tricycles 77 and 81
(depending on whether benzene or heptane was used as solvent),
rather than to the anticipated ring-D steroid system 7. Not for
the first time, therefore, these studies have demonstrated how
interesting and unpredictable some radical reactions can be. This
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is particularly so when a range of alternative reaction pathways are
presented to radical intermediates by neighbouring functionality
in a constrained environment, as found in the substrates 47 and 73,
in particular. Nevertheless, these same radical reactions frequently
offer the opportunity to elaborate novel and unusual structures
and ring systems not available by more conventional synthetic
methods, e.g. the polycycles 58 and 77.

Experimental
General details

All melting points were determined using a Kofler hot-stage or
Bibby Stuart Scientific SMP3 apparatus and are uncorrected.
Infrared spectra were obtained on a Perkin-Elmer 1600 series FT-
IR instrument as liquid films or as dilute solutions in spectroscopic
grade chloroform. Proton NMR spectra were recorded on a
Bruker WM 250 (250 MHz), Joel EX 270 (270 MHz), Bruker DPX
360 (360 MHz), Bruker AM 400 (400 MHz) or Bruker DRX500
(500 MHz) spectrometer as dilute solutions in deuterochloroform
at ambient temperature, unless otherwise stated. The chemical
shifts are quoted in parts per million (ppm) relative to residual
solvent peaks, and the multiplicity of each signal is designated
by the following abbreviations: s, singlet, d, doublet, t, triplet,
g, quartet, sx, sextet, br, broad, m, multiplet, app, apparent.
All coupling constants are quoted in Hertz. Carbon-13 NMR
spectra were recorded using a Joel EX 270 (68 MHz), Bruker DPX

360 (91 MHz), Bruker AM 400 (101 MHz) or Bruker DRX500
(126 MHz) instrument as dilute solutions in deuterochloroform,
unless otherwise stated. Chemical shifts are reported relative to
residual solvent peaks using a broadband decoupled mode, and
the multiplicities were determined using a DEPT sequence. When
required, IH-1H COSY spectra were recorded on a Bruker AM
400 (400 MHz) instrument and standard Bruker software with no
modifications. IH-13C HMQC-HMBC and NOE spectra were
recorded on a Bruker AM 400 (400 MHz) spectrometer. Mass
spectra were recorded on either a VG Autospec, an MM-701CF,
a VG Micromass 7070E or a Micromass LCT spectrometer,
using electron ionisation (EI), electrospray (ESI) or fast atom
bombardment (FAB) techniques.

Microanalytical data were obtained on a Perkin-Elmer 240B
elemental analyser. Flash chromatography was performed using
Merck silica gel 60 as the stationary phase and the solvents
employed were of analytical grade, “petrol” used in chromatog-
raphy refers to light petroleum, bp 40-60 °C. All reactions were
monitored by thin layer chromatography using aluminium plates
precoated with Merck silica gel 60 F,s,, which were visualised
with ultraviolet light and then with either acidic alcoholic
vanillin solution, basic potassium permanganate solution, or
acidic anisaldehyde solution. Dry organic solvents were routinely
stored under a nitrogen atmosphere and/or dried over sodium
wire. Dichloromethane was distilled from calcium hydride. Dry
tetrahydrofuran and benzene were distilled from sodium and
benzophenone. Other organic solvents and reagents were purified
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by the accepted literature procedures. Solvents were removed in
vacuo at approx. 20 mm Hg using a Biichi rotary evaporator.
Where necessary, reactions requiring anhydrous conditions were
performed in dry solvents in flame-dried or oven-dried apparatus
under a dry nitrogen atmosphere.

2-Oxo-tricyclo[7,4,01,6,09,13]trideca-7-ene 17. A solution of
tri-n-butyltin - hydride (0.18 ml, 0.68 mmol), and 2,2'-
azobis(isobutyronitrile) (4.5 mg, 0.03 mmol) in dry benzene (10 ml)
was added dropwise over 6 h to a stirred, refluxing solution of the
iodide 16b (0.18 g, 0.57 mmol) and 2,2'-azobis(isobutyronitrile)
(4.5 mg, 0.03 mmol) in dry, degassed benzene (180 ml), under an
argon atmosphere. The mixture was held at reflux for a further
2 h, then cooled and concentrated in vacuo. The residue was
purified by chromatography on silica, eluting with 10% ether in
light petroleum (bp 40-60 °C), to give (i) the ynone 16¢ (7 mg,
6%) (eluted first) as a colourless 0il, v, (film)/cm™" 1682, 1456,
988; ou (360 MHz, CHCL) 0.90 (3H, t, J 7.4 Hz, CH,;), 1.33-
1.46 (2H, m, CH,), 1.76-1.81 (2H, m, CH,), 2.01-2.13 (4H, m,
2 x CH,), 2.61 (2H, t, J 7.4 Hz, CH,CO), 3.22 (1H, s, =C-H),
5.47-5.64 2H, m, 2 x =CH), 5.96-6.06 2H, m, 2 x =CH);
Jc (68 MHz, CHCL) 14.1 (q), 22.9 (1), 23.8 (1), 32.0 (1), 35.1
(), 45.1 (1), 78.8 (d), 81.9 (s), 130.6 (d), 130.7 (d), 132.1 (d),
133.5 (d), 187.7 (s); m/z (EI) 190.1351 (M*, C;3H ;3O requires
190.1358); and (ii) the tricycle 17 (25 mg, 22%) (eluted second)
as a colourless oil, v, (film)/cm~" 1702, 1168, 896; 6,; (500 MHz,
CHCl;) 1.44-1.94 (9H, m), 2.03-2.09 (1H, m, O=CCH,CH H,),
2.21-2.32 (2H, m, O=CCH,H, + O=CCHCHCHCH,), 2.46-
2.51 2H, m, O=CCH,H, + O=CCHCHCH=), 2.60-2.63 (1H,
m, O=CCHCHCHCH,), 2.85 (1H, app t, J 6.0 Hz, O=CCH),
5.48 (1H, d, J 10.1 Hz, O=CCHCHCHCH=), 5.56 (1H, dt, J
10.1 and 3.6 Hz, O=CCHCHCH=); é. (100 MHz, CHCI;) 23.8
(), 24.5 (1), 28.1 (1), 29.5 (1), 31.3 (t), 36.4 (d), 39.5 (d), 40.6 (d),
41.3 (1), 48.8 (d), 127.7 (d), 131.5 (d), 214.9 (s).

5,6-Benzo-14-oxa-8-oxo-tricyclo|7,4,11,4,01,9]trideca-2,9-diene
44. A solution of tri-n-butyltin hydride (65 pl, 0.24 mmol),
and 2,2'-azobis(isobutyronitrile) (1.6 mg, 0.01 mmol) in dry
benzene (5 ml) was added dropwise over 2 min to a stirred,
refluxing solution of the iodide 36 (76 mg, 0.20 mmol) and
2,2"-azobis(isobutyronitrile) (1.6 mg, 0.01 mmol) in dry, degassed
benzene (66 ml), under an argon atmosphere. The mixture was
held at reflux for a further 4 h, and then cooled and concentrated
in vacuo. The residue was purified by chromatography on silica,
eluting with a gradient of 10 to 30% ether in light petroleum (bp
40-60 °C), to give (i) recovered starting material (26 mg, 34%)
(eluted first) as a colourless oil, and (ii) the dihydrofuran 44
(23 mg, 45%) (eluted second) as a colourless oil, which crystallised
upon standing at 0 °C; v, (film)/cm™"' 1682, 1632, 751, 736; oy
(250 MHz, CHCI;) 1.69-2.00 (4H, m,=CHCCH,CH,), 2.12-2.33
(2H, m, O=CC=CHCH,), 3.33 (1H, d, J 11.7 Hz, O=CCH H,),
4.66 (1H, d, J 11.7 Hz, O=CH,H,), 5.89 (1H, app t, J 2.1 Hz,
ArCH), 5.95 (1H, dd, J 5.9 and 1.8 Hz, ArCHCH=CH), 6.31
(1H, dd, J 5.9 and 2.1 Hz, ArCHCH=), 6.44 (1H, t, J 3.6 Hz,
0O=CC=CH), 7.19-7.29 (4H, m, 4 x ArH);Jd. (100 MHz, CHCl,)
20.7 (), 25.3 (1), 36.7 (1), 46.1 (t), 89.5 (s), 89.8 (d), 126.5 (d), 127.3
(d), 127.8 (s), 128.9 (d), 129.1 (d), 133.3 (d), 133.6 (d), 134.9 (d),
138.3 (s), 143.7 (s), 202.2 (s); m/z (EI) 252.1156 (M*, C,;H,,0,
requires 252.1150).

8,17-Dioxo-tetracyclo[12,3,01,6,09,14]heptadeca-9,15-diene 58.
A solution of tri-n-butyltin hydride (32 pl, 0.12 mmol), and 2,2’
azobis(isobutyronitrile) (1 mg, 0.005 mmol) in dry benzene (3 ml)
was added dropwise over 30 min to a stirred, refluxing solution of
the iodide 47 (37 mg, 0.10 mmol) and 2,2’-azobis(isobutyronitrile)
(1 mg, 0.005 mmol) in dry, degassed benzene (30 ml), under an
argon atmosphere. The mixture was held at reflux for a further
2 h, then cooled and concentrated in vacuo to leave a yellow oil.
The oil was purified by chromatography on silica, eluting with a
gradient of 10 to 50% ether in light petroleum (bp 40-60 °C),
to give the tetracyclic dione 58 (10 mg, 40%) as a colourless
solid, mp 106-108 °C (acetone); vy, (film)/cm™" 1694, 1614; o
(500 MHz, CHCl,) 1.15-1.25 (2H, m, O=CCH,CHCH,), 1.33—
1.44 2H, m, O=CCCH H, + O=CCCCH H,), 1.50-1.54 (1H,
m, O=CCH,CHCH,CH H,), 1.63-1.89 (6H, m, O=CCCH, H,, +
O0=CCCH,CH H, + O=CCH,CHCH,CH, H, + O=CCCCH,H,
+ O=CCCCH,CH,), 2.05 (IH, app dq, J 13.1 and 3.8 Hz,
O=CCH,CH), 2.12-2.13 (2H, m, O=CCH,), 2.21 (1H, td,
J 17.1 and 4.1 Hz, O=CCCH,CH,H,), 2.30-2.38 (IH, m,
O=CC=CHCH H,), 2.44 (1H, dtt, J 20.3, 5.3 and 1.5 Hz,
O=CC=CHCH,H,), 6.26 (1H, d, J 5.7 Hz, O=CCH=), 7.10
(1H, dd, J 5.3 and 2.8 Hz, O=CC=CH), 7.61 (1H, d, J 5.7 Hz,
O=CCH=CH); 6c (91 MHz, CHCL;) 18.6 (t), 23.5 (1), 25.3 (t),
25.7 (1), 29.3 (1), 29.4 (1), 31.1 (t), 37.6 (d), 42.0 (1), 50.1 (s), 54.3
(s), 131.0 (d), 136.6 (s), 139.1 (d), 169.8 (d), 198.4 (s), 214.0 (s);
m/z (EI) 256.1455 (M*, C,;HyO, requires 256.1463).

8a,17p - Dihydroxy - tetracyclo[12,3,01,6,09,14]heptadeca - 9,15 -
diene 59. A solution of di-iso-butylaluminium hydride (100 pl)
in dichloromethane (1 M, 0.10 mmol) was added dropwise over
2 min to a stirred solution of the tetracyclic dione 58 (10 mg,
0.04 mmol) in dry dichloromethane (1 ml), at —78 °C, under a
nitrogen atmosphere. The mixture was allowed to warm to 0 °C
over 2 h and then dichloromethane (5 ml) and water (5 ml) were
added. The organic layer was separated and the aqueous layer was
then re-extracted with dichloromethane (2 x 5 ml). The combined
organic extracts were dried and concentrated in vacuo to leave
a yellow solid, which was purified by chromatography on silica,
eluting with 50% ether in light petroleum (40-60 °C), to give the
diol 59 (5 mg, 50%) as colourless crystals, mp 127-130 °C (ether);
Vma(film)/cm~" 3390, 1698, 1634, 734; 5, (360 MHz, CHCl;) 1.23—
1.82 (13H, m), 2.00-2.07 (2H, m, HOCHC=CHCH,), 2.10-2.18
(1H, m), 2.25-2.37 (1H, m), 3.98-4.03 (1H, m, HOCHC=), 4.85-
4.86 (1H, m, HOCHCH=), 5.60 (1H, dd, J 5.8 and 2.2 Hz,
HOCHCH=CH), 5.81 (1H, dd, J 5.5 and 3.4 Hz, HOCHC=CH),
5.87(1H,dd, J 5.8 and 2.2 Hz, HOCHCH=); . (91 MHz, CHCl,)
20.1 (v), 21.1 (1), 24.7 (1), 25.0 (1), 29.7 (1), 31.0 (1), 32.1 (d), 33.3
(1), 39.7 (1), 54.9 (s), 56.1 (s), 70.9 (d), 86.6 (d), 117.8 (d), 132.8 (d),
141.4 (s), 142.4 (d); m/z (EI) 260.1771 (M +, C;;H,,0, requires
260.1776).

(SE,8E,137)-11,12,15,16-Tetrahydro-13-methylbenzo|14]|annu-
len-7(10H)-one 76a. A solution of tri-n-butyltin hydride (110 pl,
0.41 mmol) and 2,2’-azobis(isobutyronitrile) (32 mg, 0.19 mmol) in
degassed benzene (13 ml) was added dropwise, over 8 h, via syringe
pump to a stirred solution of the iodide 73a (127 mg, 0.32 mmol)
and 2,2’-azobis(isobutyronitrile) (16 mg, 0.10 mmol) in degassed
benzene (130 ml) at 80 °C under an argon atmosphere. The mixture
was heated under reflux for a further 12 h, then cooled to room
temperature and concentrated in vacuo. The residue was purified
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by flash column chromatography (5-10% Et,0, 95-90% petrol) on
silica gel to leave the macrocycle 76a (30 mg, 35%) as a colourless
0il, Vpar (S0l CHCL;)/cm™', 1644, 1623; 6y, (400 MHz, CDCl;), 1.63—
1.76 (2H, m, CH=CHCH,CH,), 1.76 (3H, s, CH=CCH;), 2.12—
2.20 (4H, m, ArCH,CH, + CH=CHCH,CH,CH,), 2.37 (2H, dtd,
J7.0,4.5and 1.5 Hz, CH=CHCH,), 2.66 (1H, app dd, J 5.0 and
4.0 Hz, ArCH,H,), 2.67 (1H, app d, J 12.0 Hz, ArCH,H,), 5.37
(1H, t, J 8.0 Hz, CH=CCH;), 6.21 (1H, dt, J 16.0 and 1.5 Hz,
O=CCH=CH), 6.58 (1H, dt, J 16.0 and 4.5 Hz, O=CCH=CH),
6.73 (1H,d, J 16.5 Hz, ArCH=CH), 6.97-7.34 3H, m, 3 x ArH),
7.70 (1H, dd, J 7.5 and 1.5 Hz, ArH), 7.86 (1H, d, J 16.5Hz,
ArCH=CH); . (100 MHz, CDCl;), 23.2 (q), 28.1 (t), 30.1 (1),
31.3(b), 32.1 (1), 35.3 (1), 123.4 (d), 125.7 (d), 126.9 (d), 127.7 (d),
130.5 (d), 130.6 (d), 130.7 (d), 132.3 (s), 137.7 (s), 142.2 (s), 142.7
(d), 147.7 (d), 197.0 (s); m/z (ES) 289.1566 (M + Na*, C;,H,,ONa
requires 289.1568).

(5E,8E)-11,12,13,14,15,16- Hexahydro-2-methoxy-13-methyl-
benzo[14]annulen-7(10H)-one 76b. A solution of tri-n-butyltin
hydride (85 pl, 0.32 mmol) and 2,2'-azobis(isobutyronitrile)
(26 mg, 0.16 mmol) in degassed benzene (11 ml) was added
dropwise, over 8 h, via syringe pump to a stirred solution of the
iodide 73b (110 mg, 0.26 mmol) and 2,2-azobis(isobutyronitrile)
(13 mg, 0.08 mmol) in degassed benzene (110 ml) at 80 °C
under an argon atmosphere. The mixture was heated under
reflux for a further 12 h, then cooled to room temperature and
concentrated in vacuo. The residue was purified by flash column
chromatography (5-10% Et,0, 95-90% pentane) on silica gel to
leave the macrocycle 76b (28 mg, 36%) as a yellow oil, v, (sol
CHCl;)/cm™, 1640, 1602; 6, (400 MHz, CDCl;), 1.63-1.80 (2H,
m, CH=CHCH,CH,), 1.82 (3H, s, CH=CCH), 2.10-2.19 (4H,
m, ArCH,CH, + CH=CHCH,CH,CH,), 2.39 (2H, dtd, J 7.0, 4.0
and 1.0 Hz, CH=CHCH,), 2.66 (2H, app t, J 6.0 Hz, ArCH,),
3.84 (3H, s, OCH,), 5.38 (1H, t, J 7.5 Hz, CH=CCH;), 6.20 (1H,
dt, J 15.5 and 1.0 Hz, O=CCH=CH), 6.58 (1H, dt, J 15.5 and
4.0 Hz, O=CCH=CH), 6.75 (1H, d, J 16.0 Hz, ArCH=CH), 6.79
(1H, d, J 1.5 Hz, CH;0CCHC), 6.84 (1H, dd, J 7.0 and 1.5 Hz,
CH;OCCHCH), 7.55(1H,d, J 7.0 Hz, CH;OCCHCH), 7.88 (1H,
d, J 16.0 Hz, ArCH=CH); 6 (100 MHz, CDCl;), 23.0 (q), 29.0
(1), 30.1 (1), 31.5 (1), 32.1 (1), 35.5 (1), 55.4 (q), 123.3 (d), 125.7 (d),
127.0 (d), 127.7 (d), 130.4 (d), 130.3 (d), 130.8 (d), 132.3 (s), 137.9
(s), 142.1 (s), 142.7 (d), 147.6 (d), 198.3 (s); m/z (ES) 297.1864 (M
+ H*, C,yH,50, requires 297.1854).

Benzylidene substituted bridged tricycle 77a. A solution
of tri-n-butyltin hydride (107 pl, 0.4 mmol) and 2,2-
azobis(isobutyronitrile) (32 mg, 0.2 mmol) in degassed benzene
(13 ml), was added dropwise, over § h, via syringe pump to a
stirred solution of the iodide 72a (130 mg, 0.33 mmol) and 2,2'-
azobis(isobutyronitrile) (16 mg, 0.10 mmol) in degassed benzene
(130 ml), at 80 °C under an argon atmosphere. The mixture was
heated under reflux for 12 h, then cooled to room temperature and
concentrated in vacuo. The residue was purified by flash column
chromatography on silica (5-10% Et,0, 95-90% petrol) to give
the bridged tricyclic ketone 77a (38 mg, 35%) as a colourless
oil (inseparable mixture of diastereoisomers in a 2 : 1 ratio);
Vmax(s0l CHCL)/ecm™', 1694, 1614; 6, (400 MHz, CDCl,), (major
diastereoisomer) 1.40 (3H, s, CHj;), 1.48-1.89 (6H, m), 1.98-2.24
(3H, m), 2.68 (1H, app td, J 15.5 and 2.5 Hz, ArCH H,), 2.94
(1H, app dt, J 15.5 and 3.5 Hz, ArCH,H,), 3.28 (1H, app dt,

J 8.0 and 3.0 Hz, O=CCH), 3.38 (1H, dd, J 10.0 and 3.0 Hz,
ArCH), 6.89 (1H, s, PhCH), 7.08-7.43 (9H, m, 9 x ArH); (minor
diastereoisomer) 1.27 (3H, s, CH;), 1.48-1.89 (6H, m), 1.98-2.24
(3H, m), 2.86 (1H, app d, J 10.5 and 1.5 Hz, O=CCH), 3.02 (2H,
m, ArCH,), 3.34 (1H, dd, J 10.5 and 1.5 Hz, ArCH), 6.71 (1H, s,
PhCH),7.08-7.43(9H, m, 9 x ArH);d. (100 MHz, CDCl;) (major
diastereoisomer) 21.4 (t), 24.7 (1), 25.0 (1), 27.6 (q), 30.9 (), 36.8
(d), 37.1 (v), 43.5 (s), 45.7 (d), 52.4 (d), 125.7 (d), 126.4 (d), 127.5
(d), 127.9 (2Cd), 128.0(d), 129.0 (2C d), 129.1 (d), 135.4 (d), 136.8
(s), 137.0(s), 139.6 (s), 144.1 (s), 205.7 (s); (minor diastereoisomer)
21.8 (1), 24.0 (t), 24.3 (q), 25.8 (1), 28.7 (1), 40.7 (s), 43.6 (d), 46.0
(t), 46.5 (d), 47.2 (d), 123.3 (d), 125.4 (d), 126.2 (d), 127.8 (2C d),
128.6 (2C d), 128.9 (d), 129.1 (d), 135.1 (d), 136.6 (s), 137.4 (s),
139.5(s), 142.6 (s), 206.1 (s); m/z (ES) 343.2053 (M + H*, C,sH,,0
requires 343.2056).

Benzylidene substituted methoxy bridged tricycle 77b. A so-
lution of tri-n-butyltin hydride (170 pl, 0.61 mmol) and 2,2-
azobis(isobutyronitrile) (25 mg, 0.15 mmol) in degassed benzene
(20 ml), was added dropwise over § h via syringe pump, to a
stirred solution of the iodide 72b (200 mg, 0.51 mmol) and 2,2'-
azobis(isobutyronitrile) (50 mg, 0.30 mmol) in degassed benzene
(200 ml), at 80 °C under an argon atmosphere. The mixture was
heated under reflux for a further 12 h, then allowed to cool to
room temperature and concentrated in vacuo. The residue was
purified by flash column chromatography on silica (2-10% Et,0,
98-90% petrol) to give the bridged tricyclic ketone 77b (45 mg,
30%) as an inseparable mixture of diastereoisomers in a 2 : 1
ratio, as a colourless oil, vy (sol CHCl;)/cm™', 1693, 1612; oy
(400 MHz, CDCl;) (major diastereoisomer) 1.39 (3H, s, CHj;),
1.47-1.63 (3H, m), 1.69-1.85 (3H, m), 2.01-2.19 (3H, m), 2.67
(1H, app td, J 15.5 and 3.0 Hz, ArCH H,), 2.89 (1H, app dt, J
15.5and 3.5 Hz, ArCH, H,), 3.21 (1H, ddd, J 8.0 and 3.0 Hz, and
2.5 Hz, O=CCH), 3.32 (1H, dd, J 10.0 and 3.0 Hz, ArCH), 3.80
(3H, s, OCH;), 6.69 (1H, d, J 2.5 Hz, CH;OCCHC), 6.77 (1H, dd,
J8.5and 2.5 Hz, CH;OCCHCH), 6.87 (1H, s, PhCH=), 7.17 (1H,
d, J 8.5Hz, CH;OCCHCH), 7.26-7.44 (SH, m, 5 x PhH); (minor
diastereoisomer) 1.27 (3H, s, CH;), 1.51-1.82 (6H, m), 1.96-2.19
(3H, m), 2.81 (1H, app d, J 8.5 Hz, O=CCH), 3.00 (2H, app t,
J 8.5 Hz, ArCH,), 3.29 (1H, dd, J 8.5 and 1.5 Hz, ArCH), 3.79
(3H, s, OCH,), 6.68 (1H, d, J 3.0 Hz, CH;OCCHC), 6.71 (1H, s,
PhCH=), 6.78 (1H, dd, J 8.5 and 3.0 Hz, CH;OCCHCH), 7.00
(1H, d, J 8.5 Hz, CH;OCCHCH), 7.26-7.38 (SH, m, 5 x PhH);
Jc (100 MHz, CDCl;) (major diastereoisomer) 21.4 (t), 24.7 (t),
24.8 (1), 27.6 (q), 31.2 (1), 36.1 (d), 36.9 (1), 43.4 (s), 45.7 (d), 52.6
(d), 55.2 (q), 112.4 (d), 113.3 (d), 127.8 (2C d), 127.9 (d), 128.5
(d), 128.7 (s), 129.0 (2C d), 135.3 (d), 136.9 (s), 140.7 (s), 144.0
(s), 157.4 (s), 205.8 (s); (minor diastereoisomer) 21.8 (t), 23.7 (t),
24.2 (q), 25.9 (1), 29.1 (t), 40.7 (s), 42.9 (d), 46.0 (t), 46.7 (d), 47.3
(d), 55.2 (q), 110.6 (d), 114.4 (d), 124.2 (d), 127.7 (2C d), 127.8
(d), 129.0 2C d), 131.6 (s), 135.0 (d), 136.6 (s), 138.7 (s), 142.6 (s),
158.0 (s), 206.1 (s); m/z (ES) 373.2155 (M + H*, C,sH» O, requires
373.2162).

Phenolic bridged tricycle 77c. Boron tribromide (50 pl,
0.53 mmol) was added dropwise, to a stirred solution of the
tricycle 77b (50 mg, 0.13 mmol) in dichloromethane (10 ml) at
—78 °C, under a nitrogen atmosphere. The solution was warmed
to room temperature slowly over 13 h, and then quenched with
water (50 ml). The separated aqueous phase was extracted with
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dichloromethane (3 x 50 ml) and the combined organic extracts
were dried and concentrated in vacuo. The residue was purified by
flash column chromatography, (10% Et,0, 90% petrol) to givea 2 :
1 mixture of diastereoisomers of the phenol 77¢ (23 mg, 48%) as a
viscous liquid solid. Crystallisation from diethyl ether and pentane
gave the major diastereoisomer as colourless crystals, mp 195—
196 °C; vpa(sol CHCLy)/ecm™!, 3597, 1693, 1608; 6, (400 MHz,
CDCl,) (major diastereoisomer) 1.39 (3H, s, CH;), 1.46-1.62 (3H,
m), 1.69-1.85 (3H, m), 2.01-2.20 (3H, m), 2.63 (1H, app td, J 15.5
and 3.5 Hz, ArCH,H,), 2.85 (1H, app dt, J 15.5 and 3.0 Hz,
ArCH,H,),3.19 (1H, app d, J 10.0 Hz, O=CCH), 3.31 (1H, dd, J
10.0and 3.0 Hz, ArCH),4.71 (1H, brs, OH), 6.62 (1H,d, J 2.5 Hz,
HOCCHQ), 6.66 (1H, dd, J 8.5 and 2.5 Hz, HOCCHCH), 6.89
(1H, s, PhCH=), 7.11 (1H, d, J 8.5 Hz, HOCCHCH), 7.27-7.36
(3H, m, 3 x PhH), 7.42 2H, app d, J 7.5 Hz, 2 x PhH); (minor
diastereoisomer) 1.26 (3H, s, CH;), 1.47-1.81 (6H, m), 1.95-2.13
(3H, m), 2.79 (1H, app d, J 10.0 Hz, O=CCH), 2.93-2.99 (2H,
m, ArCH,), 3.30 (1H, dd, J 10.0 and 2.0 Hz, ArCH), 5.25 (1H,
brs, OH), 6.59 (1H, d, J 2.5 Hz, HOCCHC), 6.65 (1H, dd, J 8.5
and 2.5 Hz, HOCCHCH), 6.71 (1H, s, PhCH=), 6.92 (1H, d, J
8.5Hz, HOCCHCH), 7.25-7.39 (SH, m, 5 x PhH); . (100 MHz,
CDCl;) (major diastereoisomer) 21.4 (t), 24.7 (t), 24.9 (t), 27.6 (q),
31.0 (t), 36.1 (d), 37.0 (t), 43.5 (s), 45.7 (d), 52.6 (d), 113.7 (d),
114.8 (d), 127.8 (2C d), 127.9 (d), 128.7 (d), 128.8 (s), 129.0 (2C d),
135.4 (d), 137.0 (s), 141.0 (s), 144.0 (s), 153.3 (s), 205.9 (s); (minor
diastereoisomer) 21.8 (1), 23.8 (1), 24.3 (q), 25.9 (1), 28.9 (1), 40.7
(s), 43.0 (d), 46.0 (t), 46.8 (d), 47.3 (d), 112.3 (d), 115.7 (d), 127.7
(s), 127.8 (2C d), 128.0 (d), 128.7 (d), 128.9 (2C d), 135.3 (d), 138.1
(s), 139.3 (s), 144.5 (s), 154.1 (s), 206.7 (s); m/z (ES) 359.1999 (M
+ H*, C;sH,,0, requires 359.2000).

Methylidene substituted methoxy bridged tricycle 82. A so-
lution of tri-n-butyltin hydride (107 pl, 0.40 mmol) and 2,2’-
azobis(isobutyronitrile) (6 mg, 0.04 mmol) in degassed heptane
(14 ml), was added dropwise over 8 h via syringe pump, to a
stirred solution of the iodide 72b (140 mg, 0.33 mmol) and 2,2'-
azobis(isobutyronitrile) (35 mg, 0.21 mmol) in degassed heptane
(140 ml), at 90 °C under an argon atmosphere. The mixture was
heated under reflux for a further 12 h, then allowed to cool to room
temperature and concentrated in vacuo. The residue was purified
by flash column chromatography on silica (2-10% Et,0, 98-90%
petrol) to give the bridged tricyclic ketone 82 (18 mg, 18%) as
an inseparable mixture of diastereoisomers in a 2 : 1 ratio, as a
colourless 0il, vy(sol CHCL)/cm™', 1695, 1611; 6, (400 MHz,
CDCl,), (major diastereoisomer) 1.31 (3H, s, CHj;), 1.50-1.83
(6H, m), 1.98-2.14 (3H, m), 2.62 (1H, app td, J 14.5 and 3.0 Hz,
ArCH H,), 2.86 (1H, app dt, J 14.5 and 3.5 Hz, ArCH, H,), 3.21
(1H, app dd, J 9.0 and 3.0 Hz, and 2.5 Hz, O=CCH), 3.32 (1H,
dd, J 10.5 and 3.0 Hz, ArCH), 3.79 (3H, s, OCH;), 5.43 (1H,
d, J 1.0 Hz, =CH H,), 6.23 (1H, d, J 1.0 Hz, =CH,H,), 6.69
(1H, d, J 2.5 Hz, CH;0CCHCQ), 6.75 (1H, dd, J 8.5 and 2.5 Hz,
CH;0CCHCH), 7.16 (1H, d, J 8.5 Hz, CH;OCCHCH); (minor
diastereoisomer) 1.20 (3H, s, CH;), 1.55-1.95 (6H, m), 1.98-2.18
(3H, m), 2.52 (1H, app d, J 9.0 Hz, O=CCH), 2.95 (2H, app t,
J 8.5 Hz, ArCH,), 3.26 (1H, dd, J 9.0 and 1.5 Hz, ArCH), 3.78
(3H, s, OCH,), 5.33 (1H, d, J 1.0 Hz, =CH H,), 6.19 (1H, d,
J 1.0 Hz, =CH,H,,), 6.68 (1H, d, J 3.0 Hz, CH;OCCHC), 6.76
(1H, dd, J 8.0 and 3.0 Hz, CH;OCCHCH), 6.98 (1H, d, J 8.0 Hz,
CH;0OCCHCH); . (100 MHz, CDCl;) (major diastereoisomer)

21.5 (b), 23.4 (1), 24.8 (1), 27.0 (q), 31.1 (1), 36.2 (d), 37.0 (1),
43.4 (s), 44.3 (d), 51.2 (d), 55.2 (q), 112.3 (d), 113.3 (d), 119.0 (1),
128.3 (d), 128.6 (s), 140.9 (s), 148.5 (s), 157.4 (s), 205.2 (s); (minor
diastereoisomer) 21.8 (t), 22.3 (t), 24.4 (q), 25.9 (1), 29.1 (1), 40.1
(s),41.7(d), 44.7 (1), 46.1 (d), 46.5(d), 55.3(q), 110.6 (d), 114.4 (d),
119.7 (1), 127.8 (d), 131.6 (s), 138.7 (s), 146.2 (s), 158.0 (s), 205.3
(s); m/z (ES) 319.1669 (M + Na*, C,,H,,0,Na requires 319.1674).
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This paper reviews selected types of structurally well defined assemblies of porphyrins and
phthalocyanines with strong electronic coupling. Face-to-face, head-to-tail, slipped cofacial, and
non-parallel dimeric motifs constructed by covalent and non-covalent bonds are compared in the
earlier sections. Their molecular orientation, electronic overlap, and absorption and fluorescence
properties are discussed with a view towards the development of artificial photosynthetic systems and
molecular electronics. Complementary coordination dimers are fully satisfactory in terms of structural
stability, orientation factor, n-electronic overlap, and zero fluorescence quenching. In later sections,
several polymeric and macrocyclic porphyrin assemblies constructed by a combination of covalent
bonds and complementary coordination bonds are discussed from the viewpoint of light-harvesting

antenna functions.

1. Introduction

Recent studies on photosynthetic systems using X-ray
crystallography,' cryomicroscopy* and AFM measurements® have
provided clear molecular images of how solar energy is harvested
to initiate photo-induced oxidation-reduction reactions. One
excellent example is seen in the AFM picture of the superstructure
of the photosynthetic bacterium, Rhodospirillum photometricum,
shown in Fig. 1. This has an arrangement that is composed
of complete sets for bacterial photosynthesis: light-harvesting
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complexes I (LH1) and II (LH2), and a reaction centre. Using
crystal structures resolved at the atomic level that have been
elucidated for photosynthetic units, we can design molecular
systems in which light energy is captured from dilute sources
and the singlet excitation energy is transferred to a final acceptor
passing through a long pathway without any dissipation in energy.
This type of antenna structure is most intriguing, especially from
the point of view that bacteriochlorophylls are arranged into
regular forms that are associated with strong electronic coupling.
A similar uniform arrangement of chromophores* is observed
in chlorosome systems. Cyanobacteria® and chloroplasts® provide
different examples of chromophoric arrangements. We can learn
much from the former case, since the regular arrangements of
chromophores with strong electronic coupling in a well-defined
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Fig.1 Molecular organization of a photosynthetic apparatus. (Reprinted
with permission from ref. 3a. Copyright (2004) The National Academy of
Sciences, U.S.A.)

orientation must be the governing principle, on which we reliably
construct artificial systems.

Well-designed molecular assemblies can produce new functions
that are not observed in the corresponding monomer, and changes
in the UV-vis absorption spectra from excitonic coupling,’
efficient energy transfer,® photo-induced electron transfer,’ charge
transport,' and non-linear optics'' are of particular interest. It is
our aim to extract construction principles for assembling close-
lying m-electronic systems with strong electronic coupling and
no fluorescence quenching. These molecular assemblies could be
used as materials for excited energy transport and electron—hole
transport systems.

In this article, we review several covalent and non-covalent
organizations that are composed of porphyrins and phthalo-
cyanines. We have focused on slipped cofacial porphyrin and
phthalocyanine dimers. Their molecular orientation, electronic
overlap, and absorption and fluorescence properties are discussed
with a view towards the development of artificial antenna systems
and molecular electronics.

2. Methodologies used to construct dimers and larger
aggregates

The construction of dimers that have a strong electronic in-
teraction is the first step needed to obtain larger assemblies,
and various covalent and non-covalent approaches have been
reported so far.”? Face-to-face and slipped cofacial dimers linked
by alkyl chains have been synthesized using porphyrin molecules.*®
Although covalent linkages are the most reliable method used
to connect two chromophores, the controlled placement of
a molecule in an exact orientation is not an easy task. As
reported by Hunter and Sanders,” the electrostatic repulsion
between two n-conjugated molecules located near to one another
tends to give a predominantly slipped arrangement. The degree
of molecular slipping depends on the rigidity and the length
of the connecting groups and on the substituents on the m-
conjugated molecules. Face-to-face porphyrin dimers connected

by two alkyl chains'® and one rigid pillar, such as biphenylene,
anthracene, dibenzothiophene, and dibenzofuran are discussed
later on. 1,2-Phenylene-linked bisporphyrins give an open-mouth
cofacial orientation.” The efficient synthesis of a series of 4,5-
indenylene-linked porphyrin dimers by cobalt-mediated [2 + 2 +
2] cycloaddition of ethynylene-linked bisporphyrins and 1,6-
heptadiyne has been reported recently.'® The p-oxodimer and
double-decker porphyrins and phthalocyanines have a face-to-face
orientation."”

Many head-to-tail dimers that have a strong electronic coupling
have been constructed by direct linkages and connections through
conjugate bridges. Porphyrin dimers linked directly at the meso—
meso positions' are described later on. Other porphyrins linked di-
rectly at the meso—f'* and B—B* positions have also been reported.
These directly linked porphyrins can be transformed to form more
conjugated, condensed aromatic systems by further oxidation.*
Bisporphyrins linked through ethynylene,** ethenylene,” and 1,3-
butadiynylene groups,* or others,* and bisphthalocyanines linked
through ethynylene,® ethenylene,” or 1,3-butadiynylene® show
significantly red-shifted absorption bands due to the effect of
conjugation. The degree of electronic interaction depends on the
torsional angle of the two m-conjugated molecules, and methods
have been reported that can be used to control the torsional angle.?®

The covalent approaches discussed above can be extended to
prepare larger oligomers. A porphyrin trimer linked through
4,5-indenylene groups was synthesized by a cobalt-mediated
double cyclization.’ Directly linked,” and ethynylene-** and
1,3-butadiynylene-linked'®*" porphyrin oligomers have been con-
structed as products of a monodispersed distribution of molecular
weights. Their structure—function relationship is useful for evaluat-
ing the coherence length of the singlet excited state and the charge
delocalization length in the oligomers.

The dendritic approach is another method that has been used to
construct multi-chromophoric architectures.® The characteristic
functions of dendrons have been reported for many examples,*
and although the exact control of the molecular orientation is
difficult in these dendritic systems, the hierarchical shell structure
is unique.

A non-covalent strategy allows for the formation of various
types of assemblies. Although non-covalent bonds are consid-
erably weaker than covalent bonds,* multiple or complemen-
tary interactions of non-covalent bonds can be used to stabi-
lize a structure.*® Coordination bonds are particularly strong
amongst non-covalent bonds, and their interaction is generally
directional. Complementary coordination of ligand-substituted
zinc porphyrins gives structurally defined coordination dimers.
Pyridyl-,** imidazolyl-,***" pyrazolyl-,*® and amino-substituted
zinc porphyrins® give dimer, trimer, tetramer, and further as-
semblies, respectively. Some of these compounds are stable in
concentrations below the micromolar level, and so can be treated
as single molecules. The combination of coordination bonds
and covalent bonds sometimes leads to giant supramolecular
architectures, and examples of these will be discussed in a later
section.

3. Molecular orientation of dimer motifs

How can we distinguish between H-aggregates and J-aggregates?
(Fig. 2) First, we need to consider the orientation factor (x) of the
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Fig. 2 Face-to-face and head-to-tail dimers and their intermediates.

dimers. The orientation factor between any two transition dipoles
in a non-parallel orientation (Fig. 3) is defined by eqn (1)

x* = (cosfr — 3cosbicosb;)’ )

where 0, and 0, are the angles between the line connecting the
centre of the two transition dipoles and each transition dipole
moment, r is the centre-to-centre distance of the dipoles, and 6 is
the angle between the two transition dipole moments. The value
of x is always in the range 0-2.

Or

Fig. 3 Two transition dipoles in a non-parallel orientation.

When two transition dipoles exist in the same plane (an oblique
conformation, see Fig. 4), the value of x is given by eqn (2).

K? = (cosfr — 3cos*0;) ?2)

In the case of a “slipped cofacial” system (Fig. 5), the value of « is
expressed by eqn (3). Two special cases are depicted as the “face-
to-face” and “head-to-tail” cases for # = 90° and 0°, respectively.

K> = (1-3cos’0)? 3)

The interaction of two transition dipoles causes a splitting of the
absorption band, a so-called “excitonic coupling”. The splitting
energy, AE, is expressed by eqn (4)

2|M,\ M, |k

AE “)

where M, and M, are the transition dipole moments for the
transition in molecules 1 and 2, respectively, and r is the centre-

Oblique ) 0

Fig. 4 Two transition dipoles in an oblique orientation.

r 0 r )9 r
' slipped L
face_-to-f?ce cofacial hegd =t% f,a"
0=90 90°>0>0°

Fig. 5 Two transition dipoles in the “face-to-face” (0 = 90°), “slipped
cofacial” (90 > 0/° > 0), and “head-to-tail” (6 = 0°) orientations.

to-centre distance between the two molecules. In the case of a
homodimer, M, and M, are identical. Schematic images of the
splitting energies in the face-to-face, head-to-tail, and oblique
cases are shown in Fig. 6. Excitations to the lower energy state
in the face-to-face orientation and to the higher energy state in the
head-to-tail orientation are not observed as these are forbidden
transitions. Split bands are observed in the oblique case.

el Sl b ) E" /@
H E
: G

Monomer Dimer
Oblique

Monomer Dimer
Face-to-face

Monomer Dimer
Head-to-tail

Fig. 6 Band splittings of face-to-face, head-to-tail, and oblique dimers.

When the angle 0 is changed from 90° to 0° in a “slipped
cofacial” system, the orientation factor varies as shown in Fig. 7.
The data in Fig. 7 indicate that the orientation factor becomes zero
at 0 =54.7°, the so-called “magic angle”. In the larger angle region
(90 > 0/° > 54.7), a blue-shifted band is observed, whereas a red-
shifted band is observed in the smaller angle region (54.7 > 6/° >
0). If the two molecules can rotate independently, then the average
orientation factor of x> = 2/3 (rx = 0.8165) is often used. Such a
case is where two molecules are connected by a flexible alkyl chain.
However, assembly systems tightly fixed by rigid connector(s) must
consider the orientation factor. The UV-vis absorption band is
sensitive to the orientation factor of closely connected molecular
assemblies.

204

Blue shift =——|— Red shift

054

0.0

90 80 70 60 50 40 30 20 10 O

Fig. 7 The orientation factor, x, in a “slipped cofacial” system as a
function of angle, 0.

We will now consider porphyrin dimers. Porphyrins have a large
Soret band (or B-band) occurring around 420 nm (¢ = 5.4 x
10° M~ cm™ (Aex = 424 nm) for ZnTPP in toluene®). Due to the
large transition dipole moment, changes in the Soret band spectra
of porphyrin assemblies are frequently observed. D, symmetric
metalloporphyrins have two orthogonal transition dipoles in the
n-plane, and are degenerate in the monomeric state. In the case
of meso-substituted porphyrins, the transition dipoles are set on
the lines connecting the trans meso—meso positions, B, and B,
as shown in Fig. 8. D,-symmetric metallophthalocyanines also
have two degenerate transition dipole moments along the trans
pyrrole—pyrrole directions.

When two porphyrins are placed in a space, then the first set
of transition dipoles, B, and B,, interact with the second set of
transition dipoles of the other porphyrin, B’ and B,’. (Hereafter,
the prime symbol denotes transition dipole moments belonging
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Fig. 8 Degenerate transition dipoles in D, zinc porphyrins and zinc
phthalocyanines.

to the second molecule.) The observed absorption spectrum is
the sum of the absorption bands resulting from the excitonic
couplings. Therefore, if the orientation of the assembly is not fixed
and has a distribution in space, then a broad Soret band is observed
due to the presence of various types of interactions among B,, B,,
B,, and B,". However, in the case of a slipped cofacial porphyrin
dimer, a relatively simple spectrum is observed, because of only
two interactions occurring between B, and B,’, and B, and B,'.
Various covalently and non-covalently linked dimers are shown
in Fig. 9, along with their corresponding monomers. These are
classified into four types: (1) face-to-face (1H,-D and 1Zn-D),*
(2) pure head-to-tail (2),"® (3) slipped cofacial (4,244 5,42 6,% 7 4
8, 11D,* 12D,¥* 13D*), and (4) non-parallel (14, 16, 18, and
20"¢). Based on experimental and molecular modelling data,* the

5H, : M=2H, R1=Me, Ry=Et*2°
5Niz : M=Ni, R;=Me, Ry=Et422
6Zn; : M=Zn, Ry=Et, R;=Me*>

4Hy; M=2H2P
42Zny: M=zn*d

! Ph_Pho !
N,
‘. Ar
& R
NM
____________________ “ 1IMDMAP®  qpp¥4
14H, : M=2H"32

14zn; : M=zn'32

14Cuz : M=Cy'38  MeOL

7H4 : M=2H, R;=Me, Rp=Et*%®
7Zny : M=Zn, Ry=Me, Ry=Et*2¢
7Cuz : M=Cu, Ry=Me, Rp=Et*?2

15H; : M=2H'32
15Zn : M=zn'3

orientation factor (r), the interplanar distance (b = rsinf)), and the
slip distance (¢ = rcosf) of the dimers, except for the non-parallel
case, can be estimated from the slip angle, 6, and the centre-to-
centre distance, r (see Table 1). The definitions of r, 0, @, and b are
shown in Fig. 10.

The crown ether-substituted phthalocyanine dimer 1-D affords
a face-to-face dimer. The angle, 0, is 6 = 90°, and the alignment

Table 1 Estimation of slip angles, centre-to-centre distances, n-electron
overlapping, and orientation factors

0/deg  r/A a/A b/A K Ref.
1Cu,-D  90° 4,10 — 4.1 1 41
4H, 817  6.904° 0997 6832 094 42
7H, 63.8° 3958 1747  3.551 042 42
7Cu, 65 3.807°  1.632  3.500 046 42
5Ni, 58.3¢  4.566° 2399 3885  0.17 42a
14Cu,  — 6 — 3.9 — 13a
12D 33¢ 6.9 5.79 3.23 111 3547
11D 31¢ 6.73 5.77 33 120 36
13D 25 9.06¢ 8.21 3.83 146 45
2 0° 8461«  — — 2 18h

Estimated from® molecular modelling by Material Studio® (semi-empirical
MO method, AM1), ? ESR, and * single crystal analysis by X-ray.

Fig. 9 Various dimer motifs of porphyrin—porphyrin and phthalocyanine—phthalocyanine homodimers.
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a =rcosb-,

Fig. 10 Definitions of r, 6, a and b.

of the two transition dipole moments is perfect. The interphthalo-
cyanine distance of 1Cu-D was estimated to be 4.1 A. The bis-
porphyrin linked directly at the meso—meso position, 2, has a pure
head-to-tail transition dipole, B.—B,’ aligned along the bond line.
Since the two porphyrin planes cannot be coplanar in this motif,
the excitonic coupling between B, and B,’ is small. In cofacial
bis-B-substituted-porphyrins pillared by dibenzofuranylene (4),
anthracenylene (5 and 6), and biphenylene (7 and 8), rotation along
the connection bond is suppressed, keeping the two porphyrins
coplanar. Even so, the two porphyrins can be slipped, and the
angle depends on the structure of the pillars and the central metal
ion. Compound 4H, has an open-mouth structure and a centre-
to-centre distance of 6.9 A,** indicating that no nt-electron overlap
occurs. In the case of 7H,,** 7Cu,** and 5Ni,,* the two porphyrin
planes are slipped, and their interplanar distances are 3.55, 3.50,
and 3.88 A, respectively. The slip angles of compounds 4-8 are
greater than 54.7°, and a blue shift of the Soret band is expected.
In compounds 11D and 12D, the slip angles were estimated
from molecular modelling to be 31° and 33°, respectively. The
interplanar distances of 11D and 12D were determined to be 3.3
and 3.23 A, respectively, from X-ray crystallography data.’s3* Two
pyrroles of one porphyrin overlap with the other two pyrroles in the
other porphyrin molecule in both compound 11D and compound

Table 2 UV-vis absorption and fluorescence data

12D. The slip angle is decreased to 25° when an ethynyl moiety is
inserted, as in 13D. In this case, the edge of the pyrrole molecules’
n-electrons can still overlap. Structural analysis of 14 was carried
out using NMR and ESR spectroscopy. The metal-metal and
interplanar bond distances were estimated to be 6 and 3.9 A,
respectively. A series of bisporphyrins linked by a 4,5-indenylene
moiety in 16Zn,, 18Zn,, and 20Zn, were classified as having a
non-parallel orientation. The two porphyrins are located outside
the indene moiety, and they can rotate along the connection bond.
Their close positions can induce excitonic coupling and m-electron
overlapping.

4. UV-vis absorption and fluorescence spectra
of dimers

In this section, we discuss the UV-vis absorption and fluorescence
properties of the dimers shown in Fig. 9. Table 2 lists the
characteristic absorption bands, calculated excitonic coupling
energy, and relative fluorescence intensity of dimers with respect
to their corresponding monomers. In slipped cofacial systems, the
observed absorption spectrum of the dimers is the sum of two
interactions, B,~B,” and B,-B,’. As expected from the slip angles
shown in Table 1, 4H,, 5H,, 7H,, 6Zn,, and 8Zn, show blue-shifted
Soret bands as a result of two face-to-face interactions, B,—B,’ and
B,-B,.

The splitting energies depend strongly on the interplanar
distance of the two porphyrins. Thus, they increase in the order:
4H, < 5H, < 7H,; and 6Zn, < 8Zn,. The relative fluorescence
intensity decreases in the same order, 7.e., the larger splitting energy
systems showing the smallest fluorescence intensities. In particular,

Solvent Ao I cm™! AE/cm™'¢ Fluorescence® Ref.

1Zn-M CHCl, 677 14771 — — 41
1Zn-D CHCI,? 635 15748 —977 —
1H,-M CHCl, 662 15105 — 1 41

700 14285 —
1H,-D CHCI,? 639 15649 — ~0
9H, MTHF*¢ 402 24875 — 1 42¢
4H, MTHF 396 25252 —-377 1.05
5H, MTHF 395 25316 —441 0.22
7H, MTHF 379 26385 —1510 0.04
10Zn CH,Cl, 405.5 24 660 — 1 43
6Zn, CH,Cl, 392 25510 —849 0.33
8Zn, CH,Cl, 388 25773 —1112 ~0
15H, CH,Cl, 397 25188 — 1 13a
14H, CH,Cl, 387 25839 —651 0.47
15Zn CH,Cl, 402 24875 — 1
14Zn, CH,Cl, 388 25773 —898 0.15
12M-Py CHCl, 427.9 23370 — 1 47
12D CHCl, 4153 24079 —709 ~1

434.2 23031 339
11IM-DMAP CH,Cl, 428.4 23340 — — 36
11D CH,Cl, 413.2 24200 —860 —
13M-Im CHCl, 431.0 23200 140 —

443.5 22548 — — 45
13D CHCl, 434 23041 —494 —
3 THF 413 24213 175 1 185,29
2 THF 416 24038 1.3

451 22173 2040

“Relative to monomer. * CH;CO,K in CHCI; containing 0.1 v/v% of MeOH. ¢ 2-MeTHF.
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none or only a faint fluorescence is observed in 1H,-D and 8Zn,.
Exceptionally, the fluorescence intensity of 4H, was almost same
as that of the corresponding monomer, even though the absorption
band was blue-shifted. The tetraesters 14H, and 14Zn, show
blue-shifted Soret bands, and both fluorescences are significantly
quenched. These results indicate that strong n-electron overlap in
face-to-face dimers produces non-fluorescence decay processes. In
the case of the slipped cofacial dimers 11D and 12D, both blue-
shifted and red-shifted Soret bands are observed from face-to-face
B,~B,’ and slipped cofacial B,—B,’ interactions, respectively (see
Fig. 11). The red-shifted peak is consistent with the slip angle
(<54.7°). In the case of 12D and other imidazolyl-zinc-porphyrin
dimers, no fluorescence quenching was observed with respect to the
corresponding monomers. This remarkable feature is associated
with this motif, even though a significant m-electron overlap
exists. No fluorescence spectrum has been reported for other
complementary coordination dimers, probably because the dimer
structure cannot be maintained under micromolar concentrations
to measure the steady state fluorescence spectra. Because the
imidazolyl-zinc-porphyrin dimer has a very large self-association
constant (K > 10" M~!in CHCL,),” it can be treated safely under
micromolar concentrations. This is another unique property of
this series of complementary coordination dimers. The UV-vis
absorption spectrum of the meso—meso-linked porphyrin 2 also
shows a split Soret band as a red-shifted and a non-interactive
peak. The relative fluorescence of 2 is stronger than that of the
monoporphyrin 3.? Direct connection at the meso—meso position
is useful for expansion of the absorption range without any
associated fluorescence quenching.

A (B)

:Ef eye

B. B
P &"" XZ direction
N face-to-face

b_" ‘Y direction
Slipped cofacial
Fig. 11 A slipped cofacial porphyrin dimer model (A) and its transition
dipole moment (B).

In face-to-face dimers (i.e., H-aggregates), fluorescence quench-
ingis generally observed using various dyes. The mechanism can be
explained as follows. As shown in Fig. 6 for the face-to-face case,
the forbidden state of transition vectors orientated in opposite
directions lies below the allowed state of transition vectors
orientated in the same direction. The higher excited state is rapidly
converted to the lower excited state. Due to the forbidden nature
of the radiative decay from the lower excited state to the ground
state, intersystem crossing or other non-radiative decay processes
dominate, resulting in little or faint fluorescence emissions. In
some cases, fluorescence from the forbidden low excited state
is observed.® Wiirthner recently reported on a fluorescent H-
aggregate of a merocyanine dye, in which the fluorescence from
the forbidden excited state was clearly observed at wavelengths
different from the fluorescence from the residual monomer.* In
this case, the fluorescence from the monomer was very weak, which
is probably due to bond-twisting.

The formation of a rigid H-aggregate suppresses the non-
radiative decay process caused by bond-twisting. In the case of

the face-to-face porphyrin dimers 4-8, a blue-shifted absorption
band is observed only for the Soret band (i.e., the S2 level). In
the S1 area, significant fluorescence quenching occurs for face-to-
face dimers due to the same mechanism as above, although the
forbidden nature of the S1 transition obscures the blue- and red-
shifts. In the complementary coordination dimer 12D, the lower
excited state produced by the transition dipole interaction of B,—
B, is forbidden, whereas that of B,—B,’ is allowed. The former
forbidden state is rapidly converted to the latter allowed state by
an intrachromophoric dipole equilibrium,*® which results in an
intrinsic fluorescence emission. This allows the use of both blue-
and red-shifted absorption bands for light harvesting.

An increase in chromophore size tends to induce random ag-
gregation, which generally produces energy sinks that quench the
fluorescence. Molecular wrapping of single rod-like chromophores
by dendritic substituents has been proposed as an effective method
to prevent random aggregation.’® In supramolecular assemblies,
the continuous growth of the structure avoids the formation of
any energetic heterogeneity, and ensures light-harvesting antenna
functionality.

5. Effect of substitution on the splitting of the
Soret band

As described in the previous section, imidazolyl-zinc-porphyrins
are good motifs showing split Soret bands and strong electronic
coupling without any fluorescence quenching. The shape of the
Soret band changes significantly, depending on the substituent
group on the porphyrin. In this section, the relationship between
the structure and the width of the Soret band splitting and the
shape of the Soret band is discussed.

The structure of several imidazolyl-zinc-porphyrin dimers and
their UV-vis absorption spectra are shown in Fig. 12 and 13,
respectively. The triphenyl-substituted porphyrin 12D shows a
split Soret band at 415.3 and 434.2 nm. These are blue- and
red-shifted from the Soret band of 12M-Py (427.9 nm). The
splitting energies of 12D with respect to the monomer 12M were
calculated to be —709 cm™' for the B,-B,’ interaction (x = 1)
and 339 cm™' for the B,—B,’ interaction (x = 1.1), respectively.
Compound 12D is considered to be a standard dimer in a series
of imidazolyl-zinc-porphyrin dimers, because the magnitudes of
the two transition dipoles, B, and B,, is considered to be similar
and nearly degenerate. The half-bandwidth of the Soret bands
of 12M-Py and pyridine-coordinated zinc tetraphenylporphyrin
(ZnTPP-Py) is almost the same, indicating that 12M-Py has a
pseudo C, symmetry for the m-electronic system of the porphyrin.

When the meso-phenyl substituents along the B, direction
are replaced by aliphatic substituents (22D),* then the coupling
energies of both the B,-B,’ and B,—B,’ interactions increase to
—879 and 349 cm™!, respectively. The intensity of the Soret band
at longer wavelengths increases relative to the intensity of the
short wavelength Soret band. When the last phenyl group in 22D
is further replaced by a ferrocenyl group, then the split Soret bands
become more unsymmetrical (23D).5* The intensity of the longer
wavelength band increases significantly. The coupling energy of
the B.—B,’ interaction increases slightly to 524 cm~', whereas the
coupling energy of the B,—B,’ interaction decreases significantly
to —549 cm™'. The ferrocenyl group is an electron-donating
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12D: R, = R, = Ph*’

22D: R, = Ph,
Ry = =(CHy)30CH,CH=CH, 52
23D: R, = Fc,

R, = -(CH,)30CH,CH=CH, 2

24D: R, = ethynylphenyl 2—<: >

Ry = -(CH,)30CH,CH=CH, %

: ligand (pyridine, imidazole)

12M-Py: R, =R, = Ph
22M-Im: R, = Ph,
Ry = ~(CH,);0CH,CH=CH,

23M-Im: R, = Fg,
Ry = -(CH,)30CH,CH=CH,

24M-Py: R, = ethynylphenyl
R, = -(CH,)30CH,CH=CH,

RS Ry = -(CH),C0,CH,CH=CH,

Fig.12 Various imidazolyl-zinc-porphyrin dimers and the corresponding
monomers.

substituent and the steric requirement for the coplanar orientation
is small compared with six-membered aromatic substituents. The
coplanarity and the electronic coupling interactions between the
ferrocenyl and the porphyrin moieties can increase. Such an
asymmetric substitution generally disrupts the degeneracy of the
two transition dipoles. In fact, the Soret band of the corresponding
monomer 23M-Im is broader than the Soret bands of 12M-Py
and 22M-Im. Such a disruption of the degeneracy becomes more
obvious in the monomeric phenylethynyl-substituted porphyrin,
24M-Py.** Thus, two Soret bands corresponding to B, and B.
are observed at 433.6 and 445.8 nm as low- and high-intensity
peaks, respectively. The Soret and Q(0,0) bands are significantly
red-shifted due to the increase in m-electron conjugation. When the

dimer forms, almost no shift is observed for the B,~B,’ interaction,
and a relatively small red shift (386 cm™') is observed for the
B,—B,’ interaction. The reason for the small coupling energy is
unclear. A possible explanation is that the distance between the
two dipole moments is further increased by an expansion of the
conjugated m-electron system, even though the centre-to-centre
distance between the two porphyrins remains the same. When
another zinc porphyrin is connected through an ethynylene unit,
then Soret bands at longer wavelengths appear at 485 and
493 nm for monomer 25M-Py and dimer 25D, respectively.**
The coupling energy (335 cm™') is relatively small compared
to cases for other dimers. Here again, the expansion of the m-
electron system along the B, direction decreases the coupling
energy of the complementary coordination dimer, although the
magnitude of the transition dipole moment, B,, must be increased.
In the imidazolylethynyl-zinc-porphyrin dimer, 13D, the centre-to-
centre distance becomes longer than that of the imidazolyl-zinc-
porphyrin dimers. The UV-vis absorption spectrum of 13D shows
a broad Soret band instead of split peaks. In contrast to other
imidazolyl-zinc-porphyrin systems, the Soret band is red-shifted
for the dissociated monomer 13M-Py rather than the dimer 13D.
This shift results from a conformational change of the imidazolyl
group, which is oriented perpendicular to the attached porphyrin
in the coordination dimer, and becomes coplanar in the dissociated
monomer.

6. Polymeric and macrocyclic systems using
complementary coordination

The combined use of covalently and non-covalently linked dimer
motifs provides for well-oriented oligomeric and polymeric sys-
tems. The resulting absorption spectra are expanded to capture a
wide wavelength range of visible light, and the excitation energy
can be transferred over a long distance through the chain. The ap-
plication of complementary coordination motifs 12D and 13D to
the meso—meso linked dimer 2 gives 26P*>5 and 27P* (see Fig. 14).
These are dissociated into monomeric species 26M-Py and 27M-
Py in the presence of excess pyridine. In non-coordinating solvents,
such as CHCl;, CH,Cl,, and toluene, polymeric 26P and 27P
are produced spontaneously. The number of assembly units is

Abs,

Wavelength [nm]

25D-Extended

Wavelength [nm]

12M-Py
. 23M-Im
5 F
2 12D <r
T T T s L — -~
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; 25M-Py

; 13M-Py

. \\
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Fig. 13 UV-vis absorption spectra of 12M-Py, 12D, 22M-Im, 22D, 23M-Im, 23D, 24M-Py, 24D, 25M-Py, 25D-Extended, 13M-Py, and 13D. (Key:

dimer = black, monomer = grey.)
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R = heptyl

27M-Py

Fig. 14 Complementary coordination polymers 26P and 27P, and
the unit molecules.

dependent on the concentration. The average number has been
estimated to produce more than a 700-mer for 26P in CHCl; from
gel permeation chromatography (GPC) data, and a 45-mer for 27P
in 5.8 x 10> M CHCI, from the self-association constant.

The absorption spectrum of polymer 26P shows split Soret
bands at 408.5 and 489.5 nm, which are blue- and red-shifted
by —528 and 1357 cm™', respectively, compared to the Soret band
of the corresponding monomer 26M-Py (Fig. 15). Polymeric 27P
also shows split Soret bands at 432 and 490.5 nm, whereas the
dissociated monomer 27M-Py shows split Soret bands at 437 and
473.5nm. The absorption spectrum of both polymers covers a wide
wavelength range of visible light. The fluorescence spectrum of
polymeric 26P does not show any obvious quenching,* indicating
a potential use in light-harvesting antennae. The fluorescence was
quenched efficiently when an acceptor molecule was introduced at
the terminal position.*” This means that excitation takes place at
any location in the assembly, and that the energy is transferred to
the terminal acceptor.

26M-Py 27M-Py

26P 27P

400 500 600 700 400 500 500 700
Wavelength [nm] Wavelength [nm]

Fig. 15 UV-vis absorption spectra of 26M-Py, 26P, 27M-Py, and 27P.
(Key: polymer and dimer = black, monomer = grey.)

When complementary dimer motifs are connected by non-
linear spacers, macrocyclic oligomers are produced spontaneously
under diluted conditions without the formation of polymeric
side products. The size of the macroring is easily controlled by
the angle between the two connecting bonds. In the case of
m-phenylene-linked bis(imidazolyl-zinc-porphyrins), pentameric
and hexameric supramolecular macrorings, C-P5 and C-P6, are
formed® (Fig. 16). To determine the exact assembly number
using mass spectrometry, the macrorings were covalently linked
using a ring-closing metathesis reaction.*®%” The covalently linked
macrorings did not dissociate under the conditions used in the
mass spectrometer, not even when using coordinating solvents,
such as pyridine. Two different sized macrorings were separated
using GPC.

ke \ ~ 200 fs
 } the dipole equifibrum
between Xand ¥

Fig. 16 Supramolecular porphyrin macrorings C-P5, C-P6, C-EP5, and
C-EP6 with reference porphyrins A, B, and C.

The photophysical dynamics of C-P5 and C-P6 were determined
using reference porphyrins A, B, and C through nanosecond
time-resolved fluorescence and fluorescence decay anisotropy, and
femtosecond transient absorption (TA) and transient absorption
anisotropy (TAA).® The fast excitation-energy hopping (EEH)
rates in the rings were also determined using the latter two
methods. The TAA decay reflects the depolarization of the exciton
that is initially localized in weakly coupled multi-chromophores.
The EEH parameters between the two zinc porphyrin monomers
in the cofacial dimer and the cofacial porphyrin dimers in
the macrorings were obtained from the data. Exciton—exciton
annihilation processes occur in light-harvesting antenna systems
under multi-photon absorption conditions. These processes are
also associated with the EEH value.” Pump power-dependent
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transient absorption experiments give related parameters used to
calculate the value of the EEH.

The TAA decay of A shows only a single component with
a time constant of ~200 fs. The fast component originates at
the dipole equilibrium of the zinc porphyrin monomer, and the
EEH originates between the zinc porphyrin monomers in the
cofacial dimer. The TAA decay of B and C was fitted using
two components with time constants of ca. 200 fs and 4.6 ps,
respectively. The faster component was assigned the same value
as that of A, and the slower component was assigned the same
value as EEH between the two zinc porphyrin monomers of B,
and the two cofacial zinc porphyrin dimers of C. In the case of
C-P5 and C-P6, the two decay components were obtained in a
similar manner. The slower time constants of 2.11 ps for C-P5
and 1.62 ps for C-P6 are similar to those obtained for C. These
values were used to calculate the EEH values of the macrorings.
At the same time, the pump power-dependent TA was measured
for C-P5 and C-P6, along with references A and B. The TA decay
of C-P5 and C-P6 was very sensitive to the pump power, whereas
no pump power dependence was observed for references A and B.
This indicates that the exciton—exciton annihilation between the
cofacial dimer units occurred only in ring structures of C-P5 and
C-P6. The EEH processes were analysed based on a Forster-type
energy-transfer model, assuming a migration-limited character of
the exciton—exciton annihilation and a random-walk formalism for
the anisotropy decay. The EEH time was obtained using eqn (5)
and (6), in which N was the number of EEH sites, a was the
angle between the neighbouring transition dipoles, Tuiniaion Was
the slowest exciton—exciton annihilation time, and 7y, Was the
inverse of the nearest neighbour energy-hopping rate.®’

Thopping

Thopping
41 — cos’2n/N)) _ 4(1 — cos™) ®)

7:depolarizalion =

N —1

Tannihilation = T Thopping (6)

For values of N = 5and a = 72° for C-P5,and N =6 and a =
60° for C-P6 in eqn (5) and (6), the values of Typotarizaton = 7.6 ps for
C-P5 and Tuepotarizaiion = 4.9 ps for C-P6, and 7 inituion = 8.3 ps for
C-P5 and 7,ihition = 5.7 ps for C-P6, respectively, were obtained.
It should be noted that both of the time constants obtained from
the two different experiments were the same within a small error
range (i.e., for the EEH times, this was 8.0 & 0.5 ps for C-P5 and
5.3 £ 0.6 ps for C-P6), which validates the treatment.

Two larger macrocycles C-EP5 and C-EP6 were synthesized
to examine further the relationship between the macroring
structure and the EEH times.>® In these motifs, the cofacial
dimer units are connected through a 1,3-bisethynylenephenylene
moiety. Their structural analysis was carried out using 'H NMR
spectroscopy, mass spectrometry, and high-resolution scanning
tunnelling microscopy (HRSTM).®! The simple NMR spectra of
non-metathesized EP-5 and EP-6 indicate that the rotation of the
dimer units along the ethynylene bonds is fast, occurring within
the NMR timescale. This may contribute to a strong electronic
coupling between two cofacial dimer units.

The photophysical dynamics of C-EP5 and C-EP6 were exam-
ined using the same methods as used for C-P5 and C-P6. The EEH
times within the macrorings of C-EP5 and C-EP6 were determined

to be 21 ps for C-EP5 and 12.8 ps for C-EP6. A comparison of
these data with those from the m-phenylene-linked macrocycles,
C-P5 (8.0 ps) and C-P6 (5.3 ps), suggests that the EEH time
depends on the distance of the hopping sites. Although in C-
EP5 and C-EP6, both coplanarity and electronic communication
through the ethyne bond were introduced, the apparent EEH times
were increased. The ethyne moiety between the porphyrin and
phenylene brings about a red-shift of the absorption spectra of
C-EP5 and C-EP6 compared to C-P5 and C-P6. In addition, the
Q(0,0) band intensity of C-EP5 and C-EP6 are significantly higher.
These features may play an important role as a second antenna
into which excitation energy can be funnelled from surrounding
higher energy antenna. Since the emission spectra of C-P5 and
C-P6 overlap with the absorption spectra of C-EP5 and C-EP6,
their composite systems may provide an energy cascade system,
such as LH2 and LH1.

Interestingly, the EEH times of the hexameric macrorings of
C-P6 and C-EP6 are faster than those of the corresponding
pentameric macrorings of C-P5 and C-EPS. In Forster-type
energy transfer, the rate constant is expressed by eqn (7), in which
n is the refractive index of the solvent, R is the centre-to-centre
distance between the donor and the acceptor, 7 is the fluorescence
lifetime of the energy donor, « is the orientation factor, @ is the
fluorescence quantum yield, and J is the spectral overlap integral.

—-25,.2
g = 8.8 anl(;(,f K CDJ ™

If we assume perfectly planar structures for the pentagons and
hexagons, then the orientation factor, ., is calculated to be x =
1.65 for C-P5 and C-EPS and x = 1.75 for C-P6 and C-EP6. The
centre-to-centre distances between the two cofacial dimer units
were estimated from molecular modelling to be 15.5, 16.1, 19.9,
and 20.7 A for C-P5, C-P6, C-EP5, and C-EP6, respectively. With
respect to the distances between the energy-hopping sites, the
hexamers C-P6 and C-EP6 are less favourable than the pentamers
C-P5 and C-EPS by a factor of 1.04, whereas they are more
favourable by a factor of 1.06 with respect to the orientation factor.
Since the energy transfer rate is affected by the inverse of the sixth
power of the separation distance and is proportional to the square
of the orientation factor, then the decrease in the rate constant
of the hexamers due to the longer distance (1/(1.04)° = 0.79)
seems to dominate over the increase due to the orientation factor
((1.06)* = 1.12). However, both EEH rates of the hexamers C-P6
and C-EP6 are faster than those of the corresponding pentamers,
C-P5 and C-EPS. This suggests that hexameric structures have a
better orientation, which is probably due to the strong electronic
coupling or accumulated hopping.

Other supramolecular porphyrin macrorings can be obtained
by changing the spacer structures.®> When a ferrocenyl group was
used as a spacer, a series of giant macrorings were obtained.®® The
ring sizes were estimated using well-resolved GPC peaks and the
result was finally confirmed by HRSTM.*

Covalently linked C12ZA% and C24ZB® have been synthesized
recently, and their photodynamic properties have been examined
using the same methods as applied to the above macrorings
(Fig. 17). In these motifs, the EEH times among the meso-meso-
linked dimer or tetramer units in C12ZA and C24ZB are very fast
(ca. 240 fs), suggesting that coherent units exist. The EEH times
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Fig. 17 Porphyrin macrorings of C12ZA% and C24ZB.*

between the dimer and the tetramer units were estimated to be 3.6
and 35 ps for C12ZA and C24ZB, respectively. Since the centre-
to-centre distance between the energy hopping sites of C24ZB is
roughly 1.5 times longer than that of C12ZA, then the slower
time constants observed in C24ZB are consistent with the above
explanation (1/(1.5)° = 0.09). Similar to B850, the transition
dipoles in the macrocyclic rings of C-P5, C-P6, C-EP5, C-EP6,
C12ZA, and C24ZB are aligned along the ring axis. The well-
ordered orientation must contribute to the efficient excitation
energy transfer in the rings.

Since the zinc(11) ion is limited to five-coordination, the poly-
merization of the monoporphyrin unit cannot be achieved using a
complementary coordination strategy. Replacement of the zinc(1r)
ion by metal ions permitting six-coordination must consider two
factors: the large stability constant and the zero fluorescence
quenching required to obtain stable assemblies for light-harvesting
functions. The use of Co(111) porphyrin 29 (see Fig. 18) only satisfies
the former condition, and giant J-type assemblies are obtained
without any fluorescence emission.?’

Ph |
N N
Ph N,cé_i*—N \]
N N— Ph

" Ewph

LG 2CIO4

8 = EtOH or H,O

Fig. 18 Complementary coordination dimer 28D, polymer 29P, and the
monomer 28M-Py,.

The absorption spectrum of the dimer 28D (see Fig. 19) shows
a broad Soret band with respect to that of the corresponding
monomer, 28M-Py,. However, the splitting energy of the dimer
28D is smaller than that of imidazolyl-zinc-porphyrin dimers 12D
and 22D.¢*% When 29P is formed, the Soret band appears with
a large split width at 402 and 478 nm.f The difference in energy

T Polymerization of 29 usually accompanies a shorter oligomer, but the
absorption spectrum of long polymer 29P was obtained in the course of
analytical gel permeation chromatography by photodiode array detector.

| 2BM-Py2

| 0P
28D

500 600 700 300 500 800 700
Wavalength [nm] Wavelength [nm]

Fig. 19 UV-vis absorption spectra of 28M-Py,, 28D, and 29P. (Key:
polymer and dimer = black, monomer = grey.)

of the Soret band from the monomer, 28M-Py,, is —2200 and
1755 cm™, indicating that both B,-B,” and B,—B,’ interactions are
accumulated in this system. Compound 29P is a unique example
of a coordination-organized large J-aggregate with a significant
n-electron overlap, and so this compound may be used as a charge
transporter.

7. 2-Pyridinyl-zinc-chlorin and
imidazolyl-zinc-phthalocyanine dimers

In porphyrin assemblies, strong excitonic couplings are observed,
mainly in the Soret band, whereas the coupling energy of the Q-
band is generally small. This result comes from the smaller oscilla-
tor strength of Q-bands. In natural photosynthetic systems, partly
hydrogenated porphyrins such as chlorin and bacteriochlorin are
used in light-harvesting antenna systems.*

Due to the removal of the degeneracy of the two transition
dipoles, the Q(0,0)-band becomes much more intense than that of
porphyrin. However, the complementary coordination dimer of
(2-pyridinyl)-zinc-chlorin, 30D, exhibits only a small red-shift of
the Q-band (70 cm™')™ (Fig. 20).

Fig.20 (2-Pyridinyl) chlorin, 30, and the imidazolyl-zinc-phthalocyanine
dimer, 31.
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D,-Metallophthalocyanine has two degenerate transition
dipoles along the axis connecting the two trans benzopyrroles,
but the intensity of the Q(0,0)-band is much larger than that of
porphyrin. The molar extinction coefficient (e =2 x 10° M~ cm™
(677 nm in toluene) for Zn'BuPc) is large enough to induce a
significant excitonic coupling. We recently succeeded in synthe-
sizing B-substituted imidazolyl-zinc-phthalocyanines 31.”" Similar
to the imidazolyl-zinc-porphyrins, 31 affords the complementary
coordination dimer 31D. In this case, two structural isomers,
oblique and parallel, were observed in the '"H NMR spectra using
a non-symmetrical disposition of the imidazolyl substituent. The
absorption spectrum of the dimer mixture shows split Q-bands
at 669.5 and 699 nm with respect to the absorption spectrum of
the monomer (679 nm). The apparent splitting energies are —209
and 421 cm™', respectively. In contrast to the porphyrin dimer, the
shift of the Soret band, occurring around 350 nm, is negligible.
The fluorescence quantum yield of the dimer is almost the same as
that of the monomer, indicating once again that complementary
coordination does not quench the fluorescence.

Other phthalocyanine dimers with covalent and non-covalent
linkages have been reviewed previously.”” Covalently linked sys-
tems with direct” connections or through cyclophane-type,’*
shared phenylene,” and ethynylene groups® seem to be potential
candidates for both light-harvesting and charge transport. A
combination of covalent dimers with complementary coordination
motifs may provide phthalocyanine polymers, as in the case of
porphyrins.

8. Porphyrin—phthalocyanine heterodimers

Porphyrin—porphyrin and phthalocyanine-phthalocyanine ho-
modimers have been discussed in the previous sections. Since the
two molecules are identical in these cases, the excitonic interaction
leads to a clear splitting of the Soret or Q-bands. Here, we will
discuss cases involving a closing connection with a porphyrin
and phthalocyanine link.”® Large spectral changes are observed
for various face-to-face porphyrin—phthalocyanine heterodimers
constructed from electrostatic and hydrophobic - interactions
in aqueous or very polar media.”” The shape of the absorption
spectra depends on the nature and the combination of the central
metal ions of the porphyrin and the phthalocyanine. Recently, two
head-to-tail porphyrin—phthalocyanine heterodimers, 32 and 33,
have been reported by our group™ and Torres’ group™ (see Fig. 21).
A direct linkage at the meso- or B-positions of the porphyrin and
the B-position of the phthalocyanine restricts free rotation along
the connecting bond. In the UV-vis absorption spectra of these
heterodimers, the Q(0,0) band of the phthalocyanine moiety is
red-shifted and is broadened significantly when compared to the
Q(0,0) band of monomeric phthalocyanine.

Both energy and electron transfer occur in porphyrin—
phthalocyanine heterodimers. The direction of the energy transfer
always occurs from the porphyrin to the phthalocyanine, but
electron transfer occurs from either side, depending on the redox
potential of the two moieties. Interestingly, although the energy
gap of the charge separation is very small, the electron transfer
occurs smoothly in polar media. We recently examined the photo-
induced charge separation of the porphyrin—phthalocyanine het-
erodimer 32D using ultra-fast transient absorption spectra.®
In this case, electron transfer occurred from the excited zinc

(HsC)sf

C(CH
come  32M C(CHa)s 33 (CHa)s

Fig. 21 Porphyrin—phthalocyanine heterodimers, 32 and 33.

phthalocyanine to the zinc porphyrin. Even if the porphyrin part
is excited selectively, this vectorial electron transfer occurs after a
singlet energy transfer from the excited porphyrin moiety to the
adjacent phthalocyanine part. Since the absorption bands of 32D
cover a wide range of the visible part of the spectrum, any visible
light produces a charge separated state. It is noteworthy that the
energy gap between the charge separated state (1.84 eV) and the
excited phthalocyanine state (1.8 eV) is very small. This means
that a high-energy hole—electron pair is efficiently generated in the
charge separated state. A separation of this high-energy ion pair
in the opposite direction produces both high-lying oxidants and
reductants, as targets for artificial photosynthesis.

9. Outlook

In this article, we have focused on assemblies of porphyrins and
phthalocyanines with strong electronic coupling in well-defined
orientations. Complementary coordination motifs are satisfactory
in every respect in terms of structural stability, orientation factor,
n-electron overlap, and zero fluorescence quenching. The range
of absorption wavelengths can be adjusted and expanded on
by choosing unit molecules and polymeric extensions. In fact,
the entire visible range of the spectrum can be covered by a
combination of meso—meso-linked bisporphyrin polymers, 26P
and 27P, and the phthalocyanine dimer 31D. At the same time, the
one-dimensional porphyrin polymer 26P acts as a singlet energy
transporter. Polymer 26P, which is composed of charge resonance
interacting pairs®' and a meso-meso-linked porphyrin, leads to
an efficient charge separation and charge transporter. A polymer
combining these features may act as a charge transporter.®” In the
final sections, the porphyrin—phthalocyanine heterodimer 32D was
shown to provide a unique reaction centre, in which the excited
singlet energy funnelled from both chromophores is converted to
a high-energy electron-hole pair.

Biomimetic research has succeeded in constructing each func-
tional unit, antenna, and reaction centre. The connectivity, as
illustrated in Fig. 1, remains a challenging target. Here, the source
and drain of the electron are separated from each other by only
the membrane thickness. Therefore, successful achievement of a
biological mimic of photosynthesis depends on a two-dimensional
arrangement of each energy-producing unit. On the other hand,
artificial energy-producing machines may combine the above
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elements and achieve the following tasks successively: (1) light-
harvesting over the entire range of visible light, (2) transport
of excited energy to a reaction centre, (3) charge separation to
produce a high-energy electron-hole pair, and (4) charge transport
to opposite directions to supply the charges for external terminals.
Since the two terminals are separated by long distances to prevent
charge recombination, the object of future work is to overcome
the problem of how to convey the excitation energy, electrons, and
holes over extended electrode distances.
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Novel bitriazolyl nucleosides were synthesized via the Huisgen reaction, starting with 3-azidotriazole
nucleoside (1). Surprisingly, its isomer, 5-azidotriazole nucleoside (1') did not yield the corresponding
Huisgen reaction products efficiently because it was rapidly reduced to amine in the presence of
Cu(mr)-ascorbate. The significant differences between the reactivity of these two isomers in
Cu(m)-ascorbate mediated reactions are mainly due to differences in their electronic properties and

steric congestion as a result of different relative positions of the azido and the ribosyl moieties.

Introduction

Triazole units are heterocyclic structural motifs with considerable
medicinal and agrochemical potential. Ribavirin (Scheme 1),
a triazole nucleoside, which was the first synthetic nucleoside
found to show antiviral activity,' is the only small-molecule
drug currently available for treating patients infected with the
hepatitis C virus.? Fluconazole (Scheme 1), which has two 1,2,4-
triazole residues, is a powerful antifungal agent.® We recently
discovered bitriazolyl compounds (Scheme 1) which showed
promising activity against the tobacco mosaic virus (TMV).** In
our ongoing research on novel triazole compounds with medicinal
and agrochemical potentials,*® we are interested in developing
bitriazolyl ribonucleosides (Scheme 1) because nucleoside deriva-
tives provide useful means of combating various viruses. Here
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we report on the synthesis and characterization of these novel
bitriazolyl ribonucleosides using the Huisgen reaction with 3-
azidotriazole nucleoside 1, and describe the unexpected reduction
of S-azidotriazole nucleoside 1’ occurring in the mild Cu(i)—
ascorbate system.

Results and discussion
1. Synthesis of bitriazolyl nucleosides

3-Azidotriazole nucleoside 1 and 5-azidotriazole nucleoside 1’, the
precursors of the photolabeling probes of ribavirin, which were
previously developed at our laboratories,” were used as starting
materials to synthesize the bitriazolyl nucleosides via the Huisgen
reaction (Scheme 2).%

R
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Scheme 2 Synthesis of the bitriazolyl nucleosides via Cu(1)-catalyzed
Huisgen reaction.

In line with previous findings,** bitriazolyl nucleoside 2 was
obtained in good to excellent yields from 1 under copper(1)-
catalyzed Huisgen reaction conditions (Table 1), regardless of
whether the substituents in the alkynes were aliphatic (entries
3-6 in Table 1), aromatic (entries 7-11 in Table 1), or electron-
withdrawing groups (entries 1, 2 in Table 1). The reactions were
conveniently carried out by simply stirring 1 and the corresponding
terminal alkynes in the presence of CuSO, and sodium ascorbate
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Table 1 Bitriazolyl nucleosides (2) synthesized via copper(1)-catalyzed
Huisgen reaction using 1

R

N =\
Y "Wty
7\ 7\
N, OCH; . N, OCH;
o CuS0, 5H,0 o
sodium ascorbate
OAc OAc THF/H,0 1/2 OAc OAc
1 2
Entry R Product Yield (%)* Yield (%)"
1 o 2a 81.4 78.5
CH,0C—
2 o 2b 77.6 72.7
CH3CH,0C—
3 o 2¢ 87.7 79.7
CH3COCH,—
4 2d 81.1 74.0
Oron
5 2e 98.4 75.5
O,
6 ®7 2f 70.1 85.0
7 @ 2g 98.1 71.5
8 cH, < > 2h 85.9 83.9
9 HaCO < > 2i 81.9 66.3
10 2j 73.2 70.2

?

11 HyCH,C)s < > 2k 89.1 71.4

“At80°C.* At 25°C.

at 80 °C in a THF-H,O solvent system for 1 h. Only the 1,4-
disubstituted 1,2,3-triazoles were obtained, which is in agreement
with the proposed reaction mechanism that the copper(1) acetylide
intermediate formed may undergo stepwise addition with the
azide, resulting in the regioselective product.’ The structures of 1,4-
disubstituted 1,2,3-triazoles were further confirmed by performing
X-ray structural analysis on the two products 2a and 2i (Fig. 1).
Although the X-ray crystallographic analysis only established the
relative, not the absolute stereochemistry, it is worth noting that
the bitriazolyl units in both 2a and 2i approach co-planarity, as
previously observed in the case of bitriazolyl compounds.® The

o
N\AOCH
A\ 3
N CuS0, 5H,0
Ao v ) ity
° THF/H,0=1/2
0,
OAc OAc ;()) nin

1’

Fig. 1 X-Ray structures of 2a (A and B) and 2i (C and D) (ORTEP
probability 50%).

bitriazolyl unit may therefore be an interesting motif for mimicking
conjugated or enlarged nucleobases.

In addition, the Huisgen reaction between 1 and various alkynes
occurred readily even at room temperature, although this gave
slightly lower yields (Table 1). We know from our previous
work that the azidotriazole without a ribosyl substituent was
not able to undergo the Huisgen reaction at room temperature
to give the corresponding bitriazolyl compounds.*® Therefore,
the introduction of the ribosyl group at N-1 of the triazole ring
promotes the reactivity of 1 in the Huisgen reaction.

However, the Huisgen reaction was not straightforward in the
case of 5-azidotriazole nucleoside (1'). The reaction led to nu-
merous products, while 1’ was almost completely consumed. This
isomer did not yield the corresponding Huisgen product efficiently
either under conventional heating or by microwave irradiation
in the presence or absence of catalysts such as Cu(ir)-ascorbate,
Cu(0)-Cu(1r), Cul-NEt;, CuBr and CuCl (data not shown). We
first thought that this might be simply due to the steric congestion
occurring between the azido group and the ribosyl moiety in
1'. When phenylacetylene was used, two completely unexpected
products were isolated: the amine 3 (38%) and the amide 4 (40%)
(Scheme 3). To our great surprise, the 5-azidotriazole nucleoside
1’ was reduced to 5-aminotriazole nucleoside 3 under mild Cu(ir)—
ascorbate reaction conditions, although amide formation was
reported to occur via a hydrative reaction between terminal
alkynes, sulfonyl azides and water in the presence of a copper
catalyst.® Although alkyne homocoupling might possibly be a side

(o] (o]
oo Uy oo
\ 3 I\ 3
HaN—4 N N
2 N,N H N
AcO

AcO +
o} O
OAc OAc OAc OAc
3 (38%) 4 (40%)

Scheme 3 Cu(1)-catalyzed Huisgen reaction of 5-azidotriazole nucleoside 1’ with phenylacetylene.
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reaction of the copper(1)-catalyzed Huisgen reaction,?*! we were
not able to isolate or identify any alkyne homocoupling products.

2. Reduction of azide by the Cu (11)-ascorbate system

The copper(1)-catalyzed Huisgen reaction, which is a reliable
and efficient method to generate triazole, has resulted in various
elegant and important contributions in the field of organic
synthesis and in the medicinal and material sciences. To our
knowledge, however, the azide reduction found here to occur under
mild Cu(m)-ascorbate Huisgen reaction conditions has never been
reported so far. The reduction of 1’ occurring in the Cu(i)-
ascorbate system prompted us to wonder whether these mild
Huisgen reaction conditions might reduce other azides, which
would seriously limit the general applicability of the Huisgen
reaction. We therefore treated several azides with the Cu(ir)—
ascorbate system in the absence of any alkynes (Table 2). The
3-azidotriazole nucleoside 1 (entry 1 in Table 2) was found to
be extremely stable in the Cu(ir)-ascorbate system and could be
recovered with a yield of more than 80% even after being refluxed
for 25 h at 80 °C; whereas the 5-azidotriazole nucleoside 1’ (entry
2 in Table 2) underwent rapid reduction and gave an almost
quantitative yield of the corresponding product, S-aminotriazole
nucleoside 3, within 30 minutes. Reduction of azide 1’ to amine

3 occurred readily even at room temperature, although a much
longer reaction time was required (entry 3 in Table 2). Without
the Cu catalyst, the azide 1’ could also be reduced to the amine 3
by ascorbate, although at a much slower rate (entries 5 and 6 in
Table 2). Yields of 50% and 80% were obtained when 0.5 eq and
1.0 eq sodium ascorbate was used, respectively. However, in the
absence of sodium ascorbate (entry 4 in Table 2), azide 1’ could not
be reduced to the corresponding amine in the presence of CuSO,
or other Cu() catalysts such as Cul or CuBr.

Our expanded studies on other azides revealed that electron-
deficient aryl azides (entries 12-14 in Table 2) could be reduced
to amine in the Cu(i)-ascorbate system, while aryl azides with
electron-donating substituents and alkyl azides did not undergo
reduction (entries 8 and 11 in Table 2). This finding suggests
that the electronic properties of azides contribute significantly
to their reduction to amines. Similar findings were previously
reported by Knowles et al.'? as regards the reduction of azides
by propane-1,3-dithiol and recently by Wong et al. as regards the
regioselective reduction of azides by the Staudinger reaction using
trimethylphosphine.'

3. Different reactivity of azidotriazole nucleoside isomers

We were curious about the tremendous difference in reactivity
observed between azidotriazole nucleoside isomers 1 and 1'. In

Table 2 Reduction of various azido compounds under Cu-catalyzed Huisgen conditions

CUSO4 5H20
RN, sodium ascorbate RNH,
THF/H,0=1/2

Entry Azide CuSO, Sodium ascorbate Temp./°C Time/h Yield“(%)

1 1 0.16 eq 0.5¢q 80 25 b

2 1 0.16 eq 0.5eq 80 0.5 97

3 1 0.16 eq 0.5eq 25 8.5 74 (21)

4 1 0.16 eq* No 80 23 —b

5 1 No 0.5eq 80 21.5 50 (41)

6 1 No 1.0 eq 80 6.5 80

7 U No No 80 8.0 —b

8 NN 0.16 eq 0.5eq 80 10.5 —b

b
9 N3© 0.16 eq 0.5eq 80 10
_ b
10 NaQCHa 0.16 eq 0.5eq 80 8
11 Ns_@ ooty 0.16 eq 0.5eq 80 10 b
12 m@woz 0.16 eq 0.5¢q 80 9 31 (48)
13 RF 0.16 eq 0.5¢q 70 16 25 (24)¢
N34QCOOCH3
F F
14 ROF 0.16 eq 0.5eq 70 2 68 (21)
Na—QCOOH
FF

“The yields stand for the isolated amine product. In some cases, the yield of starting material recovery is indicated in parentheses. ®* No reduction product
could be detected and isolated. ¢ CuSO,, Cul and CuBr were tested respectively. ¢ The reaction was carried out at 70 °C, not at 80 °C because the starting
material was not stable and partially decomposed at 80 °C. ¢ Part of the ester product was further hydrolyzed to the corresponding acid during the

reaction.
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order to explain this difference, theoretical calculations were
carried out on these two isomers." The results show that the
azido-connecting carbon at the 3-position of 1 has a negative
charge of —0.036, while the carbon at the 5-position of 1’ has a
positive charge of +0.065 (Scheme 4), indicating that the carbon
at the 3-position of 1 is electron-rich, while that at the 5-position
of 1’ is electron-deficient. The azide group of 1 can be therefore
taken to be attached to the electron-rich substituent, while that
of 1" is connected to the electron-deficient substituent. It was
recently reported that the use of highly electron-deficient azides
in the Huisgen reaction might be problematic.'® Since electron-
rich azides are favorable for the Huisgen reaction and electron-
deficient azides are suitable for reduction, this readily explains
the differences in reactivity observed for 1 and 1’ under Huisgen
reaction conditions.

N
NS
\Nt\ -0.036
N + 0.065 o]
TN N OCH.
I e \ 3
N.N‘ OCH; N=nr==N—{
AcO 0 AcO
0 o]
OAc OAc OAc OAc
1 1

Scheme 4 Charge distribution on the triazole ring of 1 and 1'.

We further studied the frontier orbitals of 1 and 1’ (Fig. 2) in
order to better understand their different chemical reactivity. It is
well known that the energy and the population of frontier orbitals
are important factors to chemical reactivity. During the reaction,
the electrons are transferred from the highest occupied molecular
orbital (HOMO) of the donor to the lowest unoccupied molecular
orbital (LUMO) of the acceptor. The interaction of HOMO-
LUMO is stronger if the energy difference between the HOMO
and LUMO is smaller or if the spatial overlap between the orbitals
involved is more efficient. Therefore, the reaction proceeds faster
when the HOMO energy is raised or the LUMO energy decreased
or the spatial overlap of orbitals is more favorable. Based on the
proposed mechanism for the copper(1) mediated Huisgen reaction,
the azide will undergo nucleophilic addition to the copper(1)
acetylide intermediate, indicating that the HOMO orbital of azide

1 r

T
LUMO _ s o3,
eed 0
- 0.93 e
EHNE ey g X
4 ‘,‘
. 4
E
.”J
HOMO ” _H_ - % i
0. .:Q . 2
(- 9.88eV) ) : S

Fig.2 The energy and the shape of the HOMO and LUMO orbitals of 1
and 1', respectively.

will be engaged in the Huisgen reaction. In the reduction reaction,
azide is going to receive the electrons in order to be reduced to the
corresponding amine. Therefore, the unoccupied LUMO of azide
will be engaged. Calculations showed that 1, on one hand, has the
HOMO orbital with higher energy than 1’ (Fig. 2), suggesting that
1 is more favorable to undergo Huisgen reaction than 1'. The steric
crowding around the azido group in 1’ may also be an additional
factor to the problematic Huisgen cycloaddition. On the other
hand, the higher energy LUMO orbital as well as the practically
null LUMO orbital coefficient at the nitrogen atom to be reduced
makes it difficult for the reduction of 1 to the corresponding
amine. Contrary to 1, the lower energy LUMO orbital and higher
orbital coefficient at the nitrogen concerned make the reduction
of 1’ favorable. Taken together, results from both calculation and
experiments are in good agreement and demonstrate the significant
difference in the reaction activity between 1 and 1'.

4. Biological evaluation

The synthesized bitriazolyl nucleosides 2a—k were evaluated for
their antiviral activity against the tobacco mosaic virus (TMV), a
basic model in the search for antiviral agents capable of combating
the agricultural plant virus. The antiviral activity of 2 was assessed
with the fresh leaves of tobacco plants using the conventional
half-leaf juice rubbing method' as we have employed for the
non-nucleosidic bitriazolyl compounds.® The results are listed in
Table 3, together with that of ribavirin, the control reference.
Compounds 2g and 2h showed similar level of antiviral activity to
that of ribavirin (Table 3). These results together with our previous
results® have demonstrated the potential of bitriazolyl compounds
as antiviral candidates.

Conclusions

In conclusion, we have accomplished the convenient synthesis of
a series of novel bitriazolyl nucleosides via the Huisgen reaction.
During the synthesis, we have discovered the surprisingly different
reactivity of 3-azidotriazole nucleoside (1) and 5-azidotriazole
nucleoside (1) in a Cu(ir)-ascorbate mediated reaction: 1 under-
went efficient Cu()-catalyzed Huisgen reaction, whereas 1' was
rapidly reduced to the corresponding amine. A calculation has
been used to interpret this different reactivity, which is mainly
due to their different electronic properties: 1 is an electron-rich
azide which is favorable for the Huisgen reaction, while 1’ is

Table 3 Antiviral activity of the synthesized triazole nucleosides against
tobacco mosaic virus

Compound Antiviral activity (%)
Ribavirin 49+8
2a 11+9
2b 12+8
2c 2147
2d 17+3
2e 25+5
2f 8+5
2g 40+ 3
2h 42+ 8
2i 8+5
2j 18 £ 10
2k 28+ 6
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electron-deficient azide which is favorable for reduction. Ad-
ditionally, the steric crowding of 1' may also be responsible
for the problematic Huisgen reaction. The different reactivity
between 1 and 1’ may be further exploited for synthesizing
structurally different triazole compounds with various biological
activities. Studies in this direction are currently under way in our
laboratories.

Experimental

General method

The '"H NMR and “C NMR spectra were recorded at 300 MHz
and 150 MHz, respectively, on Varian Mercury-VX300 and Varian
Inova-600 spectrometers. The chemical shifts were recorded in
parts per million (ppm) with TMS as the internal reference. FAB
and ESI MS were determined using ZAB-HF-3F or Finnigan LCQ
Advantage mass spectrometer. High resolution mass spectra were
obtained by Matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) using an IonSpec 4.7 Tesla fourier
transform mass spectrometer. All compounds were purified by
performing flash chromatography on silica gel (200-300 mesh).

General procedure for the synthesis of the bitriazolyl derivatives
2 through a copper(1)-catalyzed Huisgen reaction. The azide 17
(100 mg, 0.23 mmol) and alkynes (0.28 mmol) were dissolved in a
mixed solvent system (THF-H,O0, 1 : 2, 9 mL). A freshly prepared
aqueous solution of sodium ascorbate (0.12 mmol, 0.2 mL)
was added, followed by a freshly prepared aqueous solution of
CuS0O,-5H,0 (0.04 mmol, 0.2 mL). The yellowish reaction mixture
was stirred at 80 °C or at 25 °C, until complete consumption of 1.
The solvent was evaporated under reduced pressure and the crude
material was purified by column chromatography (petroleum
ether—EtOAc, 1 : 1). The residue was dried in vacuo to afford 2.

3-[4-(Methoxycarbonyl)-1H-1,2,3-triazol-1-yl]-1-(2,3,5-tri- O-
acetyl-p-p-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl
ester (2a). White crystal (97.5 mg, 81.4%). R; 0.25 (petroleum
ether-EtOAc, 1:1); '"HNMR (300 MHz, CDCl,):6 8.85(s, 1H, H-
triazole), 7.02 (d, J = 2.4 Hz, 1H, H-1'), 5.88 (dd, J = 2.7, 5.1 Hz,
1H, H-2'), 5.66-5.69 (m, 1H, H-3'), 4.45-4.50 (m, 2H, H-4 + H-
5),4.24(dd,J=5.1,12.3Hz, |H, H-5),4.09 (s, 3H,-OCH;), 4.01
(s, 3H,-OCH), 2.16 (s, 6H, —-C(O)CH5;), 2.09 (s, 3H, -C(O)CH);
BC NMR (150 MHz, CDCl;): 6 166.1, 165.0, 164.9, 155.8, 152.4,
149.4, 141.3, 135.8, 122.2, 85.5, 76.6, 69.7, 66.2, 58.1, 49.5, 48.1,
16.2,16.0; ESI-MS: m/z 510.9 [M + HJ*, 532.9 [M + Na]*, 1042.6
[2M + NaJ*, calced for C,yH»,NO,, 510. Crystallographic data of
2a: C,yH,NO;, (Mr 510.43), monoclinic space group ¢ 2, Z =
4, a = 11.8185 (4), b = 11.0156 (4), ¢ = 18.8659 (8) A, a =
90.00, f# = 95.528 (3), y = 90.00, V = 2444.69 (16) A}, MoK,
radiation, 1 = 0.71073 A, 3.86° < 6 < 26.00°, 2366 reflections,
T = 293 K on a Brucker-Nonius Kappa CCD. The structure
was solved using direct methods (SHELXS 97) and refined with
SHELXL97 to final R (F* > 20F*) =0.0425and wR=0.119 [w =
1/[6*(Fo?) + (0.0889P)* + 0.6416P], where P = (Fo* + 2Fc?)/3].
The X-ray structure data has been deposited in the Cambridge
Crystallographic Data Center with deposition no. CCDC 639564.
Copy of the data can be obtained, free of charge, on application

to the CCDC, 12 Union Road, Cambridge CB2 1EZ UK (email:
deposit@ccdc.cam.ac.uk).t

3-|4-(Ethoxycarbonyl)-1H -1,2,3-triazol-1-yl]-1-(2,3,5-tri- O-
acetyl-p-p-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl
ester (2b). Colorless oil (95.5 mg, 77.6%). R; 0.28 (petroleum
ether-EtOAc, 1 : 1); '"H NMR (300 MHz, CDCl;): 0 8.82 (s, 1H,
H-triazole), 7.00 (d, J = 3.0 Hz, 1H, H-I'), 5.87 (dd, J = 3.0,
5.1 Hz, 1H, H-2), 5.64-5.68 (m, 1H, H-3'), 4.42-4.49 (m, 4H,
H-4 + H-5+-CH,-),4.22(dd, J =4.8,12.0 Hz, 1H, H-5'), 4.07
(s, 3H,-OCH;), 2.14 (s, 6H, -C(O)CH,;), 2.08 (s, 3H, -C(O)CH,),
1.43 (t, 3H, J = 7.1 Hz, -CH;); "C NMR (150 MHz, CDCl;): 6
170.6, 169.5, 169.4, 159.9, 156.9, 153.9, 145.8, 140.6, 126.7, 90.0,
81.2, 74.3, 70.7, 62.6, 61.7, 54.0, 20.7, 20.51, 20.48, 14.3; ESI-
MS: m/z 524.8 [M + HJ*, 546.9 [M + Na]*, 1070.5 [2M + Na]*,
caled for C,)H,sNO,, 524; HRMS: calcd. for C,)H,,N,O, Na*
547.1401. Found 547.1393.

3-]4-(Acetoxymethyl)-1H -1,2,3-triazol-1-yl]-1-(2,3,5-tri- O-
acetyl-p-p-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl
ester (2c¢). Colorless oil (107.9 mg, 87.7%). R; 0.30 (petroleum
ether-EtOAc, 1 :1); ' HNMR (300 MHz, CDCl,): 6 8.37 (s, 1H, H-
triazole), 7.01 (d, J = 3.0 Hz, 1H, H-I'), 5.88 (dd, J = 3.0, 5.1 Hz,
1H, H-2), 5.67-5.70 (m, 1H, H-3'), 5.30 (s, 2H, -CH ,—O-C(O)-
CH;), 4.44-4.49 (m, 2H, H-4 + H-5'),4.23 (dd, J = 5.7, 12.3 Hz,
1H, H-5), 4.06 (s, 3H, -OCH), 2.13 (s, 6H, -C(O)CH;), 2.10 (s,
3H, -C(O)CH;), 2.06 (s, 3H, -C(O)CH;); *C NMR (150 MHz,
CDCly): 0 170.9, 170.8, 169.7, 169.6, 157.2, 154.5, 145.8, 143.7,
123.1,90.1, 81.3,74.4,71.0, 63.0, 57.4, 54.1, 21.0, 20.9, 20.7; ESI-
MS:m/z525.0[M + H]J*, 1048.8 [2M]*, calcd for C,0H,,NO,, 524;
HRMS: calcd. for C,)H,sN;O,,Na* 547.1401. Found 547.1378.

3-[4-(1-Hydroxycyclopentyl)-1 H-1,2,3-triazol-1-yl]-1-(2,3,5-tri-
O-acetyl-p-pD-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl
ester (2d). Colorless oil (102.1 mg, 81.1%). R; 0.28 (petroleum
ether—EtOAc, 1:1); '"HNMR (300 MHz, CDCl;):0 8.23 (s, |H, H-
triazole), 7.01 (d, J = 3.0 Hz, 1H, H-1'), 5.89 (dd, J = 2.7, 5.1 Hz,
1H, H-2'), 5.67-5.71 (m, 1H, H-3), 4.45-4.50 (m, 2H, H-4 + H-
5),4.23 (dd, J = 5.7, 13.2 Hz, 1H, H-5), 4.07 (s, 3H, -OCH,;),
2.27 (brs, 1H, -OH), 2.15-2.22 (m, 8H, -C(O)CH; + -CH ),
2.09 (s, 3H, -C(O)CH;), 1.86-2.05 (m, 6H, -CH,-). "C NMR
(150 MHz, CDCl;): 6 170.9, 169.8, 169.6, 157.3, 155.1, 154.7,
145.7, 119.4, 90.0, 81.2, 79.0, 74.5, 71.0, 63.1, 54.1, 41.4, 23.8,
20.9, 20.7; ESI-MS: m/z 558.8 [M + Na]*, 1096.5 [2M + Nal*,
caled for C,,H,xN;O,, 536; HRMS: calcd. for C,,H,xN,O,,Na*
559.1765. Found 559.1749.

3-[4-(1-Hydroxycyclohexyl)-1H -1,2,3-triazol-1-yl]-1-(2,3,5-tri-
O-acetyl-p-p-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl
ester (2e). Colorless oil (127.1 mg, 98.4%). R, 0.28 (petroleum
ether-EtOAc, 1 : 1); '"H NMR (300 MHz, CDCl;): 6 8.22 (s, 1H,
H-triazole), 7.01 (d, J = 2.7 Hz, 1H, H-I'), 5.89 (dd, J = 3.2,
5.3 Hz, 1H, H-2), 5.67-5.71 (m, 1H, H-3'), 4.44-4.51 (m, 2H,
H-4 + H-5),4.22(dd, J =5.7,13.2 Hz, 1H, H-5"),4.07 (s, 3H, —
OCH;),2.37 (brs, IH,-OH), 2.13 (s, 6H, -C(O)CH};), 2.07 (s, 3H,
-C(0O)CH;), 1.30-2.04 (m, 10H, -CH,-); *C NMR (150 MHz,
CDCl): 6 170.9, 169.8, 169.6, 157.3, 156.3, 154.8, 145.7, 119.3,
90.0, 81.3,74.5,71.1, 69.8, 63.0, 54.2, 38.1, 25.5, 22.1, 21.0, 20.74,

+ CCDC reference numbers 639564 and 639565. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b703420b
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20.70; ESI-MS: m/z 573.0 [M + Na]*, calcd for C,;H3NgO,, 550;
HRMS: calcd. for C,;H;,NgO,Na* 573.1921. Found 573.1896.

3-(4-Cyclohexenyl-1H-1,2,3-triazol-1-yl)-1-(2,3,5-tri- O-acetyl-
p-p-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl ester
(2f). Colorless oil (87.5 mg, 70.1%). R, 0.45 (petroleum ether—
EtOAc, 1 : 1); '"H NMR (600 MHz, CDCl,): ¢ 8.13 (s, 1H, H-
triazole), 7.02 (d, J = 1.8 Hz, 1H, H-1'), 6.73 (br, |H, -CH=C-),
591 (br, 1H, H-2), 5.71-5.73 (m, 1H, H-3'), 4.48-4.50 (m, 2H,
H-4 + H-5),4.23 (dd, J = 4.8, 12.0 Hz, 1H, H-5'), 4.08 (s, 3H,
-OCH;), 2.41 (br, 2H, -CH ,-), 2.24 (m, 2H, -CH ,-), 2.15 (s, 6H,
-C(O)CH;), 2.07 (s, 3H, -C(O)CH;), 1.79-1.80 (m, 2H, -CH ,—
), 1.69-1.71 (m, 2H, -CH,-); "C NMR (150 MHz, CDCl,): ¢
170.8, 169.7, 169.6, 157.3, 154.8, 150.0, 145.6, 127.1, 126.4, 117.2,
90.0, 81.3, 74.5, 71.0, 62.9, 54.1, 26.5, 25.5, 22.5, 22.3, 20.9, 20.7,
20.6; ESI-MS: m/z 533.2 [M + H]*, 1065.6 [2M + H]*, caled
for C,;HxNyO, 532; HRMS: calcd. for C,;H,sN Oy Na* 555.1815.
Found 555.1825.

3-(4-Phenyl-1H-1,2,3-triazol-1-yl)-1-(2,3,5-tri- O-acetyl-p-D-
ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl ester (2g).
White solid (121.6 mg, 98.1%). R; 0.55 (petroleum ether—EtOAc, 1
. 1); "H NMR (300 MHz, CDCl,): 6 8.56 (s, |H, H-triazole), 7.93
(d, J =7.5Hz, 2H, ArH), 7.39-7.50 (m, 3H, ArH), 7.04 (d, J =
3.0 Hz, 1H, H-I'), 593 (dd, J = 3.0, 5.7 Hz, 1H, H-2), 5.72-5.76
(m, 1H, H-3'), 4.47-4.53 (m, 2H, H-4 + H-5'), 4.26 (dd, J = 6.0,
13.2Hz, 1H, H-5"),4.09 (s, 3H, -OCH), 2.15 (s, 6H, -C(O)CH;),
2.09 (s, 3H, -C(O)CH;); “C NMR (150 MHz, CDCl;): 6 170.9,
169.8, 169.6, 157.3, 154.7, 148.4, 145.8, 129.6, 129.2, 129.0, 126.3,
118.7, 90.1, 81.3, 74.5, 71.0, 63.0, 54.2, 21.0, 20.73, 20.71; ESI-
MS: m/z 528.9 [M + HJ*, 551.1 [M + Na]*, 1056.8 [2M]*, calcd
for C,;H.uN4O, 528; HRMS: caled. for C,;H,,N,OyNa* 551.1502.
Found 551.1478.

3-(4-p-Tolyl-1H-1,2,3-triazol-1-yl)-1-(2,3,5-tri- O-acetyl-f-D-
ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl ester (2h).
White solid (109.3 mg, 85.9%). R; 0.50 (petroleum ether—EtOAc,
1 :1); "H NMR (300 MHz, CDCL,): 6 8.50 (s, |H, H-triazole),
7.81 (d, J = 8.1 Hz, 2H, ArH), 7.27 (d, J = 7.2 Hz, 2H, ArH),
7.03 (d, J = 2.7 Hz, 1H, H-I'), 5.93 (dd, J = 3.0, 5.1 Hz, 1H,
H-2), 5.71-5.75 (m, 1H, H-3), 4.46-4.51 (m, 2H, H-4' + H-5),
4.25(dd, J = 5.7, 12.3 Hz, 1H, H-5), 4.08 (s, 3H, -OCH;), 2.40
(s, 3H, -CH;), 2.14 (s, 6H, -C(O)CH};), 2.08 (s, 3H, -C(O)CH);
BC NMR (150 MHz, CDCl;): 6 170.9, 169.8, 169.6, 157.3, 154.8,
148.5, 145.7, 139.0, 129.9, 126.8, 126.2, 118.3, 90.1, 81.3, 74.5,
71.0, 63.0, 54.2, 21.6, 21.0, 20.73, 20.70; ESI-MS: m/z 542.8 [M
+ HJ*, 565.0 [M + Na]*, 1084.6 [2M]*, 1106.6 [2M + Na]*, calcd.
for C,,H,xN;O, 542; HRMS: calcd. for C,,H,sN;O,Na* 565.1659.
Found 565.1663.

3-[4-(4-Methoxyphenyl)-1H-1,2,3-triazol-1-yl]-1-(2,3,5-tri- O-
acetyl-p-D-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl
ester (2i). White crystal (107.3 mg, 81.9%). R; 0.50 (petroleum
ether-EtOAc, 1 : 1); mp: 163.4-163.5 °C; '"H NMR (300 MHz,
CDCly): 0 8.46 (s, 1H, H-triazole), 7.85 (d, J = 8.7 Hz, 2H, ArH),
7.03(d,J=2.7Hz,1H, H-1'),7.00 (d, J = 8.7 Hz, 2H, ArH), 5.93
(dd,J=3.0,5.1Hz, 1H, H-2),5.71-5.75 (m, 1H, H-3'), 4.46-4.51
(m,2H, H-4 + H-5'),4.25(dd, J =5.7,12.9 Hz, 1H, H-5),4.08 (s,
3H, -OCH;), 3.86 (s, 3H, -OCH,;), 2.15 (s, 6H, —-C(O)CH), 2.08
(s, 3H, -C(O)CHj;); *C NMR (150 MHz, CDCl;): 6 170.9, 169.8,
169.6, 160.3, 157.3, 154.8, 148.3, 145.7, 127.6, 122.3, 117.8, 114.6,

90.1,81.3,74.5,71.1, 63.0, 55.6, 54.2, 21.0, 20.74, 20.71; FAB-MS:
m/z 559.0 [M + HJ*, caled for C,,H,NgO,, 558. Crystallographic
data of 2i: C,,H,,N¢O,, (Mr 558.51), monoclinic space group p 21
2121, Z =4, a=17.5396 (10), b = 7.9351 (2), c = 43.1982 (6) A,
a = 90.00, f = 90.00 (3), y = 90.00, V = 2584.44 (8) A*, MoK,
radiation, 2 = 0.71073 A, 0.47° < 0 < 28.24°, 2946 reflections,
T = 293 K on a Brucker-Nonius Kappa CCD. The structure
was solved using direct methods (SHELXS 97) and refined with
SHELXL97 to final R (F? > 2sF*) =0.0613 and wR =0.1449 [w =
1/[6*(Fo*) + (0.1151P)* + 0.0000P], where P = (Fo®> + 2Fc?)/3].
The X-ray structure data has been deposited in the Cambridge
Crystallographic Data Center with deposition no. CCDC 639565.
Copy of the data can be obtained, free of charge, on application
to the CCDC, 12 Union Road, Cambridge CB2 1EZ UK (email:
deposit@ccdc.cam.ac.uk).t

3-|4-(4-Fluorophenyl)-1H -1,2,3-triazol-1-yl]-1-(2,3,5-tri- O-
acetyl-p-p-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl
ester (2j). White solid (93.8 mg, 73.2%). R; 0.48 (petroleum
ether-EtOAc, 1 : 1); '"H NMR (300 MHz, CDCl;): 0 8.52 (s, 1H,
H-triazole),7.90 (dd, *Jyy = 5.4 Hz,*Jyy = 9.0 Hz, 2H, ArH), 7.17
(dd, *Jur = 8.4 Hz, *Juy = 9.0 Hz, 2H, ArH), 7.04 (d, J = 3.0 Hz,
1H, H-1'),5.92 (dd, J = 3.0, 5.4 Hz, 1H, H-2'), 5.71-5.75 (m, 1H,
H-3),4.47-4.53 (m, 2H, H-4 + H-5),4.26 (dd, J = 6.0, 13.2 Hz,
1H, H-5),4.09 (s, 3H, -OCH,), 2.15 (s, 6H, -C(O)CH;), 2.09 (s,
3H, -C(O)CH;); “C NMR (150 MHz, CDCl;): 6 170.8, 169.8,
169.6, 163.2 (d, 1C, 'Jo = 248.3 Hz), 157.3, 154.7, 147.6, 145.8,
128.1 (d, 2C, 3J = 6.3 Hz), 125.9, 118.5, 116.2 (d, 2C, *J ¢ =
21.3 Hz), 90.2, 81.3, 74.6, 71.1, 63.0, 54.1, 20.9, 20.7; FAB-MS:
m/z 547.0[M + H]J*, 569.0 [M + Na]*, calcd for C;;H;FNO, 546;
HRMS: calcd. for C,;H,sFN,OyNa* 569.1408. Found 569.1420.

3-[4-(4-Pentylphenyl)-1H -1,2,3-triazol-1-yl]-1-(2,3,5-tri- O-
acetyl-p-p-ribofuranosyl)-1,2,4-triazole-5-carboxylic acid methyl
ester (2k). Colorless oil (125.1 mg, 8§9.1%). R; 0.45 (petroleum
ether-EtOAc, 1 : 1); '"H NMR (600 MHz, CDCl;): 6 8.52 (s, 1H,
H-triazole),7.83(d,J=7.8 Hz,2H, ArH), 7.28 (d,J =7.8 Hz, 2H,
ArH),7.04(d,J =3.0Hz, 1H, H-1'),5.93(dd,J =3.0,5.4Hz, 1H,
H-2),5.73-5.75 (m, 1H, H-3'), 4.49-4.52 (m, 2H, H-4 + H-Y),
4.24-4.27 (m, 1H, H-5),4.09 (s, 3H,-OCH;), 2.65 (t, J = 7.5 Hz,
2H, -CH,-), 2.16 (s, 6H, -C(O)CH;), 2.09 (s, 3H, —-C(O)CH,),
1.64-1.68 (m, 2H, -CH ), 1.33-1.37 (m, 4H, -CH,-), 0.90 (t,
J = 6.9 Hz, 3H, -CH;); "C NMR (150 MHz, CDCl;): § 170.8,
169.7, 169.6, 157.3, 154.7, 148.5, 145.7, 144.0, 129.2, 127.0, 126.2,
118.3,90.1, 81.3, 74.5, 71.0, 63.0, 54.1, 35.9, 31.6, 31.2, 22.7, 20.9,
20.68, 20.66, 14.2; ESI-MS: m/z 599.1 [M + H]*, 1196.9 2M]*,
1198.1 [2M + HJ*, calcd. for CxH3,NgO, 598; HRMS: calcd. for
CyH3,NqOyNa* 621.2285. Found 621.2295.

Procedure for Cu(1)-catalyzed Huisgen reaction of S-azidotriazole
nucleoside 1’ with phenylacetylene. The azide 17 (30 mg,
0.07 mmol) and phenylacetylene (9.3 pL, 0.08 mmol) were
dissolved in a mixed solvent system (THF-H,O, 1 : 2, 3.0 mL). A
freshly prepared aqueous solution of sodium (6.9 mg, 0.035 mmol,
0.2 mL) was added, followed by a freshly prepared aqueous
solution of CuSO,-5H,O (2.5 mg, 0.01 mmol, 0.2 mL). The
yellowish reaction mixture was stirred at 80 °C, until complete
consumption of the azide. The solvent was evaporated under
reduced pressure and the crude material was purified by column
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chromatography. The residue was dried in vacuo to afford the title
compound 3 (10.9 mg, 38.7%) and 4 (14.7 mg, 40.4%).

5-Amino-1-(2,3,5-tri-O-acetyl-p-D-ribofuranosyl)-1,2,4-triazole-
3-carboxylic acid methyl ester (3). White solid. R; 0.35
(CH,C1,-CH;0H, 20 : 1); '"H NMR (300 MHz, CDCl,): ¢ 5.87
(d, J = 4.5 Hz, 1H, H-I'), 5.75-5.78 (m, 1H, H-2'), 5.68 (br s,
2H, -NH,), 5.48-5.51 (m, 1H, H-3), 4.31-4.39 (m, 3H, H-4 +
H-5"), 3.90 (s, 3H, -OCH;), 2.09 (s, 9H, -C(O)CH;); BC NMR
(150 MHz, CDCl;): 0 170.7, 169.7, 160.5, 156.3, 151.6, 88.6, 81.0,
73.0, 70.6, 63.0, 52.7, 20.8, 20.7, 20.6; FAB-MS: m/z 401.0 [M +
HJ*, 423.0 [M + Na]*, calcd for C;sH,,N,O, 400; HRMS: calcd.
for C;sHyN,OyNa* 423.1128. Found 423.1117.

5-(2-Phenylacetamido)-1-(2,3,5-tri- O-acetyl-p-D-ribofuranosyl)-
1,2,4-triazole-3-carboxylic acid methyl ester (4). Yellowish solid.
R; 0.4 (CH,Cl,-CH;0H, 20 : 1); '"H NMR (300 MHz, CDCl;):
0 10.12 (brs, 1H, -NH), 7.22-7.26 (m, 5SH, ArH), 6.06 (brs, 1H,
H-I'), 5.89-5.90 (m, 1H, H-2'), 5.70 (dd, J = 5.9, 11.7 Hz, 1H,
H-3'),4.39-4.47 (m, 2H, H-4 + H-5),4.19(dd, J = 5.1, 11.7 Hz,
1H, H-5), 3.94 (s, 3H, -OCH;), 3.83 (s, 2H, -CH,), 2.12 (s, 3H,
-C(0)CH;), 2.09 (s, 3H,—-C(O)CH;), 2.05 (s, 3H, —C(O)CH;); °C
NMR (150 MHz, CDCl;): 170.8, 170.6, 169.4, 169.1, 159.5, 152.3,
148.4,133.2, 129.4, 129.0, 127.7, 89.9, 80.6, 74.4, 70.5, 63.1, 52.7,
43.1, 20.6, 20.5; ESI-MS: m/z 519.0 [M + HJ*, 541.1 [M + Na]*,
1036.7 [2M]*, 1058.9 [2M + Na]*, calcd. for C,;HyxN,Oy 518;
HRMS: calced. for C,;H,sN,O, Na* 541.1547. Found 541.1544.

General procedure for the reduction of various azides under
copper(1)-catalyzed Huisgen conditions. The azide was dissolved
in a mixed solvent system (THF-H,O, 1 : 2). A freshly prepared
aqueous solution of sodium ascorbate was added, followed by a
freshly prepared aqueous solution of CuSO,-5H,0. The yellowish
reaction mixture was stirred at 80 °C, until complete consumption
of the azide. The solvent was evaporated under reduced pressure
and the crude material was purified by column chromatography.
The residue was dried in vacuo to afford the corresponding amine.

Procedure for calculation. Calculations were performed using
the AMPAC version 8.50.9 computational modeling program with
the semi-empirical method AM1.

Antiviral evaluation against tobacco mosaic virus. Antiviral
activity of the synthesized bitriazolyl nucleosides against TMV
was performed by the conventional half-leaf method.®
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Relative acidities (ApK,) of phenols and oxidation potentials (AE,,) of the phenoxide anions have been
calculated for nine para-substituted phenols using density functional theory. Solvent effects were
incorporated using the conductor-like polarisable continuum method. Using the calculated ApK, and
AE,, values in a thermodynamic cycle, the ABDE (bond dissociation enthalpy) of the phenols were also
determined with all values calculated to within 1.5 kcal mol™" of experiment. The ApK, and AE,, values
were calculated for 6-hydroxy-2,2,5,7,8-pentamethylchroman (HPMC), a model for a-tocopherol for
which there are no known experimental values. The acidity of this compound is raised by 2.4 pK, units
and lowered by —0.79 V relative to phenol with a calculated ABDE of —14.9 kcal mol™'. There is a
negative correlation (77 = 0.86) between the ApK, and the ABDE values. A stronger and positive
correlation is found between the AE,, (* = 0.98) and the ABDE values. Using these correlations it is
uncovered that hydrogen abstraction of phenols, as measured by the ABDE, is driven by electron

transfer rather than by proton transfer.

Introduction

It is becoming increasingly clear that certain antioxidants, a sub-
stantial number of which are phenols, are able to cross the blood—
brain barrier and attenuate neurological dementia diseases.! At
physiological pH, a change in protonation state can influence the
rate at which a molecule will diffuse across membranes and other
barriers such as the blood-brain barrier. Researchers studying
the antioxidant capabilities of substituted phenols are therefore
very interested in predictions of pK, as one part of an integrated
approach to lead identification for new therapeutic drugs.? Vitamin
E (o-tocopherol) for example can donate a hydrogen in order to
scavenge peroxyl radicals and thereby prevents the build-up of
oxidative metabolites induced by amyloid B protein. Since vitamin
E protects against the toxicity of amyloid B protein, it has been
used in clinical trials for the treatment of Alzheimer’s disease.'

In some cases, certain phenolic compounds act as radical
trapping antioxidants through a sequential proton loss electron
transfer (SPLET) mechanism.® Consequently, an understanding
of substituent effects on, not only the pK, of phenols, but also the
oxidation potentials of the phenoxide anions becomes pertinent to
the discussion of the SPLET mechanism. Determination of both
ApK, and AE,, can lead to ABDE using a thermodynamic cycle
proposed by Bordwell and Cheng,* given by eqn (1).

ABDE = 1.37ApK, + 23.06AE,, (1)

Currently, there are numerous studies that implicate the BDE
or ABDE as a reliable measure of phenolic antioxidant activity,
with ABDE being the difference between substituted phenols
and phenol, i.e. BDE(X) — BDE(H). Both the BDE and ABDE
can be obtained experimentally and computationally. Theoretical
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131 Princess Street, Manchester, M1 7DN, Great Britain. E-mail: pla@
manchester.ac.uk

calculations appear to be gaining popularity in this field of
research™ largely owing to an increase in computational power,
opening up the use of high-level electronic structure methods,
particularly those rooted in density functional theory.'*?

There is one particular study devoted to the calculation of
ApK, of ortho-substituted phenols.”® The authors of this study
showed that calculation of the ApK, values led to significant errors
when compared to experiment. They concluded that although
the correct trends were observed, i.e. substituent effects of the
ApK, are shifted in the right direction, the values of the ApK, are
somewhat exaggerated. Furthermore, they also found that there
was no significant relationship between the ApK, of phenols and
the ABDEs of phenols. This observation can be explained by the
fact that the ABDE is also dependent on the AE,, of the phenoxide
anion, with summation of the two leading to the overall ABDE as
shown in eqn (1). We are not aware of any theoretical calculations
that have been undertaken in order to determine the AE,, values of
phenoxide anions. There are, however, a number of studies devoted
to determination of substituent effects on the BDE of phenols.'***

Theoretical calculations of pK, values require determination
of both gas phase and solution phase free energies, with the
former widely accepted to produce results matching experiment.'
Continuum methods are popular in the determination of ApK,
values in solution. On one hand some researchers indicate that
continuum methods are very reliable for the determination of
absolute pK, values of phenols, which would also translate
into accurate ApK, calculations.”” On the other hand some
investigators have noted that determination of ApK, through
theoretical calculations, in conjunction with continuum methods,
is somewhat unreliable when compared to experiment.'®

Our objective in this study is to re-evaluate the nature of
substituent effects on the relative acidity of para-substituted
phenols. To the best of our knowledge, not many computational
studies have addressed the determination of the oxidation po-
tentials of the phenoxide anion, as we do here. With these two
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properties evaluated we can then explore the way in which proton
and electron transfers influence the relative bond dissociation
enthalpies of phenols. Finally we calculate the ApK, and AE,,
for 6-hydroxy-2,2,5,7,8-pentamethylchroman (HPMC), a model
for a-tocopherol where the long phytol (C,sHs;) tail is replaced by
a methyl group.

Computational methods

We use an isodesmic approach shown in Fig. 1 to calculate the
relative acidities (ApK,) and oxidation potentials (AE,,),"” given
by eqn (2)~(5)
AAG,, = (E[X-PhOH] — E[X-PhO~]) — (E[PhOH]
— E[PhO7)) ?2)

AAG,, = (E[X-PhO~] — E[X-PhO’]) — (E[PhO~] — E[PhO’]) (3)

where pt refers to proton transfer and et to electron transfer. The
ApK, (log units) and AE,, (V) are calculated using eqn (4) and (5).

ApK, = —0.73AAG,, @)
AE,, = —0.0434AAG., )
_ H _H B
(o] (@] (e} (o]
AAGF(
OO
X X

0- o (e} 0-
AAG,,
D-0=0-0
X X
Fig.1 Isodesmicreaction scheme for the determination of relative acidity
(ApK,) oxidation potential (AE.,).

Bordwell and Cheng have determined pK, values for many
organic compounds including many phenols, from which we have
selected nine para-substituted phenols* as shown in Table 1.

Table 1 All computed relative acidities (ApK,/log unit), oxidation po-
tentials (AE,,/V) and bond dissociation enthalpies (ABDE/kcal mol™") of
the phenols in this study

Substituent ApK, ApK, AE, AE,, ABDE ABDE
X) Calc Expt Calc Expt Calc Expt

H 0.0 0.0 0.0 0.0 0.0 0.0
CH, 1.38 090 -0.16 —0.10 -1.8 —1.1
(CH;)s 1.49 1.05 —=0.15 —=0.11 —1.4 —1.1
OCH; 1.46 1.10 -0.37 —0.29 —6.5 -53
OH 1.76 1.76  —0.41 —0.47 -7.1 —8.3
NH, 4.44 275 -081 —-0.71 —12.5 —12.6
Cl —-1.16 —1.25 0.09 0.09 0.5 0.4
CN —5.14 —4.80 0.56 0.48 5.9 4.4
CF, —3.48 -2.80 0.41 0.40 4.6 5.5
HPMC 240 — -0.79 — —-149  -—10.1°

« Experimental value taken from Lucarini er al.*

Geometry optimisation of the parent phenols and the cor-
responding phenoxide anions was carried out using the hybrid
density functional theory, B3LYP, with the aug-cc-pVTZ basis
set. For the closed-shell parent phenol and the phenoxide anions
we used the restricted form of the B3LYP functional to perform
the calculations. For the radical species we employed the unre-
stricted B3LYP form of the functional. In the isodesmic approach
used here, zero-point energies, enthalpy corrections and entropy
differences approximately cancel out between un-substituted and
substituted phenols. Hence no explicit corrections are made in this
study.

The solution phase calculations were done using the conductor-
like polarised continuum model (C-PCM) method® with single-
point calculations carried out on the gas phase geometry op-
timised phenols. The whole calculation in standard notation
is denoted as C-PCM-B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-
pVTZ. All calculations were performed in the solvent dimethyl-
sulfoxide (DMSO) (dielectric constant ¢ = 46.7), consistent
with experiment. All calculations were carried out using the
GAUSSIANO3 suite of programs.?!

Results and discussion

It is important to clarify the interpretation of the sign of the
reported values. A negative ApK, indicates an increase in acidity
relative to (parent) phenol since ApK, = pK,(X) — pK.(H) <
0 infers that the substituted phenol has a lower pK, value than
the parent. Secondly, a negative AE,, indicates a lowering of the
oxidation potential relative to phenol since AE,, = E,(X) —
E.(H). Conversely, a positive AE,, value means that it is more
difficult (i.e. it requires more energy) to remove an electron from
the substituted phenol compared to the parent phenol. Finally,
a negative ABDE also means a lowering of the BDE relative to
phenol. In other words, in that case, abstraction of a hydrogen
from the substituted phenol is facilitated compared to the parent
phenol.

For the relative acidities, the results in Table 1 can be discussed in
terms of two effects, namely the stabilisation of the parent phenol
and destabilisation of the corresponding anion. For electron
withdrawing groups, X = Cl, CN and CFj, the anion is strongly
stabilised through resonance with the net overall effect being an
increase in acidity of phenols. In contrast, the electron donating
groups, X = CH;, C(CH;);, OCH;, OH, and NH, destabilise
the anion and cause a decrease in acidity. Overall, the calculated
relative acidities show good agreement with experiment, the mean
absolute deviation being 0.5 pK, log units, corresponding to an
accuracy of 0.7 kcal mol™ (using eqn (4)). The most significant
deviation is registered at 1.69 log units for the NH, substituent.
For the electron withdrawing groups, the values for X = Cl,
CN and CF; show a deviation from experiment of 0.09, 0.34
and 0.68 log units, respectively. These compounds benefited most
of the addition of diffuse functions, which are essential in the
modelling of anions. Overall, discrepancies may be attributed in
part to solvation energies being obtained for gas phase geometries.
Optimisation in solvent would probably lead to more accurate
results, particularly for the anion but such calculations are time
consuming especially when considering larger compounds.

The relative oxidation, AE,,, is also dependent on the stabil-
isation or destabilisation of both the anion and the radical. It
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is clear from both experimental and calculated values that the
destabilisation of the anion combined with the ability of electron
donors to stabilise the spin density facilitates electron transfer.
The electron withdrawing groups are not able to stabilise the spin
density in the radical and the AE,, have positive values indicating
electron transfer is not favoured. Our calculations show very
good agreement with experiment, with a maximum discrepancy
of 0.10 V.

As an example of how to interpret the values in Table 1 we
quote para-CN phenol. Compared to phenol, the calculated ApK,
value of —5.14 log units for this substituted phenol indicates that
removing a proton is easy. The oxidation potential, however, is
raised by 0.56 V compared to phenol, which means that electron
abstraction is difficult. Using eqn (1) one can assess how these
two opposing effects weigh up against each other. From ABDE =
1.37 x (=5.14) + 23.06 x (0.56) = —7.0 + 12.9 = 5.9 kcal mol™"
it is clear that the difficult electron abstraction (i.e. oxidation)
dominates the proton removal in terms of energy contributions.
The calculated ABDE has the largest positive value in Table 1 and
expresses that hydrogen abstraction is difficult.

For all the phenols in this study, the errors in the ApK, and
the AE,, calculations cancel out in the calculation of ABDE. All
calculated values agree with experiment to within 1.5 kcal mol™!,
the mean absolute deviation being 0.7 kcal mol~'. In terms of
energy, the mean absolute deviation of E,, is almost twice as large
or 1.2 kcal mol™', and also 0.7 kcal mol™! for pK,. Therefore, we
must conclude that the errors that are seen for the calculation of the
pK, and E,, values must lie within the energy calculations of the
anion. The reason for this is simply that the overall determination
of the overall ABDE can be calculated by summing eqn (2) and
(3) which lead to the cancellation of the anionic species (see also
Fig. 1).

Fig. 2 shows the correlation between the relative acidities and
the relative bond dissociation enthalpies. The three electron-
withdrawing substituents appear in the upper left quadrant and
the five electron-donating ones in the bottom right quadrant.
The correlation coefficient, 12, for experimental values is 0.75,
somewhat worse than the coefficient (* = 0.86) for the computed
values. One would expect that if it is easy to remove a proton
it will also be easy to remove a hydrogen atom. However, the
negative gradient of Fig. 2 signifies exactly the opposite trend.
An increase in acidity corresponds to a proportional decrease in
ABDE. In terms of antioxidant activity the most active antioxidant

600

=+5-66

Fig. 2 Correlation of ABDE (kcal mol™") versus ApK, for calculated
values (solid line) and experimental values (dotted line).

as measured here is the para-NH, phenol with a ABDE of
—12.5 kcal mol™'. This compound is the least acidic phenol with
a ApK, of 4.44 log units.

Fig. 3 shows a strong linear correlation for both experiment and
computed values (r* = 0.97/0.98) between AE,, and ABDE. The
positive gradient means that an increase in the oxidation potential
results in a proportional increase in the BDE. Combining the
evidence offered by Fig. 2 and 3 suggests that hydrogen abstraction
is driven by the propensity of electron transfer rather than proton
transfer.

-100 -0.80 -060 -040

-10.00 4

=Tt

Fig. 3 Correlation of ABDE (kcal mol™") versus AE,, (V) for calculated
values (solid line) and experimental values (dotted line).

a-Tocopherol

We have calculated the relative acidity of the HPMC compound
to be 2.4 log units lower than phenol. Also the computed AE,, is
—0.79 V lower than that of phenol. These two values combined
yield a ABDE of —14.9 kcal mol™', which overestimates the
experimental value (in non-polar medium) of —10.05 kcal mol~".*
We point out that the ApK, and AE,, of HPMC have not yet been
determined experimentally.

There may be some conformational issues regarding the calcu-
lation of the BDE of HPMC, as pointed out by Wright et al.,"
which may serve to influence ABDE. These authors pointed out
that the Ar-OH dihedral angle in HPMC is rotated 23° out of
the aromatic plane when in fact it should be planar. Here we
find that this angle is very close to planar, namely 7°. However,
closer inspection of the literature surfaced X-ray data to show
that this Ar-OH angle has two conformers with values of 47° and
59°.2 Tt is clear from this discussion that conformational issues
regarding the Ar—OH dihedral angle will influence the BDE of
HPMC. The oxidation potential of the anion will not suffer from
this kind of conformational effect since the proton is abstracted
from the hydroxyl group. In order to check to see if there were
any other conformers, we re-optimised HPMC, slightly perturbing
the geometry starting with an Ar-OH dihedral angle of 50°. The
result of this geometry optimisation yielded the same geometry
and energy as before, indicating that we may have found the lowest
energy conformer with the methods described here.

We have also investigated the proton hyperfine coupling con-
stants for the HPMC radical in order to investigate the nature
of solvent effects on the calculated hyperfine coupling constants.
Previous work has shown that good results for proton hyperfine
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Table 2 Calculated proton hyperfine coupling constants (in G) for the HPMC radical in DMSO

H

a
4(CHy) 5(CH;) 7(CH;) 8(CH;)
CPCM-B3LYP/aug-cc-pVTZ//B3LYP/aug-cc-pVTZ 0.83 4.94 3.88 0.56
CPCM-B3LYP/aug-cc-pVDZ//B3LYP/aug-cc-pVDZ 1.49 5.03 3.95 0.97
CPCM-B3LYP/6-311G+(2d,p)//B3LYP/6-311G+(2d,p) 1.2 5.3 3.8 0.71
CPCM-B3LYP/6-31G(d)//B3LYP/6-31G(d) 1.77 5.7 4.23 1.14
CPCM-B3LYP/EPR-I1/B3LYP/aug-cc-pVTZ 1.23 5.7 4.49 0.91
CPCM-B3LYP/EPR-I1//B3LYP/aug-cc-pVDZ 1.46 5.74 4.55 0.95
CPCM-B3LYP/EPR-11//B3LYP/6-311G+(2d,p) 1.42 5.77 4.16 0.86
CPCM-B3LYP/EPR-11//B3LYP/6-31G(d) 1.44 5.74 4.16 0.86
CPCM-B3LYP/EPR-II1/B3LYP/aug-cc-pVTZ 1.13 5.5 4.04 0.74
CPCM-B3LYP/EPR-II1/B3LYP/aug-cc-pVDZ 1.2 5.52 4.38 0.77
CPCM-B3LYP/EPR-II1/B3LYP/6-311G+(2d,p) 1.32 5.68 4.07 0.78
CPCM-B3LYP/EPR-II1//B3LYP/6-31G(d) 1.34 5.66 4.08 0.79
“Experiment 1.48 6.04 4.55 0.96

“ Experimental values taken from Burton et al.?

coupling constants can be obtained for phenolic antioxidants
using both gas phase and continuum methods in combination with
DFT calculations.??* We also investigated the proton hyperfine
coupling constants for the HPMC radical with the B3LYP method
with different basis sets. The calculated proton hyperfine coupling
constant for the HPMC radical is listed in Table 2.

The results listed in Table 2 indicate that the effects of solvation
modelling on the proton hyperfine coupling constant are negligible
with all values close to experiment in a non-polar solvent. It
was also observed that the proton hyperfine coupling constants
obtained using EPR-II basis sets developed by Barone*® gave
the closest agreement with experimental values.

Conclusions

We carried out calculations in order to determine the relative
acidities, ApK,, and relative oxidation potentials, AE,,, of several
para-substituted phenols with a view to modelling tocopherol in
solution. We have demonstrated that

(i) calculated and experimental ApK, values show good overall
agreement (less than 0.7 log units) except for NH,. The computed
AE,, values differ less than 0.1 V from experiment.

(i1) There is a fairly strong negative correlation between ApK,
and ABDE. An increase in acidity corresponds to a decrease
in bond dissociation enthalpy. Strong electron-withdrawing sub-
stituents are the most acidic but have the highest ABDE, indicating
that ApK, cannot be used as a measure of antioxidant activity.

(iii) In contrast to the acidities, the relative oxidation potentials
of the anions show a positive linear correlation with the relative
bond dissociation enthalpies. This strong correlation shows that
electron transfer is the main driving force for hydrogen abstraction.

(iv) Calculated proton hyperfine coupling constants in DMSO
show good agreement with the experimental values determined
in a non-polar solution. Solvation has little influence on the
proton hyperfine coupling constants when used in conjunction
with continuum methods.

(v) The proton hyperfine coupling constants obtained using
EPR-II are closer to experiment than those by alternative basis
sets (shown in Table 2).

(vi) The computed ApK, value for HPMC is 2.4 and the AE,,
value of the corresponding anion is —0.79 V. This leads to a ABDE
of —14.9 kcal mol™'.
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Two isomeric bicyclo[4.1.0]heptane analogues of the glycosidase inhibitor galacto-validamine,
(1R*,285,35,45,55,65%)-5-amino-1-(hydroxymethyl)bicyclo[4.1.0]heptane-2,3,4-triol, have been
synthesized in 13 steps from 2,3.4,6-tetra-O-benzyl-D-galactose. The inhibitory activities of the two
conformationally restricted amines, and their corresponding acetamides, were measured against
commercial a-galactosidase enzymes from coffee bean and E. coli. The activity of the glycosyl hydrolase
family GH27 enzyme (coffee bean) was competitively inhibited by the 1 R,6S5-amine (7), a binding
interaction that was characterized by a K; value of 0.541 uM. The GH36 E. coli o-galactosidase
exhibited a much weaker binding interaction with the 1R,6S-amine (ICs, = 80 uM). The diastereomeric
15,6 R-amine (9) bound weakly to both galactosidases, (coffee bean, ICsy, = 286 uM) and (E. coli,

1Csy = 2.46 mM).

Introduction

An important field in glycobiology involves design, synthesis,
and biological evaluation of inhibitors for various glycosidase
enzymes.' Tight-binding reversible inhibitors of glycosidases have
the potential to be therapeutic agents for the treatment of various
medical conditions, including diabetes,* cancer,® and influenza.*
Of particular importance with respect to this report, it is known
that Fabry disease is a lysosomal storage disorder caused by a
deficiency of o-galactosidase A (0-Gal A).° This enzyme activity
deficiency results from impaired trafficking of misfolded a-Gal A
variants to the lysosome.® Of note, the use of low concentrations
of galactosidase inhibitors, as chemical chaperones, ameliorates
the trafficking of mutant enzymes presumably by stabilizing the
correctly folded enzymatic structure.*’

At the present time, o-galactosidase enzymes are classified into
four glycosidase families based on protein sequence alignment
methods.® These families have been assigned glycosyl hydrolase
(GH) numbers 4, 27, 36, and 57. All of these categorized o-
galactosidases (EC 3.2.1.22) are retaining hydrolases, that is, the
first product formed during the catalysed hydrolysis of an -
galactopyranoside is o-galactopyranose. Moreover, as family GH
4 members operate via an atypical mechanism involving oxidation
of the 3-OH group followed by an El; elimination reaction,’
compounds that are designed to inhibit glycopyranosylium ion-
like transitions states are not expected to inhibit enzymes from
glycosidase family GH 4. Consequently, discussion will be limited
to retaining glycosidases that hydrolyse sugar acetal linkages via
a glycosylated enzyme intermediate.'™"" Both enzyme-catalysed
glycosylation and deglycosylation steps occur via transition states
(TSs) that have oxacarbenium ion character and a distorted six-
membered ring.

While no single compound effectively inhibits all galacto-
sidases'™* most inhibitors possess structural features that mimic

Department of Chemistry, Simon Fraser University, 8888 University Drive,
Burnaby, V54 186, British Columbia, Canada. E-mail: bennet@sfu.ca

T Electronic supplementary information (ESI) available: 'H and "C NMR
spectra of 7 and 9. See DOI: 10.1039/b704509¢

certain facets of the galactopyranosylium ion (1), a high-energy
intermediate formed during the acid-catalysed hydrolysis of galac-
tosides in aqueous solution.''” Regardless of whether the enzyme-
catalysed glycosylation and deglycosylation steps are dissociative
(D * AN or “exploded” associative (AyDy)™? reactions, it
is clear that there is a sizable degree of cationic character on the
sugar moiety at the critical enzymatic TSs,?*? which therefore must
bear some resemblance to the galactopyranosylium ion. Thus, 1-
deoxy-galacto-nojirimycin (2),22* galacto-isofagomine (3)'** and
galacto-validamine (4)* mimic charge development at the TS
by incorporating a basic nitrogen atom in place of O-5, C-1,
and O-1, respectively (Fig. 1). Whereas, galacto-valienamine (5)
mimics both the ring distortion and charge development present
in galactopyranosylium ions.”’

HO

HO NH

HO

“'NHZ

Fig. 1 Structures of the galactopyranosylium ion (1) and selected
glycosidase inhibitors that contain a basic amino group (2-6).

In 2001, Tanaka et al. reported that sub-micromolar inhibition
was obtained for yeast a-glucosidase using the carbocyclic bicy-
clo[4.1.0]heptylamine o-glucopyranose mimic 6.% The current re-
port details the synthesis and inhibitory activity of the structurally
similar four cyclopropane containing bicyclic galactose analogues
7-10 (Fig. 2).
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9,R=H
10, R=Ac

Fig. 2 Structures of the designed bicyclo[4.1.0]heptane-based potential
galactosidase inhibitors (7-10).

Results and discussion

The route chosen for the synthesis of these inhibitors utilized
2,3,4,6-tetra-O-benzyl-D-galactose (11), which can be made in two
steps from methyl a-D-galactopyranoside,® as starting material
(Scheme 1).

After reduction of the protected hemiacetal, selective protection
of the primary alcohol as a trityl ether, followed by a Swern
oxidation and a Wittig reaction gave olefin 12 in a yield of 47% over
these 4 steps. Removal of the trityl ether using mild acid-catalysis
and subsequent Swern oxidation and addition of vinylmagnesium
bromide gave a 1 : 2 ratio of the R : S diastereomers of an acyclic
octadienol (13-R,S). Of note, the assignment of stereochemistry
is based on the ratio of 14-R to 14-S that is formed by a ring
closing metathesis reaction catalysed by a second generation
Grubbs’ catalyst.’® Specifically, the stereochemistry of 14-R was
assigned based on the larger coupling constant observed between

BnO BnO

i, i, dii, iv
H —— BnO

BnO 1 BnO ‘oBn

BnO BnO

Xi

BnO niNHAc ——— > BnO

BnO ‘oBn
17

OTr — BnO

+:NH,

H-1 and H-6 in the '"H NMR spectrum (6.4 Hz) relative to
that of the 14-S diastereomer (4.3 Hz).*' In addition, an NOE
contact was observed for 14-R between H-1 and H-5. Following
separation of the R-diastereomer 14-R from the pseudo-axial
isomer 14-S, a process that was accomplished by the use of radial
chromatography,® incorporation of an azide functionality was
accomplished with inversion of configuration to give the allylic
azide 15, along with a small amount of the Sy2' product (16).
Reduction of the azide, followed by acetylation gave the acetamide
17.

Subsequent use of the Furukawa modification of the Simmons—
Smith reaction gave the two cyclopropyl isomers in a total yield
of 88%.% Of note, the ratio of the D-galacto (18) and vL-altro (19)
diastereomers formed in this reaction was unpredictable, that is, it
varied between 2.5: 1.0 and 1.0 : 1.5. The absolute stereochemistry
for the two diastereomers was assigned based on observed NOE
contacts between one of the H-7 protons and either H-3 or H-4 in
the 1D NOE difference spectra (Fig. 3).

OBn H
BnO
BnO OBn
n
NHAC OBn
H NHAc
~H H
18 19

Fig. 3 Observed NOE contacts for the protected bicyclo[4.1.0]heptane-
based galactoside analogues (18 and 19).

BnO

V, Vi, Vii

BnO—,,‘
BnO nNHAC
BnO ‘oBn

+:NH,

Scheme 1  Reagents and conditions: i, NaBH,, EtOH, rt, 93%; ii, TrCl, pyridine, rt, 74%; iii, DMSO, Ac,0, rt, 86%; iv, Ph;PCH,I, BuLi, —78 to 0 °C,
79%; v, HCI-H,O, AcOH, rt, 61%; vi, (COCl),, DMSO, —78 °C, then Et;N, vii, CH,CHMgBr, —78 °C, R : S 1 : 2, 60%; viii, Grubbs’ catalyst, CH,Cl,,
40 °C, R: 32%, S: 54%; ix, (PhO),P(O)N;, PhCH;, DBU, 60 °C, 15: 76%, 16: 21%; x, H,S, Et;N, H,O, rt, then AcCl, pyridine, 80%; xi, ZnMe,, CH,1,,
10°C, 18:19 1 : 1, 88%; xii, 10% Pd-C, H,, rt, xiii, LiOH, THF : H,O 1 : 1, 70 °C.
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Table 1

Inhibitory activity (ICs,/uM) of 2, 3,4, 5,7, 8, 9, and 10 against two o-galactosidases

Enzyme 2 3 4 5 8 9 10
Coffee bean 0.0016¢ 200° 500¢ 564 (0.541 £ 0.018)° 343 + 14 286 £ 15 N.IS
E. coli 0.24¢ N.R:# 890¢ N.R:# 80£6 N.IS 2460 £ 130 N.I"

“ Reference 24. * Reference 25. ¢ Reference 26. ¢ Reference 27. ¢ K; value./ No inhibition at 1.0 mM. ¢ Not reported. * No inhibition at 5.0 mM.

Removal of the benzyl protecting groups was accomplished
using conventional hydrogenation conditions to give the amides 8
and 10 in good yields. Subsequent hydrolysis of the amide groups,
using LiOH in THF-H,O gave the corresponding amines 7 and
9. It was not possible to obtain crystals of either 7 or 9, however,
their conformations in solution are likely similar to their respective
gluco-analogues® because of the similarity of '"H-'H coupling
constants for the pseudo-anomeric hydrogen atom.

Amines 7 and 9, and their respective acetamido compounds 8
and 10 were tested as inhibitors against two commercially available
a-galactosidase enzymes. Measured inhibition parameters (K; or
1C,, values) for these four bicyclo[4.1.0]heptane derivatives and
the reported values for 2, 3, 4 and 5 are listed in Table 1.

The plot (Fig. 4) for inhibition of 4-nitrophenyl o-D-galacto-
pyranoside hydrolysis catalysed by coffee bean a-galactosidase on
the addition of 7 shows that this compound binds competitively
to the active site of the enzyme. Specifically, fitting the kinetic
data displayed in Fig. 4 to three standard models of inhibition,
namely: competitive, non-competitive, and uncompetitive results
in the following “goodness of fit” (R? values) of 0.999, 0.983, and
0.956, respectively.

20

16

12

Rate (A s) x 10°

O F—T—7T——7T—7 T T T 7 T T T T T T ]

0.0 1.0 2.0 3.0 4.0
[PNP-Gal] (mM)

Fig.4 Plot for inhibition of coffee bean a-galactosidase by 7. Drawn lines
are for the fit of the data to a competitive inhibition model. Concentrations
of inhibitor 7 are: @ 0.0 uM, 4 0.3 uM, O 0.5uM, A 1.5uM, andV 3.0 uM.

Moreover, the measured K; value (541 & 18 nM) for inhibition
of coffee bean a-galactosidase shows that 7 is the tightest binding
inhibitor of those in which the basic nitrogen atom of the inhibitor
is located in the position of a substrate’s glycosidic oxygen atom

(cf., 4, 5, and 7 in Table 1), an observation that matches the
inhibition of yeast a-glucosidase by compound 6, valienamine and
validamine.?®

Given that all 1Cs, values were measured at low substrate
concentration (between 0.20 and 0.25 times K,,) the reported
ICs, values are between 1.20 and 1.25 times larger than the
true inhibition constant K;,** assuming that all inhibitors bind
competitively to the enzyme. With respect to inhibition of the
GH27 enzyme (coffee bean), the comparison between the galacto-
bicyclic inhibitor 7 and both 5 and 9 is particularly interesting
since these compounds are structurally very similar, and 7 is ~100
fold (11.9 kJ mol™") tighter binder than either the alkene (5) or the
altro-isomer (9). This observation suggests that in compound 7
the hydroxymethyl group (CH,OH) has more optimal interactions
with the coffee bean enzyme, but that in both 5 and 9 no severe
steric interactions are introduced by changing the position of this
group relative to the carbasugar portion of the inhibitors.

Also, the contrast between the potency of amine 7 and
acetamide 8 supports the idea that a positive charge enhances
inhibitor binding to the enzymatic active site, in this case the
difference in the free energy of binding is 14.5 kJ mol~".

Given that both glycosyl hydrolase families GH27 and GH36
share a commonality of mechanism,* it is not surprising that
inhibitor 7 is also the tightest binder to the GH36 enzyme from
E. coli. (cf., 4,7, and 9 in Table 1 bottom row). An extended
discussion on the differences in binding affinity of 7 between the
two GH family members is unwarranted until structural data is
available.

Also of note, the weakest binding inhibitor of the three com-
pounds that are present in *C, conformations (2, 3 and 4; Table 1)
is 4, the inhibitor where the basic nitrogen atom is incorporated in
place O-1. It remains to be seen whether analogues of 2 and 3 in
which the pyranosyl ring is held in non-chair conformations are
tighter binding inhibitors than the parent compounds themselves
as is the case for 7.

Conclusions

A tight binding competitive inhibitor of coffee bean a-
galactosidase (7) was made in 13 steps from 2,3,4,6-tetra-O-
benzyl-D-galactose in an overall yield of 0.6%.

Experimental

Thin-layer chromatography (TLC) was performed on aluminium-
backed TLC plates pre-coated with Merck silica gel 60 F,,.
Compounds were visualized with UV light and/or staining with
phosphomolybdic acid (5% solution in EtOH). Flash chromatog-
raphy was performed using Avanco silica gel 60 (230-400 mesh).
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Radial chromatography was performed on a Harrison Research
Inc. model 8924 chromatotron. Solvents used for anhydrous
reactions were dried and distilled immediately prior to use.
Methanol was dried and distilled over magnesium methoxide.
Dichloromethane was dried and distilled over calcium hydride.
Glassware for anhydrous reactions was flame-dried and cooled
under a nitrogen atmosphere immediately prior to use. NMR
spectra were recorded on a Varian Unity 500 MHz spectrometer.
Chemical shifts (0) are listed in ppm downfield from TMS using
the residual solvent peak as an internal reference. 'H and “C
NMR peak assignments are made based on "H-'"H COSY and
'"H-"C HMQC experiments. Coupling constants are reported in
Hz. IR spectra were recorded on a Bomem IR spectrometer and
samples were prepared as cast evaporative films on NaCl plates
from CH,Cl,. Optical rotations were measured using a Perkin-
Elmer 341 polarimeter and are reported in units of deg cm? g!
(concentrations reported in units of g per 100 cm?).

Green coffee bean (GH27) and E. coli (GH36) a-galactosidases
were purchased from Sigma-Aldrich and Calbiochem, respec-
tively.

2,3,4,6-Tetra-O-benzyl-D-galactitol

NaBH, (2.8 g, 74 mmol) was added to a solution of 11* (17.5 g,
32.4 mmol) in ethanol (180 cm?). After the reaction mixture had
been stirred for 15 h it was diluted with ether (300 cm?®), and it was
then washed with water (2 x 100 cm?®) and brine (100 cm?), dried
(MgSO0,), and concentrated under reduced pressure. The residue
was purified by flash column chromatography (hexane : EtOAc,
2:1v/v) to give a colourless syrup (16.3 g, 93%): [a]¥ —5.5 (¢ =
1.85, CH,Cl,), IR 3443 cm™! (br, O-H), '"H NMR (CDCl;) ¢ 3.50
(dd, 1 H, Je¢ = 9.1, Jss = 6.7, H-6), 3.54 (dd, 1 H, Js¢ = 5.5,
H-6'), 3.68-3.73 (m, 2 H, H-3, H-1), 3.79 (m, 1 H, H-1"), 3.86-3.91
(m, 2 H, H-2, H-4), 4.03 (m, 1 H, H-5),4.42 (d, 1 H, J,5 = 11.9,
CH\HyCHs), 4.47 (d, 1 H, CH HyCsHs), 449 (d, | H, J¢p =
11.3, CH-H,C4Hs), 4.60 (d, 1 H, Jer = 11.6, CH H:C,Hs), 4.64
(d, 1 H, CH:H,C4Hs), 4.67 (d, 1 H, CHH:C¢Hjs), 4.68 (d, 1 H,
Jon = 11.3, CHHyC4Hs), 4.75 (d, 1 H, CHg H,C4Hss), 7.22-7.36
(m, 20 H, H-Ar), "C NMR (CDCl,) d 60.8, 69.7, 70.8, 72.2, 73.1,
73.6,74.2,77.3,79.0,79.9, 127.6, 127.7,128.0, 128.2, 128.3, 137.7,
137.8, 137.9.

2,3,4,6-Tetra-O-benzyl-1-O-trityl-p-galactitol

To a solution of 2,3,4,6-tetra-O-benzyl-D-galactitol (5.4 g,
10.0 mmol) in dry pyridine (17 cm?®) chlorotriphenylmethane (3.1 g,
11.0 mmol) was added. The reaction mixture was stirred at rt for
72 h, and it was then poured onto ice (200 cm?). The resultant
slurry was stirred for 2 h at 0 °C, and the aqueous layer was
decanted from the syrup, which was then dissolved in chloroform
(120 cm®) and washed with aqueous acetic acid (10%, 30 cm?),
saturated NaHCO;, brine, dried (MgSO,), and concentrated under
reduced pressure. The resultant residue was purified by flash
column chromatography (hexane : EtOAc, 6 : 1 v/v) to give a
light yellow syrup (5.8 g, 74%): [a]® +22.5 (¢ = 1.32, CH,Cl,), IR
3529 em™! (br, O-H), '"H NMR (CDCl;) 6 3.23 (dd, 1 H, J,» =
10.3,J,,=4.9,H-1),3.41 (dd, 1 H, J¢ = 9.4, J,5 = 6.0, H-6), 3.45
(dd, 1 H,J,=4.7,H-1"),3.53(dd, 1 H, J¢ s = 6.4, H-6'), 3.69 (dd,
1H,J,s=1.7,J,;=52,H-4),3.84(q, |H, J,s + J,, + J,y = 14.5,

H-2), 4.00 (dt, 1 H, H-5), 4.18 (t, 1 H, H-3), 431 (d, l H, J, =
11.7, CH  HyC¢Hs), 4.37(d, 1 H, Jcp, = 12.0, CH-H,C¢Hs), 4.42
(d, 1 H, CH.H,C¢Hs), 4.44 (d, 1 H, CH,HyC¢Hs), 4.51 (d, 1 H,
Jer=11.7, CH:H:C¢Hs),4.62(d, 1 H, J;; = 11.0, CH;HyC¢Hs),
4.66(d, 1 H, CH  H:C,Hs),4.73 (d, 1 H, CHgHyC4Hs), 7.09-7.44
(m, 35 H, H-Ar), "C NMR (CDCl;) ¢ 63.3 (C-1), 70.2 (C-5),
71.5 (C-6), 72.8, 73.0, 73.4, 75.2 (4 x CH,C,Hs), 77.1 (C-4), 78.9
(C-2), 79.8 (C-3), 87.1 (CPhy), 127.2, 127.7, 127.8, 127.9, 128.0,
128.2,128.3,128.4,128.4,,128.8,138.2, 138.2, 138.4, 138.5, 144.0.
Found, C, 80.5; H, 6.6. Cs;H;,0, requires C, 81.1; H, 6.7%.

(BR,4R,5S5)-1,3,4,5-Tetrabenzyloxy-6-trityloxy-2-hexanone

Acetic anhydride (17.4 cm?) was added to a solution of 2,3,4,6-
tetra-O-benzyl-1-O-trityl-D-galactitol (6.7 g, 8.5 mmol) in dry
DMSO (27 cm?®). The reaction mixture was stirred for 16 h at rt
under N,. Following the addition of water (40 cm?) to the reaction
mixture, aqueous NH; was added. The resultant mixture was
extracted with Et,0 (3 x 30 cm®) and the combined organic layers
were washed with brine (60 cm®), dried (MgSO,), and concentrated
under reduced pressure. The residue was purified by flash column
chromatograph (hexane : EtOAc, 9 : 1 v/v) to give a yellow syrup
(5.72 g, 86%): [a]y +0.17 (¢ = 0.60, CH,Cl,), IR 1731 cm™' (C=0),
'"H NMR (CDCl;) ¢ 3.33(dd, 1 H, J 44 = 10.4, J5, = 5.3, H-6),
3.46 (dd, 1 H, J 5¢ = 3.7, H-6)), 3.84 (m, 1 H, H-5), 3.88 (d,
1 H, J5, = 3.9, H-3), 422 (dd, | H, J,5s = 5.7, H-4), 4.25-4.46
(m, 6 H, CH,C,H5), 4.51 (d, 1 H, J,5 = 11.6, CH,Hz;C(Hj),
4.58 (d, 1 H, CH,HC:Hs), 4.60 (br s, 2 H, H-1, H-1"), 7.01-
7.44 (m, 35 H, H-Ar), "C NMR (CDCl;) ¢ 63.3 (C-6), 72.4, 73.0,
73.05, 74.4 (4 x CH,C¢Hs), 74.5 (C-1), 79.0 (C-5), 80.4 (C-4), 82.6
(C-3), 86.8 (CPh;), 127.0, 127.4,127.5,127.6, 127.7, 127.7,, 127.8,
127.9,128.1,128.2,128.2,, 128.2,,128.3,128.4, 128.6, 137.3, 137.6,
137.9, 138.3, 143.9, 207.4 (C-2). Found, C, 80.95; H, 6.7. C5;H;,05
requires C, 81.3; H, 6.4%.

(35,45,55)-3,4,5-Tribenzyloxy-2-((benzyloxy)methyl)-
6-trityloxy-1-hexene (12)

To a solution of methyltriphenylphosphonium iodide (1.13 g,
2.8 mmol) in THF (10 cm?), n-BuLi (2.5 M, 1.12 cm?, 2.8 mmol)
was added at —78 °C. After stirring the reaction at this temperature
for 1 h, the mixture was warmed up to 0 °C, and a solution
of the fully protected 2-hexanone (1.00 g, 1.28 mmol) in THF
(5 cm®) was added dropwise. The resulting mixture was allowed
to warm to rt over a period of 16 h. The reaction was quenched
by the addition of saturated NH,Cl, and it was then diluted with
water (20 cm?®) and extracted with CH,Cl, (3 x 20 cm?). The
combined organic layers were washed with aqueous H,SO, (10%),
saturated NaHCO;, brine, dried (MgSO,), and concentrated at
reduced pressure. The resultant crude syrup was purified by flash
column chromatography (hexane : EtOAc, 9 : 1 v/v) to give the
product as a light yellow syrup (0.784 g, 79%): [a]¥ +22.5 (¢ =
1.32, CH,Cl,), IR 1650 cm™!' (C=C); '"HNMR (CDCl;) 6 3.25 (dd,
1 H, Jo¢ = 10.0, Jo5s = 5.6, H-6), 3.27 (dd, J¢5s = 5.3, H-6'), 3.81
(brq, L H, Jgs + Jos + Js4 = 14.7, H-5),3.86 (dd, | H, J,5 = 3.9,
J,3=17.1,H-4),4.04-4.16 (m, 4 H, H-3, H-7, H-7, CH \H, C4Hj),
443 (d, 1 H, Jep = 11.0, CH-H,CcHs), 447 (d, 1 H, Jz, =
11.6, CHyHzC4Hjy), 4.48 (d, | H, Jgr = 12.0, CHH:C¢Hjs), 4.49
(d, 1 H, Jou = 11.6, CH;HyC¢Hj), 4.52 (d, 1 H, CHx H:C4Hj),
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4,57 (d, 1 H, CH.H,C¢H;), 4.64 (d, 1 H, CH;H,C¢Hs), 5.13
(brs, 1 H, H-1), 5.44 (m, 1 H, H-1"), 7.07-7.43 (m, 35 H, H-Ar),
BC NMR (CDClL,) 6 63.7 (C-6), 70.4 (C-7), 71.0, 72.8, 73.7, 74.8
(4 x CH,C,H;), 78.6 (C-5), 79.8 (C-3), 81.2 (C-4), 87.0 (CPh,),
115.9 (C-1), 127.0, 127.4, 127.5, 127.6, 127.7, 127.8, 127.9, 128.1,
128.3, 128.3¢, 128.4, 128.8, 138.5, 138.5;, 138.6, 139.0, 144.0 (C-2),
144.1. Found, C, 82.8; H, 6.8. Cs,Hs,0; requires C, 83.05; H, 6.7%.

(25,35,45)-2,3,4-Tribenzyloxy-5-((benzyloxy)methyl)-
5-hexen-1-o0l

Aqueous HCI (1 M, 1 cm?) was added to a solution of 12 (10.2 g,
13.1 mmol) in acetic acid (90%, 145 cm?). After stirring this
mixture for 40 min, the reaction was quenched by the addition
of saturated NaHCO,. The resultant solution was extracted
with ether (3 x 50 cm?) and the combined organic layers were
washed with brine, dried (MgSO,), and concentrated under
reduced pressure. The crude product was purified by flash column
chromatography (hexane : EtOAc, 3 : 1 v/v) to give a light yellow
syrup (4.2 g, 61%): [a]y + 22.8 (¢ = 0.71, CH,Cl,), IR 3470 cm™'
(br, O-H), '"H NMR (CDCl;) 6 3.59 (dd, 1 H, J,, = 4.8, J,, =
11.7, H-1), 3.66 (dd, 1 H, J,, = 4.5, H-1"), 3.70-3.76 (m, 2 H,
H-2, H-3),4.06-4.18 (m, 3 H, H-4, H-7, H-7"),4.22 (d, | H, Jo5 =
11.4, CH\HzC¢Hj;), 4.48-4.62 (m, 7 H, CH,C¢Hj;), 5.45 (br s,
1 H, H-6), 5.55 (br s, 1 H, H-6'), 7.20-7.34 (m, 20 H, H-Ar), *C
NMR (CDCl;) 4 62.0 (C-1), 70.6 (C-7), 70.5, 72.8, 73.2, 74.4 (4 x
CH,C¢Hjy), 79.7, 81.0 (C-3, C-2), 80.1 (C-4), 116.2 (C-6), 127.6,
127.7,127.7,127.9, 128.0, 128.3, 128.4, 138.0, 138.2, 138.3, 138.6,
143.7 (C-5). Found, C, 77.78; H, 6.87. C;sH30s5 requires C, 78.0;
H, 7.1%.

(25,35,45)-2,3,4-Tribenzyloxy-5-((benzyloxy)methyl)-5-hexenal

To a solution of oxalyl chloride (0.230 cm®, 2 M in CH,Cl,,
0.46 mmol) in CH,Cl, (2.6 cm?) at —78 °C, DMSO (0.11 cm?)
was added slowly. This mixture was stirred for 10 min, and then a
solution of the hexenol (206 mg, 0.38 mmol) in CH,Cl, (1.5 cm?)
was added dropwise. After 10 min, triethylamine (0.26 cm®) was
added to the reaction mixture, which was kept at —78 °C for
40 min. The solvent was then evaporated under reduced pressure
to give a light yellow syrup of aldehyde (195.6 mg), which was used
in the next step without being purified further.

(3R*,45,55,65)-4,5,6-Tribenzyloxy-7-((benzyloxy)methyl)octa-
1,7-dien-3-0l (13-R and 13-S)

To a solution of the freshly prepared aldehyde in dry THF
(50 cm®) at —78 °C under N, was slowly added a solution of
vinylmagnesium bromide in THF (0.30 cm?®, 1.0 M, 0.30 mmol).
The reaction mixture was then stirred for 1 h at rt, after which it
was quenched by the addition of a saturated aqueous NH,Cl. The
resultant solution was extracted with EtO, (3 x 60 cm®) and the
combined organic layers were washed with brine, dried (MgSO,),
and concentrated under reduced pressure to give crude product
as an orange coloured syrup. This material was purified by flash
column chromatography (hexane : EtOAc, 4 : 1 v/v) to give a
pale yellow syrup (129 mg, ratio 13-R : 13-S =1 : 2, 60% over 2
steps): IR 3463 cm™' (br, O-H). Found, C, 78.7; H, 7.05. C;,;H,,O;
requires C, 78.7; H, 7.1%. The NMR spectral assignments given
below were made on the mixture of diastereomers.

Compound 13-R. 'H NMR (CDCl;): 6 2.66 (d, 1 H, Jou; =
5.6,0H),3.66(t, 1 H, J,5 + J,5; = 9.0, H-4),3.80 (dd, 1 H, J5, =
4.8, Js,="17.1, H-5),4.05-4.18 (m, 3 H, H-6, H-9, H-9'), 4.24-4.31
(m, 2 H, H-3, CH,H;C,H;), 4.45-4.70 (m, 7 H, CH,C,H;), 5.15
(dt, 1 H, Jyz, = 10.5, J gy, + Jipgs = 2.7, H-1;), 5.26 (dt, 1 H,
Jizo =172, J 1216 + Ji1z3 =29, H-1,), 5.44 (br s, | H, H-8), 5.56
(d, 1 H, Jg¢ = 1.5, H-8), 5.86 (m, 1 H, H-2), 7.36-7.21 (m, 20 H,
H-Ar), * C NMR (CDCl;) ¢ 70.5 (C-3), 81.1 (C-5), 82.1 (C-4),
116.3 (C-1), 116.4 (C-8), 138.2 (C-2), 143.8 (C-7).

Compound 13-S. '"HNMR (CDCl,):62.62(d, | H, Joy; = 5.8,
OH),3.71(dd, 1 H, J,; = 3.1, J,, = 5.5, H-4), 3.86 (dd, | H, J; =
8.0, H-5), 4.05-4.19 (m, 4H, H-6, H-9, H-9, CH ,H,C H,), 4.41
(m, 1 H, H-3), 4.45-4.70 (m, 7 H, CH,C,H,), 5.21 (dt, 1 H, J ., =
10.6, Jipry + Jies = 3.2, H-1,), 537 (dt, 1H, J 1y = 17.2, J 1y +
Jizs =33, H-1,), 547 (brs, | H, H-8), 5.58 (d, 1 H, J,y = 1.5,
H-8), 5.94 (m, 1 H, H-2), 7.36-7.21 (m, 20 H, H-Ar), "C NMR
(CDCL,) 6 72.2 (C-3), 80.4 (C-5), 80.6 (C-4), 116.2 (C-1), 116.5
(C-8), 138.1 (C-2), 143.8 (C-7).

(1R*,4S5,5S5,65)-4,5,6-Tribenzyloxy-3-((benzyloxy)methyl)-
cyclohex-2-enol (14-R and 14-S)

To a solution of the diastereomeric mixture of 13-Rand 13-S (2.3 g,
4.1 mmol) in dry CH,Cl, (1.1 L) was added second generation
Grubbs’ catalyst (174.3 mg, 0.21 mmol). This reaction mixture
was heated to reflux for 3 h under N,, and then the volatiles
were removed under reduced pressure. The resultant residue was
purified by flash column chromatography (hexane : EtOAc, 2 :
1 v/v) to give a colourless syrup. The two diastereomers were
separated by radial chromatography (CH,Cl, : EtOAc, 25: 1 v/v)
to give 14-R (0.7 g, 32%) and 14-S (1.2 g 54%) as colourless syrups.

Compound 14-R. [a]? +15.8 (¢ =1.61, CH,Cl,), IR 3420 cm™
(br, O-H), ' HNMR (CDCl;):6 3.64 (dd, 1 H, Js, =3.5,J5,=9.2,
H-5),3.88(d, 1 H, J;» =12.1,H-7),3.96 (dd, 1 H, J,, = 6.4, H-6),
4.08 (d, 1 H, H-7), 4.14 (m, 1 H, H-1), 4.27 (d, 1 H, H-4), 4.38
(d, 1 H, Jo5 = 11.8, CH ,H;C,Hjy), 4.44 (d, 1 H, CH,H;C(Hj),
458 (d, 1 H, Jop = 11.3, CH.H,C(H;), 4.75 (d, 1 H, Jgy =
11.6, CH H:C,H;), 4.78-4.81 (m, 2 H, CH,C,H;), 4.89 (d, 1 H,
CH:H,C,H;),4.91(d, 1 H, CH H,C,H;s),5.76 (d, 1 H, J,, = 2.7,
H-2), 7.25-7.40 (m, 20 H, H-Ar), *C NMR (CDCl;) 6 70.6 (C-7),
71.1 (C-1), 72.4 (CH,H;C(Hs), 73.3 (CHcH,C.Hs), 73.5 (C-4),
74.3 (CH H:C¢Hs), 74.4 (CH-H,C(Hs), 79.5 (C-5), 80.6 (C-6),
127.6,127.6,,127.6,,127.7,127.8,128.0, 128.0, (C-2), 128.1, 128.3,
128.4, 128.4,, 128.4,, 135.4, 138.1, 138.4, 138.6, 138.7. Found, C,
78.0; H, 6.85. C;5H;O5 requires C, 78.3; H, 6.8%.

(35,4S5,55,65)-3-Azido-4,5,6-tribenzyloxy-1-((benzyloxy)methyl)-
cyclohexene (15) and (35,4S5,5R,6S5)-3-azido-4,5,6-tribenzyloxy-3-
((benzyloxy)methyl)cyclohexene (16)

To a solution of 14-R (754.2 mg, 1.4 mmol) in dry toluene (62 cm?)
was added diphenyl phosphoryl azide (1.8 cm?, 8.4 mmol) followed
by the slow addition of DBU (1.2 cm?, 8.0 mmol) at 0 °C under
a N, atmosphere. The reaction mixture was stirred for 1.5 h at
0 °C, after which sodium azide (374 mg, 5.8 mmol) and 15-
crown-5 (0.6 cm?, 3 mmol) were added. The reaction mixture was
subsequently heated to 60 °C for 14 h. The resultant mixture
was then diluted with EtOAc (120 cm?), and washed with aqueous
H,S0, (10%), saturated aqueous NaHCO;, brine, dried (Na,SO,),
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and concentrated under reduced pressure. The syrupy residue was
purified by flash column chromatography (hexane : EtOAc, 8 :
1 v/v) to give colourless syrups of 15 (600 mg, 76%), and the Sy2’
tertiary azide product 16 (160 mg, 21%).

Compound 15. [a]}) +76.0 (¢ = 1.23, CH,Cl,), IR 2030 cm™
(N;), 'HNMR (CDCl;)0 3.86(dd, 1 H, J5c = 3.5, Js, = 8.1, H-5),
3.89(d, 1 H, J,» =12.9,H-7),4.07-4.15 (m, 3 H, H-7', H-3, H-4),
424 (d, 1 H,H-6),4.39(d, | H, J,5 = 11.9, CH ;H;C(Hj;), 4.46 (d,
1H, CH,H;C,H;),4.52(d, 1H, J.p =11.3, CH -H,CHj), 4.68-
4.79 (m,4H, CH,C,H;),4.81 (d, 1 H, CH.H,C¢Hs), 5.72(d, | H,
J,3 = 3.7, H-2), 7.19-7.42 (m, 20 H, H-Ar), *C NMR (CDCl;)
0 58.5 (C-3), 70.1 (C-7), 72.0 (CH,H;CH;), 73.4 (CH,C,Hj;),
73.8 (C-6), 73.8; (CH,C(Hs), 74.3 (CH-H,CH5), 76.5 (C-4), 76.6
(C-5), 120.1, 120.1,, 122.2 (C-2), 125.6, 127.65, 127.65, 127.7,,
127.75, 127.7¢, 127.8, 127.9, 128.2, 128.3,, 128.3,, 128.4, 129.8,
138.0, 138.1, 138.4, 138.5, 139.0. Found, C, 74.5; H, 6.2; N, 7.3.
C35sHisN; O, requires C, 74.8; H, 6.3; N, 7.5%.

Compound 16. IR 2099 cm™', '"H NMR (CDCl;) ¢ 3.65 (d,
1H,J,7» =9.7,H-7),3.69 (d, | H, H-7"), 3.91 (m, 1 H, H-4), 3.98
(dd, TH, Jss + Jss = 9.6, H-5), 4.40 (m, 1 H, H-6), 4.52 (d, 1 H,
Jan = 12,0, CHH,C,Hs), 4.56 (d, 1 H, CH,H,CHs), 4.59 (d,
1 H, Jep = 11.2, CH.HpCHy), 4.64-4.76 (m, 4 H, CH,CHj),
490 (d, 1 H, CHcH,C¢H;s), 5.61-5.67 (m, 1 H, H-2), 6.01 (dd,
1H,J,,=10.0,J,,=2.2,H-1), 7.19-7.40 (m, 20 H, H-Ar).

(35,4S5,55,65)-3-Acetamido-4,5,6-tribenzyloxy-1-
((benzyloxy)methyl)cyclohexene (17)

Through a solution containing 15 (77 mg, 0.14 mmol) in pyridine,
Et;N, and H,O (4 : 1: 1 v/v/v, 2 cm®) H,S gas was bubbled for
3 h at rt. Then N, gas was used to purge the aqueous reaction
mixture, and this resulting mixture was concentrated under
reduced pressure. The syrupy residue was dissolved in dry toluene
(2.6 cm?) that contained pyridine (0.260 cm?®). Acetyl chloride
(0.052 cm?®) was then added slowly. The reaction mixture was
stirred for 1 h at rt, after which it was diluted with EtOAc (10 cm?),
and washed with H,SO, (10%), saturated aqueous NaHCOj, brine,
dried (Na,S0O,), and concentrated under reduced pressure. The
residue was purified by flash column chromatography (hexane :
EtOAc, 2 : 1 v/v) to give 17 as a colourless syrup (63 mg, 80%):
[a]? +69.7 (¢ = 3.76, CH,Cl,), IR 3291 cm™' (N-H), 1650 cm™
(C=0); 'H NMR (CDCl;) ¢ 1.92 (s, 3 H, CH;), 3.81 (dd, 1 H,
Jss+ Jss = 9.8, H-5), 3.88-3.93 (m, 2 H, H-7, H-4), 4.25(d, 1 H,
Jr;=12.1,H-7),4.30 (brs, | H, H-6),4.42 (d, 1 H, J,5 = 11.8,
CH HyC¢Hs), 443 (d, 1 H, J.p, = 11.8, CH-H,C:Hj), 4.45 (d,
1 H, CH,H;CH;), 448 (d, 1 H, Jgr = 11.5, CH H:C¢Hj), 4.49
(d, 1 H, CH.H ,CHjs), 4.60 (d, 1 H, CH;HCHjy), 4.67 (d, 1 H,
Jon =12.3, CH;H,C¢Hs), 4.71 (d, 1 H, CH;H,C¢Hs), 4.91-4.97
(m, 1 H, H-3),5.63 (brs, 1 H, H-2), 6.73 (d, 1 H, Jyu; = 8.9, NH),
7.16-7.37 (m, 20 H, H-Ar), *C NMR (CDCl;) d: 23.4 (CH;), 45.8
(C-3), 70.1 (C-7), 72.4 (CH H:C¢Hjs), 72.8 (CH-H,C¢Hjy), 72.9
(CHGH{C4Hs), 73.0 (CH,HzC4Hs), 73.2 (C-6), 73.7 (C-5), 75.8
(C-4),125.4(C-2),127.5,127.6, 127.7,127.8, 128.0, 128.0,, 128.05,
128.0;, 128.3,128.4, 128.5, 135.9 (C-1), 137.8, 138.3, 138.3,, 138 .4,
169.4 (C=0). Found, C, 76.7; H, 7.0; N, 2.5. C;sH3NOjs requires
C, 76.9; H, 6.8; N, 2.4%.

(1R*,25,35,45,55,65%)-5-Acetamido-2,3,4-tribenzyloxy-1-
((benzyloxy)methyl)bicyclo[4.1.0]heptane (18: 1R,6S) and
(19: 15,6R)

Under N,, a solution of compound 17 (523 mg, 0.91 mmol) in
dry toluene (125 cm?) was cooled down to —10 °C. Dimethylzinc
(2 M in toluene, 8.2 cm?, 16.3 mmol) was added dropwise. The
reaction was stirred at —10 °C for 15 min, then CH,I, (1.68 cm?,
2.083 mmol) was added slowly. The reaction mixture was stirred
for 16 h while being allowed to warm up to 20 °C. The reaction
was quenched by the addition of aqueous H,SO, (10%: 4 cm?),
and subsequently EtOAc (200 cm?®) was added. The resulting
organic layer was washed with saturated aqueous NaHCO;, brine,
dried (MgSO,), and concentrated under reduced pressure. The
two cyclopropyl isomers were separated and purified by radial
chromatography (CH,Cl, : MeOH 200 : 1 v/v) to give colourless
syrups of 18 and 19 (total weight 470 mg, 88%).

Compound 18. [a]¥ +67.2 (¢ = 0.661, CH,Cl,), '"H NMR
(CDCl,) 6 0.63-0.71 (m, 2 H, H-7, H-7), 1.33 (m, 1 H, H-6),
1.92 (s, 3 H, CH,), 2.72 (d, 1 H, Jgg = 9.5, H-8), 3.54 (dd, 1 H,
Jor=2.6,J5,=6.8,H-3),3.95(t, | H, J,s + Jo, = 13.7, H-4), 4.09
(d, 1 H, H-8), 4.29 (d, 1 H, H-2), 4.38-4.42 (d, 2 H, CH,CH;),
445 (d, 1 H, Jo, = 12.0, CH\HyC,Hs), 449 (d, 1 H, J,, =
11.5, CH-H,C4Hs), 4.60 (d, 1 H, Jr = 11.3, CHH:C(Hs), 4.65
(d, 1 H, Jgu = 11.9, CHGH, C,Hs), 4.74 (m, 1 H, H-5), 4.76 (d,
1 H, CH;H;;CHs), 4.83 (d, 1 H, CH HCHs), 6.00 (d, 1 H,
Jsxu = 7.1, NH), 7.18-7.37 (m, 20 H, H-Ar), *C NMR (CDCl,)
0 13.8 (C-7), 20.2 (C-6), 23.6 (CH,), 26.1 (C-1), 45.4 (C-5), 72.6,
73.1,73.3 (3 x CH,C,Hs), 74.3 (C-8), 74.7 (CH,C,Hs), 75.0 (C-2),
77.1 (C-4), 79.3 (C-3), 127.5, 127.6,, 127.6,, 127.7, 127.95, 127.9,,
128.0,128.4, 128.5, 128.6, 138.0, 138.4, 138.6, 139.2, 169.8 (C=0).
Found, C, 76.9; H, 7.1; N, 2.65. C;xH,, NOjs requires C, 77.1; H,
7.0; N, 2.4%.

Compound 19. [a]) +18.7 (¢ = 1.20, CH,Cl,), 'H NMR
(CDCly) 0 0.63 (dd, 1 H, J¢; =94, J;» = 5.1 H-7), 0.91-0.96
(m, 1 H, H-6), 1.28 (t, 1 H, J»c + J»; = 10.8, H-7"), 1.93 (s, 3 H,
CH;),2.81(d, 1 H, Jgy = 10.2, H-8), 3.66 (m, 1 H, H-4), 3.75-3.80
(m,2H, H-3,H-8),4.32(d,1H, J,5;=4.3,H-2),4.37-4.43 (m, 3 H,
H-5, 2 x CH,C¢Hs), 4.45-4.60 (m, 6 H, CH,CHj5), 6.10 (d, 1 H,
Jans = 8.5, NH), 7.22-7.36 (m, 20 H, H-Ar), *C NMR (CDCl;)
0 13.1 (C-7), 22.7 (C-6), 23.6 (CH;), 24.2 (C-1), 45.4 (C-5), 72.6
(CH,C4Hs), 71.9 (C-2), 72.5, 72.6, 72.7 (3 x CH,C4Hjs), 74.8 (C-
3), 75.9 (C-8), 76.8 (C-4), 127.6, 127.7, 127.8, 128.0, 128.1, 128.4,
128.5, 128.7, 138.0, 138.3, 138.6, 138.7, 169.6 (C=0). Found, C,
77.2; H, 7.0; N, 2.1. C;xH, NOs requires C, 77.1; H, 7.0; N, 2.4%.

(1R,25,35.,45,58,6S5)-5-Acetamido-1-(hydroxymethyl)bicyclo-
[4.1.0]heptane-2,3,4-triol (8)

A mixture of 18 (467 mg, 0.79 mmol) and 10% Pd-C (217 mg)
in MeOH (90 c¢cm®) was stirred at room temperature under an
atmosphere of H, for 14 h. The mixture was filtered through a
Celite pad, which was washed thoroughly with MeOH (50 cm?).
The filtrate and washings were combined and concentrated under
pressure to give a colourless oil. This material was purified by
flash column chromatography (CH,Cl,-MeOH, 4 : 1 v/v) to give
compound 8 (151 mg, 83%) as a colourless syrup: [a]y +92.7 (¢ =
0.52, MeOH), '"H NMR (D,0) ¢ 0.58-0.70 (m, 2 H, H-7, H-7"),
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1.35 (m, 1 H, H-6), 2.01 (s, 3 H, CH;), 2.89 (d, 1 H, Jgy = 11.5,
H-8), 3.48 (dd, 1 H, J;, = 10.0, J5, = 3.0, H-3), 3.91 (dd, 1 H,
Jys =17.3,H-4),4.0(d, 1 H, H-8'), 4.34 (d, 1 H, H-2), 4.60 (t, 1 H,
H-5), *C NMR (D,0) § 10.9 (C-7), 19.9 (C-6), 22.0 (CH,), 28.0
(C-1), 46.5 (C-5), 65.9 (C-8), 66.6 (C-4), 68.6 (C-2), 68.8 (C-3),
174.3 (C=0). Found, C, 51.6; H, 7.6; N, 6.1. C,,H,;NOs requires
C, 51.9;H, 7.4; N, 6.1%.

(18,25,35,4S5,5S,6 R)-5-Acetamido-1-(hydroxymethyl)bicyclo-
[4.1.0]heptane-2,3,4-triol (10)

A mixture of 19 (533 mg, 0.90 mmol) and 10% Pd—C (247 mg) in
MeOH (100 cm?®) was stirred at rt under an atmosphere of H, for
14 h. The reaction mixture was filtered through a Celite pad, which
was then washed thoroughly with MeOH (50 cm?). The filtrate and
washings were combined and concentrated under pressure to give
a colourless syrup. The resultant crude product was purified by
flash column chromatography (CH,Cl,-MeOH, 4 : 1 v/v) to yield
10 (185 mg, 88%) as a colourless syrup: [a]3) +64.5 (¢ =0.53, H,0),
'HNMR (D,0)6 0.60 (dd, 1 H, J,» =5.7, J,5=9.8, H-7), 0.83 (t,
1H,Jys+ J;7 =11.7,H-7),1.10 (ddd, 1 H, J¢5 = 1.4, H-6), 2.03
(s, 3 H, CH;), 3.06 (d, 1 H, Jg¢ = 11.7, H-8), 3.65-3.67 (m, 2 H,
H-3, H-4), 3.71 (d, 1H, H-8'), 4.42 (m, 1 H, H-2), 4.48 (br s, 1 H,
H-5), "C NMR (D,0) ¢ 9.7 (C-7), 22.2 (CH,;), 22.6 (C-6), 27.6
(C-1), 48.7 (C-5), 66.0 (C-4), 68.1 (C-2), 68.2 (C-8), 69.2 (C-3),
174.4 (C=0). Found, C, 52.2; H, 7.5; N, 5.9. C,,H;NOs requires
C,51.9;H,7.4; N, 6.1%.

(1R,25,35,48,5S,65)-5-Amino-1-(hydroxymethyl)bicyclo-
[4.1.0]heptane-2,3,4-triol (7)

LiOH (32 mg, 0.76 mmol) was added to a solution of amide 8
(82 mg, 0.35 mmol) in THF-H,O (1 : 1, 12 cm?®). This mixture was
heated at 70 °C for 32 h. The solution was then neutralized by the
addition of Amberlite IR resin (H* form), and filtered. The resin
was washed thoroughly with water and the product was eluted
with NH,OH (5%, 100 cm?). The eluted solution was concentrated
under pressure to give a light yellow oil. This substance was further
purified by flash chromatography (MeOH-CHCl1;-28% NH; in
H,O 5:5:1v/v/v)to give 7 as a colourless syrup (35 mg, 52%):
[a]? +76.5 (c=0.51, MeOH), "H NMR (CD;0D) 6 0.67 (dd, 1 H,
Jov=5.5,7J,6=9.3,H-7),0.75 (m, | H, H-7"), 1.33 (m, 1 H, H-6),
3.41(d, 1 H, Jgy = 11.3, H-8),3.54 (dd, 1 H, J5, = 8.9, J;, = 3.1,
H-3),3.74(d, 1 H, H-8),3.82(t, 1 H, J5, + Js, = 13.9, H-5), 3.93
(dd, 1 H, J,5 =6.6,H-4),4.30 (d, 1 H, H-2), *"C NMR (CD;0D) ¢
11.6(C-7),20.8 (C-6),29.1(C-1),48.7(C-5),67.6 (C-8), 68.5 (C-4),
70.5 (C-3), 70.5, (C-2). Found 190.1074 (ESI-HRMS) C;H (NO,
(M + H*) requires 190.1079.

(18,25,35,4S5,5S,6 R)-5-Amino-1-(hydroxymethyl)bicyclo-
|4.1.0]heptane-2,3,4-triol (9)

LiOH (15 mg, 0.36 mmol) was added to a solution of amide 10
(30 mg, 0.13 mmol) in THF-H,O (1 : 1, 4 cm?). This mixture
was heated at 70 °C for 32 h, when it was neutralized by adding
Amberlite IR resin (H* form). After filtration the resin was
washed thorough by water. The product was eluted using NH,OH
(5%, 20 cm?) and the eluent was concentrated under pressure
to give a light yellow oil. This material was purified by flash
chromatography (MeOH-CHCL;-28% NH; in H,O5:5:1v/v/v)

to give 9 as a colourless syrup (20.7 mg, 84%): [a]}y +72.7 (¢ =
0.85,MeOH : H,O 1:1v/v),'"HNMR (CD;0D) ¢ 0.54 (dd, 1 H,
Joy = 52,076 = 9.7, H-7),0.92 (t, 1 H, Joy + Joy = 11.3, H-7),
1.05 (m, 1 H, H-6), 2.99 (d, 1 H, Jyy = 11.2, H-8), 3.49 (m, 1 H,
H-5), 3.61 (dd, 1 H, J,5s = 4.2, J,; = 9.2, H-4), 3.66 (dd, 1 H,
Js, =4.7,H-3),3.79 (d, 1 H, H-8), 4.37 (d, 1 H, H-2), "C NMR
(CD,0D)§ 9.2 (C-7), 22.3 (C-6), 28.0 (C-1),49.5 (C-5), 66.1 (C-4),
66.5 (C-2), 68.0 (C-8), 68.9 (C-3). Found 190.1074 (ESI-HRMS)
CiH(NO, (M + H*) requires 190.1079.

Enzyme kinetics

The activity of both the coffee bean and E. coli enzymes were
assayed by monitoring the rate of hydrolysis of p-nitrophenyl o-
D-galactopyranoside (PNPG). For the measurement of K; values
4 different concentrations of substrate and 4 of inhibitor were
used. Whereas, for ICs, values a single concentration of PNPG
was utilized and this was 0.14 and 0.01 mM for the coffee bean
and E. coli enzymes, respectively. The corresponding Michaelis
constants (K,,) for the PNPG substrate are 0.7 and 0.04 mM for
the coffee bean and E. coli enzymes, respectively.

The coffee bean o-galactosidase activity assay solutions con-
tained 0.62 mU cm~* enzyme in 50 mM sodium phosphate buffer
(pH 6.52) with 0.1% bovine serum albumin in total volume of
0.400 cm®. Each experiment was initiated by the addition of
enzyme to an equilibrated assay solution held at 37 °C.

The activity of the E. coli enzyme was assayed using a solution
that comprised of 5 mU cm™ enzyme containing 0.1% bovine
serum albumin in 50 mM sodium phosphate buffer (pH 7.26),
the total volume of the assay solution was 0.400 cm’. Each
analysis began by the addition of a stock solution of enzyme to an
equilibrated assay solution held at 25 °C.

For both enzymes, the absorbance at 400 nM was monitored for
10 min using a Cary 3E spectrophotometer equipped with a Peltier
temperature controller. The measured initial rate versus inhibitor
concentration data were fit to standard enzyme kinetic equations
using a nonlinear least squares program (Prism).
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Epoxidation—alcoholysis of cyclic enol ethers catalyzed by Ti(O'Pr)4 or
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Venturello’s peroxophosphotungstate compound and Ti(O'Pr), were successfully used as catalysts for
the epoxidation—alcoholysis of various dihydropyrans and dihydrofuran using H,O, as the oxidant.
Different alcohols can be used as solvents and nucleophiles, resulting in hydroxy ether products with
varying alkoxy groups. The Venturello compound can also be used as catalyst in a biphasic conversion
of dihydropyran, in which long chain alcohols or fatty acids are incorporated in the hydroxy ether

products with high yield and (stereo)selectivity.

Introduction

Natural product chemistry is a rich source of inspiration for
biological investigations and medical discoveries. The develop-
ment of clean and reliable organic methodologies, including
catalytic procedures, is an essential tool for advancing the synthesis
and modification of natural products. New catalytic reactions
for the fine chemical industry are often developed using model
substrates. Such molecules contain a motif that is shared by many
relevant potential substrates. This approach is well exemplified by
glycosylation chemistry, in which unsaturated sugars or glycals
are pivotal intermediates for the synthesis of an increasingly
large group of drug molecules or drug precursors.! The cyclic
enol ether motif of glycals is also found in 3,4-dihydro-2 H-pyran
(DHP), which can accordingly be used as a model, for instance in
studying oxidation of the enol ether.? Enol ethers are frequently
transformed via epoxidation, followed by opening of the epoxide
with an alcohol or an acid. The epoxidation—alcoholysis is not only
relevant for glycal chemistry; DHP and the derived hydroxy ether
products are also used in the study and synthesis of polycyclic ether
frameworks.* The latter are known as the backbones of several
naturally occurring toxins such as ciguatoxins, maitotoxins and
brevetoxins.

We here present new epoxidation—alcoholysis protocols for
various dihydropyrans and dihydrofuran. While some method-
ologies for oxidative glycal transformation have been reported,*®
the epoxidation—alcoholysis of DHP has only rarely been
investigated.>'® Moreover, in several of these reports, organic
oxidants are used, such as 2,6-dichloropyridine N-oxide in combi-
nation with a Ru catalyst,* iodosylbenzene in combination with a
Mn catalyst,” the urea adduct of hydrogen peroxide in combination
with CH;ReO; as a catalyst,® m-chloroperbenzoic acid,*! or the
explosive dimethyldioxirane.”® As all these organic oxidants result
in additional waste, the main aim of the present work is to use a
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clean and safe oxidant such as aqueous H,O,. The objective is to
reach high conversion of the cyclic enol ether model compounds
with high (stereo)selectivity within short reaction times. Moreover,
it is desirable to use as large a variety of alcohols or nucleophiles
as possible, since this expands the applicability of the new method.

Results and discussion
Catalyst screening

Using H,O, as the oxidant, the epoxidation—alcoholysis of 3,4-
dihydro-2H-pyran (DHP) was attempted using a variety of
catalysts, including the W-based catalysts Na, WO,-2H,0, Q,WO,,
Q:W,0,,,"" Q:PW,0,,,"" and Qu[y-SiW,o(H,0),05]* ™ (Q =
quaternary ammonium), Mo catalysts such as Mo(CO), and
Q;PMo0,,0,4,"” and a seclection of metal alkoxides including
Mo(O'Pr)s, Ti(O'Pr),, VO(O'Pr); and Zr(OEt),. From this screen-
ing, the Venturello peroxo compound Q;PW,0,, and Ti(O'Pr),
emerged as superior catalysts. Although titanium is commonly
used for epoxidations, e.g. in the Sharpless epoxidation,'® the
results with the Ti-catalyst are quite remarkable, as Ti(O'Pr), is
generally used with ‘BuOOH, rather than with aqueous hydrogen
peroxide.'” For both catalysts a short optimization was undertaken
to find the best reaction conditions.

Optimization of reaction conditions for Q;PW,0,, and Ti(O'Pr),

For reactions with the Venturello compound, it was found that
addition of a base, such as an alkaline zeolite is necessary in order
to suppress acid-catalyzed alcohol addition on the double bond.
Therefore 10 mg of NaA zeolite was added per 20 ml of reaction
mixture in all further tests. Other parameters considered were the
nature of the quaternary ammonium salt and the composition of
the solvent—nucleophile mixture (Table 1). Clearly, the Venturello
catalyst can be applied in a range of alcoholic solvents. The highest
activity and selectivity are achieved in ethanol (entries 2 and 3).
As the reaction is rather slow in pure methanol (entry 1), there is
a need for a co-solvent that is miscible with methanol but lacks
nucleophilic properties. Use of acetonitrile (entry 5) led to high
conversion of the starting enol ether, but the desired products were
not formed. Satisfactory conversion and selectivity are obtained in
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Table 1 Venturello-compound catalyzed epoxidation—alcoholysis of
DHP: optimization of reaction conditions®

Solvent Nucleophile t/h Yield (%) trans : cis

1 MeOH — 24 81 17:1
2 EtOH — 0.5 85 9:1
3*  EtOH — 0.5 88 12:1
4 n-PrOH — 025 81 8:1
5 MeCN EtOH* 1 04 —

6 1,4-Dioxane ~ MeOH* 3 78 8:1
7 1,4-Dioxane MeOH/ 0.5 70 8:1
8 1,4-Dioxane  EtOH* 0.5 45 5:1
9 1,4-Dioxane  4-Penten-1-o0l# 0.5 47 9:1

“ General conditions: 4 mmol DHP, 0.04 mmol Q;PW,0,, (Q = (Bu),N),
20 ml solvent, 8 mmol H,0,, 10 mg NaA, 323 K. *Q = (Oct);MeN.
¢ Equimolar amounts of nucleophile and substrate (0.2 M). ¢ Conversion
was very high but no desired products were obtained. ¢ Dioxane : alcohol
=1:1./Dioxane : MeOH =4 : 1. ¢ Dioxane : 4-penten-1-ol = 7 : 3.

a 1 : I mixture of methanol and 1,4-dioxane (entry 6). If a higher
ratio of dioxane : MeOH is used (entry 7) the selectivity drops
because of more diol formation. This is presumably due to the fact
that dioxane enhances the nucleophilicity of both methanol and
water present in the reaction.’®

Attempts to incorporate more complex alcohols as nucleophiles
in 1,4-dioxane were less successful. In the case of 4-penten-1-
ol (entry 9) a significant amount of 5-hydroxy-1,2-epoxypentane
was detected, indicating that the reactivity of the enol ether and
terminal olefin were not sufficiently differentiated. Finally, the
influence of the quaternary ammonium species used as counter
ion in the Venturello compound was assessed by comparing the
tetrabutylammonium and trioctylmethylammonium (Aliquat®
336)ionsin ethanol (entries 2 and 3). With the latter ion, the yield is
similar but the stereoselectivity in the epoxide opening is improved.
Optimal reaction conditions are summarized in Scheme 1.

le) 0} OEt
| Q3PW4024
* EOH + H,0, NaA (10 mg/20 ml) on
323K,05h
Q= (Oct);MeN Yield = 90%

trans : cis =12 :1

Scheme 1

For Ti(O'Pr), as well, a thorough investigation of catalyst
concentration, base, solvent-nucleophile system and temperature
was performed, and a selection of the data is presented in Table 2.
For optimal catalyst solubility, the Ti(O'Pr), concentration was
set at 2 mM. Among the different bases tested in methanol
(entries 2-4), zeolite 4A (entry 4) gave the optimum combination
of high reaction rate, selectivity and stereoselectivity. The use of
triethylamine (entry 3) led to almost complete frans selectivity
in the products, but with rather low yield. The solvent choice is
limited due to the poor solubility of Ti(O'Pr), in alcohols other
than methanol, with consequent poor conversion and selectivity
in ethanol and propanol (entries 4-6). Addition of dioxane as
co-solvent (entry 7) resulted in drastic lowering of the activity
and selectivity. The reaction rate can be increased by performing
the reaction at 323 K; addition of a larger amount of NaA at
this temperature (30 mg per 20 ml, entries 9 vs. 10) resulted in
a high yield with a significantly improved selectivity for the trans

Table 2 Ti(O'Pr), catalyzed epoxidation—alcoholysis of DHP*

Base Solvent T/K t/h Yield (%)  trans: cis
1 — MeOH 303 6 73 10:1
2  CaCO; MeOH ! 3 88 11:1
3 Et;N MeOH 4 24 37 115:1
4  NaA MeOH ! 3 94 20:1
5 NaA EtOH 2 33 2.5:1
6 NaA n-PrOH ” 2 23 3:1
7 NaA Dioxane” 65 81 55:1
8 NaA MeOH 313 2 87 20:1
9 NaA MeOH 323 1 86 19:1
10  NaAc MeOH ! 2 94 34:1

“ General conditions: 4 mmol DHP, 0.04 mmol Ti(O'Pr),, 20 ml solvent,
8 mmol H,0,, 10 mg base. * + 4 mmol MeOH. © 30 mg.

product. These experiments led to the proposed optimized reaction
conditions of Scheme 2.

¢} 6} OMe

Ti(OPr), (2 mM)
|+ cHOH +H,0,

NaA (30 mg/20 ml)
323K,2h

Yield= 94%
trans:cis=34:1

Scheme 2

Epoxidation—alcoholysis of various cyclic enol ethers

Both catalysts were tested in optimized conditions with a selection
of dihydropyrans and dihydrofuran. The results of the reactions
with the Venturello catalyst in ethanol (method A) and with
Ti(O'Pr), in methanol (method B) are shown in Table 3. Similar
patterns of reactivity emerge for both catalytic systems, even if
differences are more pronounced with Ti(O'Pr), than with the
Venturello compound. 2,3-Dihydrofuran (entries 4 and 8) is the
most reactive compound due to the high electron density in the
double bond of its five-membered ring structure. Of the six-
membered ring compounds, unsubstituted 3,4-dihydro-2 H-pyran
is more reactive than the related methyl and ethyl acetals. For
these acetals the stereoselectivity of the reactions is somewhat
lower (entries 2, 3, 6 and 7).

Comparison of both catalytic systems shows that with Ti(O'Pr),
in methanol, slightly higher yields as well as higher stereoselectiv-
ities are obtained. On the other hand, the Venturello compound
is more active on a molar base, as expressed in higher turn-over-
frequency (TOF/h™', measured at the initial reaction stage) values.
The TOF value measured for 2,3-dihydrofuran with Ti(O'Pr), is
almost 4 times higher than the TOF value for 3,4-dihydro-2H-
pyran (entries 5 and 8); with the Venturello compound (entries 1
and 4) the TOF for 2,3-dihydrofuran is only slightly higher than
for 3,4-dihydro-2 H-pyran. This suggests that Ti(O'Pr), is more
sensitive to changes in electron density of the double bond.

To confirm this point, relative reactivities of cyclohexene and
dihydropyran were measured for both catalysts in competitive
experiments (Table 4). In both cases cyclohexene, with the less
electron-rich double bond proved to be significantly less reactive
than the enol ether; the difference in reactivity is indeed more
marked in the case of Ti(O'Pr),.

This journal is © The Royal Society of Chemistry 2007
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Table 3 Epoxidation-alcoholyis of dihydropyrans and dihydrofuran with the Venturello catalyst and with Ti(O'Pr),

Substrate Method t/h Products Yield trans + cis (%) TOF trans : cis
1 EOJ A 0.5 U (OJ‘“\OEt 88 320 12:1
“OH “OH
1
2 MeO__ _O A 2 U Et MeOU WOEt 86 148 7:2
U “y, IIOH
2
3 EtO\EoJ A 1 U WOEt 75 168 7:2
3
4 0 A 0.5 O LOEt O wOFEt 89 360 9:1
O O 4
4 “OH “"OH
8
5 1 B 2.5 (OJ/OMe @"‘\OMe 94 >80 34:1
“0H “OH
9
6 2 B 6 UOMe MeOU wOMe 94 22 9:2
“/OH “10H
7 3 B 5 EtOU Me U wOMe 84 35 4:1
"’OH “/OH
8 4 B 0.3 @/OMe O ~OMe 98 300 70:1
“OH “OH

12

“ Conditions: Method A: 4 mmol olefin, 0.04 mmol Q;PW,0,,, 8 mmol 60% aq. H,0,, 10 mg NaA, 20 ml EtOH, 323 K. Method B: 4 mmol olefin,
0.04 mmol Ti(O'Pr),, 8 mmol 60% aq. H,0O,, 30 mg NaA, 20 ml MeOH, 323 K. Values for TOF were measured after 10-15 minutes of reactions.

Table 4 Relative reactivities of 3,4-dihydro-2H-pyran and cyclohexene
with the Venturello compound and with Ti(O'Pr),

Catalyst Reactivity ratio 3,4-dihydro-2 H-pyran : cyclohexene

Q.PW,0, 12:1
Ti(O'Pr), 23:1

Conditions:* As in Table 1, entry 3. * As in Table 2, entry 4. As substrates,
an equimolar mixture of cyclohexene and DHP was used. Reactivity ratios
were determined at low conversions.

Biphasic epoxidation—alcoholysis of 3,4-dihydro-2H-pyran with
long alcohols or fatty acids

Apolar, long chain nucleophiles are only poorly soluble in the
water-containing alcoholic reaction mixtures of Schemes 1 and 2.
Therefore reactions were performed in the biphasic conditions

specified in Scheme 3, with DHP (0.2 M) and the Venturello
catalyst (2 mM, 1%). As nucleophiles, 1-octanol, 1-dodecanol,
I-octadecanol, benzyl alcohol, L-menthol or palmitic acid were

EOJAOR
“OH

+ ROH
o
) o QPO oo
272 EtOAc, NaA OxR 2
323K
0. 4O
+ RCOOH
““OH
Scheme 3
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Table 5 Incorporation of long chain alcohols and a fatty acid in 3,4-
dihydro-2 H-pyran with the Venturello compound in biphasic conditions®

Nucleophile t/h Product  Yield (%)  trans: cis
1 Octanol 3 13 93 14:1
2 Dodecanol 4 14 >90 12:1
3 Octadecanol 2 15 >90 13:1
4 Benzyl alcohol 2 16 >90 >25:1
5 L-Menthol 2 17 >90 1:1
6 Palmitic acid 2 18 85° 13:1

“ Conditions: 10 ml ethyl acetate, 2 mmol DHP, 0.02 mmol Q;PW,O,,,
4 mmol nucleophile, 4 mmol H,0,, 323 K. ? 5-10% of the product mixture
was the protected DHP of the acid-catalyzed side reaction.

added. The results (Table 5) show that the desired hydroxy ether
products are obtained in high yields and within short times.
This confirms that high TOF values can be achieved with the
Venturello compound. For reactions with long aliphatic alcohols
as the nucleophiles, the frans : cis ratios of the hydroxy ether
products are between 12 : 1 and 14 : 1 (entries 1-3). These trans
preferences in biphasic conditions are even slightly higher than
with pure short-chain alcohols in a monophasic system (Table 3).

The reaction with benzyl alcohol gives a surprisingly high
stereoselectivity, with more than 96% selectivity for the trans
isomer (entry 4). In this 2-O-benzylated product, the C-3 *C
signal is strongly shifted in comparison to the C-3 of the products
containing linear alkoxy groups, likely because of the aromatic
nature of the phenyl moiety. With the secondary alcohol menthol
(entry 5), an almost 1 : 1 mixture of cis and trans ring-opened
products is obtained. This suggests that with this sterically
encumbered alcohol, the ring opening may proceed in a non-
concerted fashion. Finally, with palmitic acid as the nucleophile
(entry 6), an 85% yield of the desired hydroxy ester is formed;
direct, Bronsted acid-catalyzed attack of the acid on DHP to form
the protected acid accounts for only 5% of the total products
formed. The same protocol was also applied with some thiols and
amines, but due to the easy oxidation of these nucleophiles no
epoxide-opened products were detected.

Concluding remarks

Lewis acid catalysts for epoxidation such as Ti and W compounds
transfer an electrophilic oxygen atom to a double bond. The
present data show that a cyclic enol ether is highly reactive
towards this electrophilic oxygen atom, even more than a regular
olefin such as cyclohexene. The only side reaction at this stage
is the Bronsted-acid catalyzed ether formation. Therefore, the
use of the isolated peroxophosphotungstate catalyst is to be
preferred over procedures in which the catalyst is formed in situ
from the condensation of tungstic and phosphoric acid.”? In
the latter approach, strong Brensted acidity would have been
introduced in the reaction, lowering the yields of the epoxide
and products derived from it. By adding bases, the etherification
reaction could be effectively suppressed, without affecting the high
epoxidation activity of the W or Ti Lewis acids. The activity of the
homogeneous Ti(O'Pr), in combination with H,O, is remarkable,
since the reactions of the heterogeneous Ti-zeolite TS-1 represent

up to now the only successful example of Ti-catalyzed epoxidation
with H,0,."

While the electron-rich nature of dihydropyran and related
substrates results in a facile epoxidation, the challenge is to
control the fate of the highly reactive epoxide product. At least
three nucleophiles may attack the epoxide: water, which is the
side product of the reaction, H,0,, especially if used in a large
excess, and the desired alcohol reagent. In the case of W oxidation
catalysis, the in situ opening of the epoxide to the diol, or its further
transformation to carboxylic acids have even been exploited for
their synthetic utility.**?' In the present work, we have succeeded
in obtaining yields well over 80% of the alcohol-opened products.
This could be realized via adapted concentrations of the alcohol,
and via careful control of reaction temperature and medium
acidity. It is remarkable that even the excess of H,O,, which is
helpful in maintaining a sufficient reaction rate, does not give rise
to an appreciable over oxidation. The scope of the Ti(O'Pr), based
procedure is rather small, since it is limited to methanol as the
sole alcoholic solvent. However, the Venturello compound proved
to be a very versatile system. As it can be used in monophasic or
biphasic conditions, with a broad range of alcohols and even acids
as nucleophiles, it holds great promise for future applications in
the preparation of fine chemicals.

Experimental

All chemicals were of the highest grade commercially available.
The peroxophosphotungstate compound Q;PW,0,,, with Q =
Bu,N*, was prepared according to a literature procedure.'>"?

Epoxidation—alcoholysis of enol ethers using the Venturello
compound

A typical reaction mixture for the epoxidation—alcoholysis of
a dihydropyran or dihydrofuran with the Venturello compound
contains 20 ml of solvent, 4 mmol of enol ether, 0.04 mmol
Q:PW,0,,, 8 mmol H,O, (60 wt% in H,0) and 10 mg of powdered
NaA, which was pre-dried overnight at 350 °C. The mixture was
stirred at 323 K. Reaction progress was monitored by GC-analysis.
Conversions, selectivities, yields, turnover numbers (TON, moles
of product per mole of catalyst) and cis : trans ratios were based
on GC and GC-MS data.

Titanium-catalyzed epoxidation—alcoholysis of enol ethers

A similar procedure was adopted, using methanol as the solvent,
0.04 mmol Ti(O'Pr), as the catalyst, and 30 mg dry powdered NaA.

Biphasic epoxidation—alcoholysis

0.02 mmol of Q;PW,0,, is weighed in a small reaction flask and
10 ml of ethyl acetate is added. 2 mmol of DHP is added to
this solution, followed by 5 mg zeolite 4A and 2 equivalents of a
nucleophile. 4 mmol H,0, (50 wt% solution in H,O) is added to
this mixture which is kept at 323 K in a flask with condenser. The
reaction is monitored by TLC. When the reaction is completed, the
mixture is filtered and the filtrate is taken up in CH,Cl, and washed
3 times with water. The organic phase is dried with MgSO,, filtered
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and concentrated in vacuo, followed by acetylation. Products and
their stereochemistry ratios are determined by 'H, C-NMR,
COSY, HSQC and DEPT analysis. When necessary purification
was done by separation on a silica gel column.

Characterization data

The names of compounds 5-18 correspond to the acetylated
derivatives.

2-Ethyl-3-acetyl-2,3-dihydroxypyran (5). Yellowish oil, R
0.45 (trans), 0.42 (cis) (2 : 8 EtOAc : Petr. Ether), MS (non-
acetylated): 146 m/z, Anal. calcd for CoH,,O,4: C, 57.43; H, 8.57.
Found: C, 58.06; H, 8.77%.

trans. '"H-NMR: (300 MHz, CDCl;) 6 ppm 4.62 (td, J = 4.79,
3.22,3.22 Hz, 1H, H-2),4.49 (d, J = 2.96 Hz, 1H, H-1), 3.83-3.63
(m, 2H, H-5 & OCH,CH;), 3.52-3.37 (m, 2H, H-5 & OCH,CH,),
2.02 (s, 3H, CH; acetyl), 1.99-1.91 (m, 1H, H-3), 1.89-1.73 (m,
1H, H-4), 1.68-1.56 (m, 1H, H-3'), 1.42-1.31 (m, 1H, H-4). *C-
NMR: (75 MHz, CDCl;) 6 ppm 170.17 (C=0), 97.43 (C-1),
68.91 (C-2), 63.07 (OCH,CHj;), 60.55 (C-5), 23.97 (C-3), 21.07
(OCOCH5;), 20.99 (C-4), 14.96 (OCH, CH5).

cis. *C-NMR: (75 MHz, CDCl;) 6 ppm 95.71 (C-1), 70.33 (C-
2), 62.99 (OCH,CH,), 59.16 (C-5), 24.30, 23.16 (C-3, C-4), 14.92
(OCH,CH,).

5-Methyl-2-ethyl-3-acetyl-2,3,5-trihydroxypyran (6). Yellow-
ish oil, Rz 0.32 (2 : 8 EtOAc : Petr. Ether), MS (non-acetylated):
174.9 m/z.

trans. 'H NMR: (400 MHz, CDCl;) 6 ppm 4.66-4.59 (m,
1H, H-2), 4.50 (dd, J = 6.43, 3.15 Hz, 1H, H-5), 448 (d, J =
5.17 Hz, 1H, H-1), 3.87-3.75 (m, 2H, OCH,CH;), 3.56-3.46 (m,
2H, OCH,CH;), 3.40 (s, 3H, OMe), 2.60-2.43 (m, 1H, H-3), 1.99
(s, 3H, CHj; acetyl), 1.90-1.81 (m, 1H, H-4), 1.63-1.50 (m, 1H, H-
4), 1.49-1.36 (m, 1H, H-3), 1.15 (t, 3H, OCH,CH,;). "C-NMR:
(100 MHz, CDCl;) 6 ppm 170.3 (C=0), 99.86 (C-5), 98.90 (C-1),
70.03 (C-2), 64.35 (OCH,CH;), 55.94 (OMe), 27.33 (C-4), 22.39
(C-3), 21.11 (OCOCHj;), 15.10 (OCH, CH5;).

cis. '"HNMR: (400 MHz, CDCl;) 6 ppm 4.73 (d, J = 4.23 Hz,
1H, H-1), 3.39 (s, 3H, OMe). *C-NMR: (100 MHz, CDCl;) 6 ppm
97.88 (C-5), 97.65 (C-1), 68.88 (C-2), 63.83 (OCH,CH,), 55.60
(OMe), 26.81 (C-4), 22.95 (C-3), 20.40 (OCOCH,;).

5-Ethyl-2-ethyl-3-acetyl-2,3,5-trihydroxypyran (7). Yellowish
oil, R;: 0.37 (2 : 8 EtOAc : Petr. Ether), MS (non-acetylated):
189 m/z, Anal. calcd for C, H,,Os: C, 56.88; H, 8.68. Found: C,
57.10; H, 8.32%.

trans. '"H NMR: (400 MHz, CDCl;) 6 ppm 4.64-4.57 (m, 2H,
H-2, H-5), 4.46 (d, J = 5.72 Hz, 1H, H-1), 3.89-3.73 (m, 2H,
C,-OCH,CH;, Cs-OCH,CH;), 3.55-3.40 (m, 2H, C,-OCH,CHs,
C;-OCH,CH;), 2.19-2.08 (m, 1H, H-3), 1.99 (s, 3H, CH; acetyl),
1.88-1.79 (m, 1H, H-4), 1.67-1.54 (m, 1H, H-4), 1.47-1.37 (m,
1H, H-3'), 1.19-1.12 (m, 6H, OCH,CH). *C-NMR: (100 MHz,
CDCl;) 6 ppm 170.03 (C=0), 99.07 (C-1), 98.62 (C-5), 70.20 (C-
2), 64.21 and 64.01 (OCH,CHs;), 28.01 (C-4), 23.11 (C-3), 21.08
(OCOCH,), 15.08 (OCH,CHy).

cis. '"H NMR: (400 MHz, CDCl;) 6 ppm 4.85-4.77 (m, 2H,
H-2, H-5),4.73 (d, J/ = 3.88 Hz, 1H, H-1), 2.00 (CH, acetyl). *C-
NMR: (100 MHz, CDCl;) 6 ppm 97.70 (C-1), 96.35 (C-5), 68.78
(C-2),63.71 and 63.66 (OCH,CH;), 26.90 (C-4), 22.99 (C-3),21.13
(OCOCH,), 15.05 (OCH,CHj).

2-Ethyl-3-acetyl-2,3-dihydroxyfuran (trans) (8). Yellowish oil,
R;: 0.57 (trans), 0.47 (cis) (2 : 8 EtOAc : Petr. Ether), MS (non-
acetylated): 132.9 m/z.

trans. '"H-NMR: (400 MHz, CDCl;) 6 ppm 5.00 (dd, J = 6.00,
1.57 Hz, 1H, H-2), 4.93 (s, 1H, H-1), 4.02-3.88 (m, 2H, H-4, H-
4'), 3.68-3.58 (m, 1H, OCH,CH,), 3.46-3.37 (m, |H, OCH,CH,),
2.34-2.24 (m, 1H, H-3), 1.99 (s, 3H, CH; acetyl), 1.87-1.79 (m,
1H, H-3"), 1.12 (t, J/ = 7.07, 7.07 Hz, 3H, OCH,CH;). "C-NMR:
(100 MHz, CDCl;) 6 ppm 170.32 (C=0), 105.38 (C-1), 77.83 (C-
2), 66.27 (C-4), 62.69 (OCH,CHj;), 29.81 (C-3), 21.00 (OCOCH,),
15.06 (OCH,CH,).

2-Methyl-3-acetyl-2,3-dihydroxypyran (trans) (9)*>*. Yellow-
ish oil, Ry: 0.37 (trans), 0.30 (cis) (2 : 8 EtOAc : Petr. Ether), MS
(non-acetylated): 132 m/z '"H-NMR: (400 MHz, CDCl;) § ppm
4.63 (td, J = 4.69, 3.23, 3.23 Hz, 1H, H-2), 4.39 (d, J = 2.89 Hz,
1H, H-1), 3.76 (dt, J = 10.80, 10.71, 3.06 Hz, 1H, H-5), 3.49 (dtd,
J=11.23,4.14,4.08,0.96 Hz, 1H, H-5), 3.34 (s, 3H, OCH), 2.03
(s, 3H, CHj acetyl), 2.00-1.90 (m, 1H, H-3), 1.88-1.76 (m, 1H, H-
4), 1.67-1.58 (m, 1H, H-3"), 1.42-1.33 (m, 1H, H-4). "C-NMR:
(100 MHz, CDCl;) 6 ppm 170.30 (C=0), 98.88 (C-1), 68.76 (C-2),
60.57 (C-5), 55.09 (OCHj;), 24.00 (C-3), 21.19 (OCOCHj3;), 20.99
(C-4).

5-Methyl-2-methyl-3-acetyl-2,3,5-trihydroxypyran (10). Yel-
lowish oil, R;: 0.28 (2: 8 EtOAc : Petr. Ether), MS (non-acetylated):
161 m/z.

trans. '"H NMR: (300 MHz, CDCl;) 6 ppm 4.68 (dd, J = 6.11,
3.16 Hz, 1H, H-5), 4.65-4.59 (m, 1H, H-2), 4.63 (d, J = 2.28 Hz,
1H, H-1), 3.40 (s, 3H, OMe), 3.39 (s, 3H, OMe), 2.60-2.40, 2.01
(s, 3H, CH; acetyl), 1.95-1.83, 1.80-1.65, 1.60-1.50 (4 x m, 4H,
H-3, H-3', H-4, H-4'). "C NMR: (75 MHz, CDCl;) 6 ppm 170.2
(C=0), 98.87 (C-1), 97.74 (C-5), 68.58 (C-2), 55.58 (OMe), 52.69
(OMe), 26.86 (C-4), 22.86 (C-3), 21.11 (OCOCH,).

cis. C NMR: (75 MHz, CDCl;) 6 ppm 104.45 (C-1), 104.17
(C-5), 55.43 (OMe), 52.66 (OMe).

5-Ethyl-2-methyl-3-acetyl-2,3,5-trihydroxypyran (trans) (11).
Yellowish oil, R;: 0.27 (2 : 8 EtOAc : Petr. Ether). MS (non-
acetylated): 175 m/z.

BC NMR: (75 MHz, CDCl;) 6 ppm 99.09, 98.87 (C-1, C-5),
68.52 (C-2), 63.79 (OCH,CH,;), 51.43 (OMe), 26.89 (C-4), 22.87
(C-3),21.14 (OCOCH;), 15.08 (OCH,CH,).

2-Methyl-3-acetyl-2,3-dihydroxyfuran (trans) (12)*. Yellowish
oil, R;: 0.37 (trans), 0.29 (cis) (2 : 8 EtOAc : Petr. Ether), MS (non-
acetylated): 118 m/z. "H-NMR: (400 MHz, CDCl;) J ppm 5.00
(dd, J = 6.01, 1.46 Hz, 1H, H-2), 4.82 (s, 1H, H-1), 4.00 (dd, J =
15.36,7.89 Hz, 1H, H-4), 3.91 (dt, J = 8.59, 8.46, 4.93 Hz, 1H, H-
4),3.27 (s, 3H, OCH;), 2.34-2.21 (m, 1H, H-3), 1.99 (s, 3H, CH;
acetyl), 1.88-1.79 (m, 1H, H-3"). ®*C-NMR: (100 MHz, CDCI,)
0 ppm 170.3 (C=0), 106.67 (C-1), 77.63 (C-2), 66.38 (C-4), 54.49
(OCH;), 29.34 (C-3), 20.99 (OCOCH,;).

2-Octyl-3-acetyl-2,3-dihydroxypyran (trans) (13). Yellowish
oil, R;: 0.58 (2 : 8 EtOAc : Petr. Ether), MS (non-acetylated):
230 m/z. "H NMR: (400 MHz, CDCl;) 6 ppm 4.70 (td, J = 4.72,
3.27, 3.27 Hz, 1H, H-2), 4.53 (d, J/ = 2.97 Hz, 1H, H-1), 3.84
(dt, J = 10.81, 10.77, 3.03 Hz, 1H, H-3), 3.72 (td, J = 9.59, 6.73,
6.73 Hz, 1H, H-5), 3.54 (dtd, J = 11.12, 4.12, 4.10, 1.02 Hz, 1H,
H-3'),3.41 (td, J =9.61, 6.53, 6.53 Hz, 1H, H-5'), 2.09 (s, 3H, CH;
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acetyl), 2.06-1.99 and 1.76-1.65 (m, 2H, H-4, H-4'), 1.94-1.81,
1.63-1.56 and 1.48-1.20 (m, 14H, CH, octyl), 0.88 (t, 3H, CH;
octyl). *C NMR: (100 MHz, CDCl;) ppm 169.9 (C=0), 97.77
(C-1), 69.01 (C-2), 67.89 (C-5), 60.68 (C-3), 31.80 (OCH,), 29.55,
29.35,29.21,26.12,22.61,21.17 (6C, CH, octyl), 24.09 (C-4), 14.02
(CH;, octyl).

2-Dodecyl-3-acetyl-2,3-dihydroxypyran (trans) (14). Yellowish
oil, Rz 0.60 (2 : 8 EtOAc : Petr. Ether), MS (non-acetylated): 286
m/z."HNMR: (300 MHz, CDCl;) § ppm 4.69 (td, J = 4.63, 3.19,
3.19 Hz, 1H, H-2), 4.53 (d, J = 2.96 Hz, 1H, H-1), 3.84 (dt, J =
10.73, 10.65, 2.99 Hz, 1H, H-3), 3.71 (td, J = 9.55, 6.75, 6.75 Hz,
1H, H-5), 3.54 (dtd, J = 11.18, 4.09, 4.06, 1.08 Hz, 1H, H-3'), 3.41
(td, J = 9.68, 6.63, 6.63 Hz, 1H, H-5), 2.08 (s, 3H, CH; acetyl),
1.95-1.80 and 1.49-1.37 (m, 2H, H-4, H-4'), 1.74-1.51, 1.37-1.15
(m, 22H, CH, dodecyl), 0.88 (t, 3H, CH; dodecyl). *C NMR:
(75 MHz, CDCl;) 6 ppm 170.294 (C=0), 97.75 (C-1), 69.01 (C-2),
67.90 (C-5), 60.67 (C-3), 31.90 (OCH,), 29.65, 29.62, 29.60, 29.59,
29.57, 26.14, 25.90, 22.66, 21.20, 21.09 (10C, CH, dodecyl), 24.09
(C-4), 21.09 (OCOCH;), 14.02 (CH;, dodecyl).

2-Octadecyl-3-acetyl-2,3-dihydroxypyran (trans) (15). Yellow-
ish oil, R;: 0.63 (2 : 8 EtOAc : Petr. Ether). '"H NMR: (300 MHz,
CDCl;)0 ppm 4.70 (td, J = 4.85, 3.20, 3.20 Hz, |H, H-2),4.53 (d, J
=2.92Hz, 1H, H-1), 3.84 (dt, J = 10.72, 10.61, 3.01 Hz, 1H, H-3),
3.72 (td, J = 9.58, 6.70, 6.70 Hz, 1H, H-5), 3.54 (dtd, J = 11.09,
4.09, 4.05, 1.19 Hz, 1H, H-3), 3.41 (td, J = 9.60, 6.54, 6.54 Hz,
1H, H-5), 2.09 (s, 3H, OCOCH,), 1.96-1.80 (m, 1H, H-4), 1.50—
1.38 (m, 1H, H-4'), 1.74-1.50 and 1.38-1.12 (m, 34H, octadecanyl),
0.88 (t, 3H, CH;-octadecanyl). *"C NMR: (75 MHz, CDCl;) § ppm
170.41 (C=0), 97.75 (1C, CH, C-1), 69.01 (1C, CH, C-2), 67.90
(1C, CH,, C-5), 60.67 (1C, CH,, C-3), 31.90 (1C, OCH,), 29.71-
29.29,26.13,22.66 and 21.08 (16C, octadecanyl), 24.08 (1C, CH,,
C-4),21.19 (1C, OCOCH,), 14.07 (1C, CH; octadecanyl).

2-Benzyl-3-acetyl-2,3-dihydroxypyran (trans) (16)*. Yellowish
oil, R;: 0.39 (2: 8 EtOAc : Petr. Ether), Anal. caled for C,H,50,: C,
67.18; H, 7.25. Found: C, 66.75; H, 6.86%. '"H NMR: (300 MHz,
CDCl;) 6 ppm 7.37-7.33 (m, 5H, phenyl), 4.78 (d, J = 11.99, 1H,
CH,-benzyl), 4.78 (m, 1H, H-2), 4.66 (d, J = 2.82 Hz, 1H, H-1),
4.53 (d, J = 11.98, 1H, CH,-benzyl), 3.90 (dt, J = 3.00, 10.92,
10.91 Hz, 1H, H-5), 3.59 (m, 1H, H-5), 2.08 (s, 3H, COCH,),
2.14-2.05 (m, 1H, H-3), 1.99-1.83 (m, 1H, H-4), 1.77-1.66 (m,
1H, H-3'), 1.51-1.39 (m, 1H, H-4). ®C NMR: (75 MHz, CDCl,)
0 ppm 170.21 (C=0), 137.614 (1C, Ph-A), 128.32 and 127.67 (5C,
Ph), 96.87 (1C, CH, C-1), 68.96 (1C, CH,Ph), 68.77 (1C, CH, C-2),
60.71 (1C, CH,, C-5),23.90 (1C, CH,, C-3),21.12 (1C, OCOCH,),
20.88 (1C, CH,, C-4).

2-Menthyl-3-acetyl-2,3-dihydroxypyran (17).
0.59 (2: 8 EtOAc : Petr. Ether).

trans. '"H NMR: (300 MHz, CDCl;) 6 ppm 4.69-4.61 (m, 1H,
H-2),4.57 (d, J = 3.92 Hz, 1H, H-1), 2.09 (s, 3H, OCOCH,). “C
NMR: (75 MHz, CDCl;) 6 ppm 170.36 (C=0), 100.41 (1C, CH, C-
1), 81.10 (1C, CH, C-2), 69.80 (1C, CH, C-1-menthyl), 61.78 (1C,
CH,, C-5), 48.74,43.22, 34.51, 31.70, 25.65-21.20, 16.13 (12C, 9C
menthyl, C-3, C-4, OCOCH;).

cis. '"HNMR: (300 MHz, CDCl;) 6 ppm 4.73 (d, J = 2.78 Hz,
1H, H-1), 4.69-4.61 (m, 1H, H-2), 2.07 (s, 3H, OCOCH,). BC
NMR: (75 MHz, CDCl;) 6 ppm 170.27 (C=0), 94.04 (1C, CH, C-

Yellowish oil, R:

1), 75.35 (1C, CH, C-2), 69.68 (1C, CH, C-1-menthyl), 60.92 (1C,
CH,, C-5), 48.08, 40.00, 34.37, 31.42, 25.65-21.20, 15.58 (12C, 9C
menthyl, C-3, C-4, OCOCH,;).

2-Palmitoyl-3-acetyl-2,3-dihydroxypyran (trans) (18). White
crystals, Ri: 0.49 (2 : 8 EtOAc : Petr. Ether), mp: 54-55 °C (from
chloroform), Anal. caled for C;H4,Os5: C, 69.31; H, 10.62. Found:
C, 69.73; H, 10.81%. '"H NMR: (400 MHz, CDCl;) 6 ppm 5.83
(d, J =3.62, IH, H-1), 4.74 (td, J = 5.23, 3.67, 3.67, 1H, H-2),
3.88 (ddd, J = 3.21, 9.69, 11.63, 1H, H-5), 3.73-3.66 (m, 1H,
H-5), 2.35 (t, 2H, OCOCH,), 2.09 (s, 3H, OCOCH,), 2.08-2.01
and 1.84-1.74 (m, 2H, H-3, H-3'), 1.98-1.87 and 1.55-1.49 (m,
2H, H-4, H-4), 1.69-1.59 and 1.38-1.20 (m, 26H, -CH,-), 0.88 (t,
3H, —-CH;). "C NMR (100 MHz, CDCl;) 6 ppm 171.92 (C=0),
170.00 (C=0), 91.33 (1C, CH, C-1), 67.83 (1C, CH, C-2), 62.84
(1C, CH, C-5), 34.38 (1C, CH,, OCOCH,), 31.96, 29.85-29.05,
24.83 and 22.71 (13C, CH,, palmitic), 24.44 (1C, CH,, C-3), 21.07
(1C, OCOCH,), 20.95 (1C, CH,, C-4), 14.12 (1C, CH; palmitic).
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