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The X-ray structure of the CIC chloride channel made it clear that O-H - - - chloride interactions play a
key role in important biological membrane-bound systems, however, surprisingly this type of
interaction has only been rarely exploited for the development of synthetic anion receptors. This paper
therefore reports the anion binding strengths and selectivities of some simple commercially available
bis-phenols. In particular, we compare catechol (1,2-dihydroxybenzene) and resorcinol
(1,3-dihydroxybenzene) which show interesting and different selectivities between the halide anions in
acetonitrile solution. Catechol binds tetrabutylammononium (TBA) chloride almost 30 times more
strongly than TBA bromide, whilst for resorcinol, this difference drops to a factor of ca. 3.5. It is
suggested that this is a consequence of the bite angle of the chelating hydogen bonding groups of
catechol being particularly appropriate for effective binding of the smaller anion. The oxidation of
catechol to ortho-quinone is perturbed by the addition of chloride anions, as probed via cyclic
voltammetry, and this compound can therefore be considered to act as an electrochemical sensor for
chloride. Nitrocatechol is able to bind chloride anions more strongly than catechol as a consequence of
its enhanced acidity and hence greater hydrogen bond donor character. Furthermore, nitrocatechol
senses the bound anion via changes in its UV-visible spectrum. Notably, binding still occurs even in the
presence of small amounts of competitive solvents (e.g. water). This observation has biomimetic
importance as wet acetonitrile has some similarity in terms of overall polarity and hydrogen bond
competition to the solvent shielded interiors of biological macromolecules and membranes—such as
the environment within the CIC chloride channel itself. Finally, we report that catechol undergoes a
unique colorimetric response on the addition of basic anions, such as fluoride. We can assign this
response as being due to oxidative degradation of catechol catalysed by the basic anions (which bind to,
and deprotonate, the catechol). This process is somewhat analogous to the well-known metal catalysed
oxidation of catechol which can take place in aqueous solution. The speed of response and easily
monitored and distinctive colour change induced by fluoride anions indicates this may be a useful
mechanism for exploitation in the development of selective fluoride sensors.

Introduction

The field of anion recognition has seen remarkable progress
over the past three decades.! However, it is still a significant
challenge to develop receptors which show controllable anion
selectivities. Generally, the most successful approach has been to
synthesise sophisticated macrocyclic systems in order to generate
well-defined cavities capable of exhibiting a good degree of anion
discrimination.? Furthermore, binding anions in competitive me-
dia is still a significant challenge, and thus far, the vast majority of
systems which operate in competitive hydroxylic solvents require
a positive charge in order to snare an anionic guest.’

Neutral anion receptors are of considerable interest,* partly
because it was realised relatively early that neutral binding proteins
play a key role in the transport of sulfate and phosphate anions
through membranes in biological systems.® In these proteins, high
specificity for the target anion is achieved by using a recognition

Department of Chemistry, University of York, Heslington, York, UK YOI0
5DD. E-mail: dks3@york.ac.uk

T Electronic supplementary information (ESI) available: Negative ion
electrospray mass spectrum for catechol (1). See DOI: 10.1039/b516433h

site in which the anion is completely desolvated, and is bound
via neutral hydrogen bonds. In addition, a macrodipole effect
contributes to the stability of the complex. Recently, there has been
intense focus on chloride transport processes in biological systems.
This is primarily because the mis-regulation of chloride channels
plays a key role in the pathology of cystic fibrosis.® The recent
structural elucidation of a CIC chloride channel was particularly
significant.” Interestingly, this structure (Fig. 1) illustrated that in
addition to the ubiquitous N-H - - - anion interactions found in
biological systems, O-H - - - anion interactions were also vital. In
particular, the side chains of tyrosine and serine amino acids play
key roles in forming O-H - - - chloride hydrogen bond interactions.
Once again, it is noteworthy that the binding site of this transport
protein contains no full positive charge—presumably to avoid
the creation of a deep energy well, which would bind chloride
too strongly and prevent transport of the anion. Furthermore,
mutagenesis studies on the cystic fibrosis transmembrane conduc-
tance regulator have indicated that a threonine residue (T338),
which also possesses a hydroxyl side chain, plays a key role in
controlling the anion permeability sequence.® It was suggested
that entry of the anion to the conductance channel occurred
through this hydroxylated region of the protein. Yellow variants
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Fig. 1 Schematic taken from the X-ray structure of the CIC chloride
channel indicating the hydrogen bond interactions at the chloride binding
site—including the crucial OH - - - anion hydrogen bond interactions from
Ser,y; and Tyry,s.” It should be noted there are also some close hydrophobic
contacts between the protein and the chloride anion.

of green fluorescent proteins have also previously been shown
to act as halide sensors, with the hydrogen bond interaction
between a tyrosine OH group and the chloride anion proving to
be indispensable (in combination with an electrostatic interaction
from another residue) in both the anion binding and sensing
process.’

Thus far, the majority of synthetic systems' have employed
neutral N-H - - - anion hydrogen bond interactions as the method
of choice for achieving anion binding. In general, chloride selective
receptors employ relatively complex frameworks in order to
organise the functional groups capable of recognising the relevant
halide anion." An enhanced degree of size selectivity for chloride
can be obtained by carefully controlling the dimensions of the
receptor binding site—for example by using macrocyclic ligands.
A number of groups have employed chloride binders to achieve
the transport of chloride anions across membranes—once again
these studies have potential biomedical relevance.'

Given the biological importance of O-H - - - anion interactions
as described above, it is surprising that there has only been very
limited work describing the ability of hydroxylated compounds to
interact with anionic guests as a consequence of hydrogen bond
formation (especially in comparison with the huge body of work
dealing with N-H - - - anion interactions). Given the biomimetic
importance of O-H - - - anion interactions, we find it particularly
surprising therefore that there has never been any systematic
investigation of this kind of anion binding interaction, whereas
amides and ureas have been extensively studied in this way.!?
Crystal structures from the 1980s showed that if phenols and
catechols were crystallised in the presence of tetrabutylammonium
halides, the O—H groups would form hydrogen bond interactions
with the halide anion.!’* However, it was not until the early 1990s
that solution studies began to be performed, with the groups of
Aoyama and Koga reporting that phenolic groups could help
bind anions which were predominantly bound as part of an ion
pair with a pyridinium cation." A number of other groups have
subsequently reported the ability of OH - - - anion interactions to
supplement an anion binding process. Davis and co-workers made
use of steroid cryptands, which supplemented amide N-H groups
capable of hydrogen bonding to anions with steoridal O—H groups
(in non-polar solvents, e.g. CDCI;)."* Kondo and co-workers used
alcohols to augment the binding strength of simple sulfonamide
based anion receptors.' It has been shown that phenolic groups on

calixarenes can interact with anions,"” and phenolic compounds
have also been employed as anion sensors.®

We recently used a high-throughput assay' to screen the ability
of a number of simple bisamides and phenols to bind chloride
anions in acetonitrile solution. This assay identified catechol as
a potentially useful chloride anion binding fragment.? Indeed
the binding strengths observed using catechol were significantly
higher than those found for flexible bis-amide derivatives which
have been systematically studied as anion receptors.”! We therefore
decided to build on our discovery, and in this paper, we report that
simple bis-phenols such as 1-3 can exhibit relatively high degrees
of tunable anion selectivity. Furthermore they are able to detect
the presence of a variety of anions via electrochemical and optical
responses. Indeed, fluoride causes a colorimetric response with
catechol, a process which occurs via a new mechanism. We also
report that effective anion binding and sensing is possible via O—
H - - - anion hydrogen bond interactions, even in the presence of
small amounts of water. Binding anions under these conditions of
polarity and hydrogen bond competition is somewhat analogous
to anion binding within the partly solvated active sites of enzymes
and proteins as well as within membrane environments.

Results and discussion
NMR titration studies with halide anions

Initially, we decided to compare the ability of catechol (1)
and resorcinol (2) (Fig. 2) to bind different anions (as their
tetrabutylammonium salts) in CD;CN solution using 'H NMR
titration methods.”> We reasoned that the different organisation
of the OH groups on the aromatic framework may modify the
selectivities of these receptors. Compounds 1 and 2 exhibited anion
binding under fast exchange on the NMR timescale, with the O-H
and Ar-H peaks shifting downfield on the addition of aliquots of
tetrabutylammonium halide (Table 1). Chloride gave rise to the
largest downfield shifts (as would be expected for the most charge

OH
: :OH OH
OH O,N” : :OH
OH
3

Fig. 2 Phenolic compounds used for anion binding and sensing studies:
catechol (1), resorcinol (2) and nitrocatechol (3).

Table 1 NMR shifts (ppm) induced by the addition of 6 eq. of different
anions as their tetrabutylammonium salts to catechol (1) and resorcinol
(2) (concentration = 2 mM) in CD;CN solution. Data are an average of
at least two titrations

Ad (ppm)
O-H Ar-H Ar-H Ar-H

1+ClI- 2.097 —0.036 —0.020 —

1+ Br- 0.415 —-0.017 0.033 —
1+1- buried ca. —0.007 0.013 —

2+ CI 0.913 0.160 0.021 —-0.037
2+ Br- 0.200 ca. 0.06 0.014 —-0.010
2+ 1 0.037 0.024 0.004 —0.003
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dense anion). In all cases, the NMR signal for the OH protons of
1 and 2 remained visible during the titration. This indicates that
halide anions are not simply deprotonating the acidic phenolic
groups. It is noteworthy that when titrating anions into resorcinol
(2), relatively large shifts were observed for one of the aromatic
protons (for further discussion of this see below).

The NMR titration curves were fitted to a 1 : 1 stoichiometry
of binding with a commercial program (HypNMR)® using
non-linear least squares methods in order to obtain binding
constants. All binding constants were determined in undried
CD;CN using catechol-resorcinol concentrations of 2 mM.*
As reported previously, 1 was significantly more effective as a
chloride anion binder than 2, exhibiting a respectable binding
constant with chloride of 1570 mol~' dm?® (Table 2). Compound 1
bound bromide significantly more weakly (K = 55 mol~'dm?*) than
chloride. Indeed, this is a difference in binding strength of a factor
of ca. 30. Catechol (1) therefore shows a remarkable degree of size
selectivity for chloride and bromide anions—well over an order of
magnitude. This selectivity is in spite of the fact that catechol has
relatively little structural organisation when compared with many
of the macrocyclic receptors employed in the literature for selective
chloride binding.? In the case of resorcinol (2), however, bromide
was only bound a factor of ca. 3.5 less strongly than chloride—
indicating a much lower degree of size selectivity. Iodide binding
was very weak for both catechol and resorcinol.

It can be proposed, in analogy with chelating ligands for
transition metals,” that the ‘bite angle’ of the chelating hydrogen
bonding groups is important in determining the binding strengths
with different halide anions (Fig. 3). This would explain the
difference in halide anion selectivity observed between catechol
(1) and resorcinol (2), with the OH groups of catechol 1 being
particularly appropriate for chloride binding. This proposal is
also consistent with the observation of a single shifting NMR
peak corresponding to both of the catechol O-H protons. A
chelate mode for chloride anion binding has previously been
demonstrated crystallographically for catechol' but has not been
detailed in solution phase studies. For all of the experiments using
resorcinol, the aromatic proton located between the OH groups
was strongly perturbed in the NMR titration (Ad = 0.160, 0.06
and 0.024 ppm for CI-, Br~ and I~ binding, respectively, Table 1).
The shift of 0.160 ppm induced by chloride anion binding is a very
significant shift for an Ar-H proton. Notably, the other aromatic

@o_H,’”@
o—H"

Fig.3 Proposed chelate binding modes of catechol (1) and resorcinol (2)
with chloride anions.

Table 2 Binding constants (K, mol~' dm?, &+ 15%) determined for 1 : 1
complexes between receptors 1 and 2 and a variety of anions in CD;CN
solution, determined using '"H NMR titration methods, fitting the data
with HypNMR.** Data are an average of at least two titrations

ClI- Br- I-
1 1570 55 <5
2 110 30 <5

protons of resorcinol were not affected in this way (NMR shifts
<0.040 ppm). This observation is consistent with the O-H protons
of resorcinol binding the halide anions in a chelate binding mode,
hence perturbing the Ar-H proton between them. Furthermore,
the large shift in Ar-H may even indicate the presence of a weak
Ar—H - - -anion hydrogen bond interaction. Such C-H - - -anion
hydrogen bonds have been shown to sometimes play important
roles in halide anion binding.? The aromatic protons of catechol
(1), on the other hand, only exhibited minor shifts on halide
binding, consistent with the fact that they do not point into
the chelate binding site and therefore probably have no direct
interaction with the bound anion.

Electrochemical studies

Catechol is a redox-active unit, undergoing oxidation to ortho-
quinone which is reversible in aqueous solution. We, therefore,
became interested in whether the inherent redox chemistry of
this molecule would enable it to act as an electrochemical
chloride sensor.?” In acetonitrile, catechol possesses an irreversible
oxidation wave at 1.210 V (Fig. 4a) corresponding to the oxidation
of catechol to ortho-quinone.”® In the same solvent, chloride un-
dergoes a quasi-reversible oxidation process at a similar potential,
with the oxidation peak at 1.075V (Fig. 4b). It was anticipated that
this would make the electrochemical titration difficult to interpret,
however, the experiment was still carried out.
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Fig. 4 Cyclic voltammograms of (a) catechol (1 mM), (b) tetrabutylam-
monium chloride (I mM), (c) catechol (1 mM) and tetrabutylammonium
chloride (1 mM), (d) catechol (1 mM) and tetrabutylammonium chloride
(10 mM). All voltammograms measured in acetonitrile containing tetra-
butylammonium tetrafluoroborate (200 mM) as supporting electrolyte.
Scan rate = 100 mV s™'.

On the addition of tetrabutylammonium chloride to catechol,
a redox wave for chloride oxidation was, as expected, observed to
grow into the voltammogram. In the presence of one equivalent of
tetrabutylammonium chloride (Fig. 4c), the chloride oxidation
appeared as a shoulder at ca. 1.085 V (effectively unchanged
within the errors of the electrochemical experiment). However,
the oxidation wave associated with the catechol unit was shifted
to higher potential. In the presence of one equivalent of chloride,
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this oxidation wave appeared at ca. 1.315 V—a significant shift of
105 mV. This would indicate that the presence of tetrabutylammo-
nium chloride perturbs the oxidation of the catechol unit making
it thermodynamically more difficult.?” Indeed, the presence of ten
equivalents of chloride anion (Fig. 4d) appeared to shift the redox
potential yet further in an anodic direction, with a broad oxidation
wave being observed at 1.520 V (a shift of just over 300 mV).

A similar study was performed with tetrabutylammonium
iodide. As expected, the redox wave for iodide appears at lower
potential than that for chloride (iodide is more easily oxidised). In
this case, the oxidation wave associated with catechol appeared
to be much less affected than on the addition of chloride.
Indeed, in the presence of ten equivalents of tetrabutylammonium
iodide (Fig. 5), although the catechol oxidation peak broadened
significantly, it appeared at a potential of ca. 1.23 V—a relatively
insignificant shift (20 mV). This indicates that unlike chloride
anions, which have a significant effect on the oxidation of catechol,
iodide anions do not cause any real observable perturbation.
The electrochemistry of tetrabutyl ammonium bromide is more
complex, but once again, no significant perturbation of the
catechol oxidation wave was observed.

1000 1
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Fig. 5 Cyclic voltammogram of catechol (1 mM) in the presence of
tetrabutylammonium iodide (10 mM). Measured in acetonitrile con-
taining tetrabutylammonium tetrafluoroborate (200 mM) as supporting

electrolyte. Scan rate = 100 mV s~'.

It is therefore possible that catechol groups may be useful for
the development of anion selective redox sensors—however, it
should be noted that the overlap between halide and catechol redox
processes, and the irreversibility of the redox process observed for
catechol in acetonitrile, may ultimately limit this application.

UV-Vis spectrometric studies

Given our developing interest in sensors for the presence of
chloride anions, we turned our attention to nitrocatechol (3),
reasoning that the electron withdrawing nitro group should
enhance the ability of the OH groups to form hydrogen bond
interactions with the chloride anion. Indeed, it has been reported
that the pK, values for catechol (1) are 9.2 and 13.0,*® whilst those
for nitrocatechol (3) are significantly lower at 6.7 and 10.8.303!
Lower pK, values are consistent with a greater ability to act as
hydrogen bond donors.

Initially, we performed an NMR titration experiment using
nitrocatechol (3) in deuterated acetonitrile. The data fitted well
to a 1 : 1 binding profile, and HypNMR fitting gave a K, of
3800 mol™' dm® (£15%). This binding of chloride is therefore
approximately 2.5 times stronger than that observed with simple

catechol (1). This is in agreement with our expectations and also
with what we found for simple phenols in our previous paper
using NMR screening methods.?® For example, phenol itself bound
chloride anions with a K value of 48 mol~' dm?, whilst nitrophenol
bound chloride much more strongly (K = 555 mol~! dm~3). Indeed,
it has previously been shown that Hammett-type relationships
(with aromatic substituents graded according to their electron
donating/withdrawing character) can be applied to anion binding
events in which hydrogen bonding interactions play a primary
role.

We then went on to investigate the anion sensing capability of
nitrocatechol (3) in CH;CN solution using UV-visible titration
methods. In CH;CN, compound 3 has a band in its UV-visible
spectrum at ca. 330 nm. On the addition of anions (as their
tetrabutyl ammonium salts), a decrease in the intensity of the
band at 330 nm was observed (Fig. 6a). The data were fitted to a
1 : 1 stoichometry using a non-linear least squares method, and a
satisfactory fit of the experimental data was obtained. This gave a
K, value of 4400 mol~' dm?, +15% for chloride binding. This is in
agreement with the NMR titration data, and once again indicates
the advantage of attaching a nitro group for increasing chloride
binding strength.
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Fig. 6 (a) UV-Vis titration curves for nitrocatechol 3 with tetra-
butylammonium chloride in CH;CN (circles) and in CH;CN-H,O
(99.5: 0.5) (triangles). (b) UV-Vis titration curves for nitrocatechol 3 with
tetrabutylammonium chloride (circles), hydrogensulfate (diamonds) and
dihydrogenphosphate (squares), all in CH;CN.

The sensory response to chloride anions was admittedly small
(ca. 5% decrease in intensity, Fig. 6a), but chloride gave rise to a
clearer and more reproducible response than bromide or iodide
anions. Indeed, the small perturbations in the UV-vis spectrum
induced by the larger halide anions could not be reliably fitted to
give K, values. Once again, this indicates that the organisation of
the OH hydrogen bond donors on catechols such as 1 and 3 is
particularly appropriate for binding the chloride anion.

Given the strength of binding being observed with chloride
anions we decided to investigate the ability of 3 to sense this anion
in the presence of significant amounts of competitive solvents. We
used CH;CN and added 0.5% H,O (ca. 1400 equivalents relative to
nitrocatechol). On titrating chloride anions into 3, a decrease in the
intensity of the band at 330 nm was once again observed (Fig. 6a).
Remarkably, relatively strong anion binding was still observed.
Once again, fitting to a 1 : 1 stoichiometry gave acceptable results,
and in this case, a K, value of 330 mol~' dm? (£15%) was obtained.

Many synthetic neutral anion receptors struggle to achieve any
halide anion binding in the presence of hydrogen bond competitive

This journal is © The Royal Society of Chemistry 2006
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water molecules. It may be considered that the O-H groups
on nitrocatechol are particularly able to compete with water
molecules for the anion because:

(1) the O-H groups on nitrocatechol (3) are more acidic than
H,O0 and hence able to form enthalpically stronger hydrogen bonds
with chloride anions

(ii) catecholic O—H groups have the potential to bind anions in
a chelate mode (Fig. 3, unlike water) and hence have an entropic
advantage binding chloride anions.

Compound 3 therefore is capable of binding chloride anions
under wet acetonitrile conditions, and indicates that this type
of interaction may be of biological relevance. We believe this
solvent system models, to some extent, the microenvironment
experienced within the solvated active site of an enzyme (i.e
moderate polarity with a small number of hydrogen bonding water
molecules being present). Indeed, encapsulated protein interiors
and enzyme active sites experience a significant degree of shielding
from hydrogen bond competitive water molecules. Furthermore,
membrane bound systems, such as chloride transport channels,”®
also experience significant degrees of water exclusion.

Oxo-anions HSO,~ and H,PO,~ were then investigated for
their ability to interfere with halide anion binding. The H,PO,~
anion caused a very large response in the UV-Vis spectrum (85%
decrease in intensity at 330 nm, Fig. 6b) and gave very strong
binding (>10* M™"). Indeed, the shade of the yellow solution was
observed to visibly change. This response was markedly different
to that observed for halide binding. We therefore propose that in
this case, the anion interacts via a different mechanism with the
catechol subunit. We argue that the relatively acidic nitrocatechol
is deprotonated by the basic anion. Indeed, the UV-Vis data are
consistent with deprotonation of the catechol as a very intense, new
absorption band emerges at ca. 430 nm on the addition of H,PO,~
anions.®® It is possible that once deprotonated, the catechol binds
directly to the phosphorus centre via covalent bond formation, in
analogy to the mode of binding observed between catechols and
molybdate anions.** However, it is also worth noting that under
basic conditions, oxidation of the catechol unit also becomes more
likely, and this process could potentially be occurring in this case.**

The HSO,~ anion also gave strong binding and perturbed
the UV-Vis spectrum to a significant degree (25% decease in
intensity at 330 nm, Fig. 6b). It is noteworthy that the end-
point of the titration was different to that obtained with H,PO,",
indicating that the resultant complex is different—perhaps having
the catechol oxygen atoms bound directly to the sulfur.

Catechol also exhibited a UV-response on the addition of
H,PO,~ and HSO,™ anions, with its absorption band at 280 nm
increasing in intensity. Once again, the two anions gave rise
to different levels of response, with H,PO,~ leading to greater
perturbation of the spectrum. The titration profiles were not as
sharp as those observed for nitrocatechol, probably reflecting the
lower acidity of catechol.

We therefore propose that the role of oxo-anions in binding
to acidic nitrocatechol (3) is significantly different to that of
halide anions. Whilst halide anions bind to this compound as
a consequence of hydrogen bond interactions, giving rise to small
perturbations in the UV-vis spectrum, and NMR shifts of the O—
H protons, oxo-anions become involved in acid—base processes
with the relatively acidic nitrocatechol 3. We attempted NMR
titration with the oxo-anions, but the resonances corresponding

to the O-H protons always disappeared during the titration—
supportive of our proposal of proton transfer in this case. It is
worth noting, in analogy with these results, that proton-transfer
(acid-base) processes are often important in anion binding (e.g.
when using basic anions such as F~ or H,PO,~ and receptors
containing moderately acidic N-H groups).

Catechol with fluoride—a rapid and selective colorimetric response

Given the observations from titrations of compound 3 with
H,PO,~ and HSO,™ anions reported above, we decided to return
to investigating the behaviour of simple catechol (1) with a
wider range of anionic guests than the three halides initially
studied. We therefore carried out a screening experiment, in which
catechol was dissolved in acetonitrile with a ten-fold excess of
tetrabutylammonium salts of different anions.

Fig. 7 illustrates the situation immediately after adding tetra-
butylammonium anion salts to solutions of catechol (2 mM).
Clearly the fluoride anion has induced a dramatic and rapid
change on the catechol solution, leading to an intense blue colour,
whilst the other anions apparently have no effect. Sensors and
receptors with selectivity for the fluoride anion have received
much attention over recent years* on environmental and medical
grounds—partly due to the fact that fluoride anions are released
during the hydrolysis of the nerve gas sarin.*’

Fig. 7 Visible changes induced on solutions of catechol (2 mM) in
acetonitrile by the addition of (a) no guest, (b) fluoride (blue), (c)
chloride, (d) bromide, (e) iodide, (f) acetate, (g) dihydrogenphosphate, (h)
hydrogensulfate, (i) nitrate, and (j) benzoate. All anions present as their
tetrabutylammonium salts at concentrations of 20 mM.

NMR titrations between catechol and fluoride were performed
and this gave rise to the titration profile shown in Fig. 8a. As can
be seen, the titration curve does not fit to a 1 : 1 profile, with
a significant distortion being observed. This titration profile is
consistent with a two step process. Such a system has recently been
proposed by Fabbrizzi and co-workers,® who demonstrated that
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Fig.8 'H NMR titration curves for the addition of tetrabutylammonium

fluoride to: (a) catechol (1), (b) resorcinol (2) in CH;CN solution.
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for neutral hydrogen bonding anion receptors, a hydrogen bonded
complex can be formed with the first equivalent of anion, and that
subsequently, the second equivalent of anion abstracts the HX
fragment from the molecule to give [HX,]" in solution (Scheme 1).
Gale and co-workers previously reported a fluoride sensor which
exhibited a colour change associated with deprotonation.3

E

LH [LH...FT

L™+ [HF,J

Scheme 1 Schematic of two-step process leading to receptor deprotona-
tion proposed with basic fluoride anions.

We therefore propose that the basicity of the fluoride anion
promotes such a process in this case. Indeed, the data for resorcinol
titrated with fluoride (Fig. 8b) demonstrates this even more clearly,
with a maximum downfield A being observed after the addition
of 1 equivalent of fluoride, and the NMR peak then shifting back
upfield on the addition of further fluoride anion.

The intense blue colour induced by the fluoride anion, however,
cannot simply be assigned to the deprotonation of catechol, by
the basic anion, as the expected product catecholate anion is not
coloured. On prolonged standing (ca. 1 h), some of the other basic
anions (i.e., acetate, benzoate, ezc.) induced slow colour changes—
although they did not turn blue, instead changing to pink and
subsequently green (Fig. 9).

Fig. 9 Visible changes in colour from colourless to pink to green over
time (increasing time from left to right) induced on a solution of catechol
(2 mM) in acetonitrile by the addition of tetrabutylammonium acetate
(20 mM). Total time = 1 h.

When the same qualitative experiment was performed using
resorcinol with a variety of different anions, no colour changes
were observed—even though resorcinol exhibits a NMR titration
profile which is consistent with deprotonation taking place in the
presence of fluoride (Fig. 8b).

Further experiments were therefore required to determine the
origin of the colorimetric response of catechol induced by the
fluoride anion, and the following conclusions were noted:

(1) the more basic the anion, the faster the colour change,

(if) using more competitive solvents slows down the colour
change,

(iii) using less anion made the colour change slower,

(iv) under an inert atmosphere the colour changes induced by
basic anions were slower.

Observations (i) and (ii) would indicate that deprotonation
of the catechol is a key step in the colorimetric response, and
observation (iii) might indicate that deprotonation of the anion
is the first stage in a multi-step process. Most importantly,
observation (iv) indicates that atmospheric O, (or H,O or CO,) is
probably playing a key role in the colorimetric response. It is also
worth noting that the process still occurred in the dark and so it is
unlikely that the colorimetric response is photoinitiated.

Mass spectrometry (MS) performed on the mixture of catechol
and fluoride was very informative. Electrospray MS indicated
the presence of a peak with m/z of 142 (refer to the ESI).
Interestingly, this peak at m/z 142 corresponds to cis,cis-muconic
acid (4, Fig. 10). This is a further oxidation product of ortho-
quinone, and interestingly, has previously been observed in
aqueous Cu®* catalysed aerobic oxidations of catechol,*® as well
as in enzyme/microbially catalysed oxidative degradations of
catechol.** It has also been noted previously that oxidation of
catechols can, in addition to yelding ortho-quinone and cis,cis-
muconic acid, give rise to a range of coloured acidic and polymeric
byproducts.* We also observed a major peak at m/z 450, which
can tentatively be assigned as an ester dimer formed from the
combination of cis,cis-muconic acid and catechol (C,,H50,). In
contrast, mass spectrometry performed on a mixture of catechol
and tetrabutylammonium acetate gave rise to a complex array of
peaks, none of which could be definitively assigned.

ZhCoH
~_COH
Fig. 10 cis,cis-Muconic acid—a product of oxidative degradation of

catechol—found from mixtures of catechol and tetrabutylammonium
fluoride in acetonitrile via mass spectrometry.

We therefore propose that in acetonitrile solution, in the pres-
ence of basic anions, deprotonation of catechol occurs, and that
subsequently, an oxidative degradation process takes place. This
ultimately leads to oxidised catechol and coloured product(s)—
the unambiguous identification of the product(s) repsonsible for
the blue coloration is difficult,* although it has previously been
proposed that polynuclear condensation products of quinone and
semi-quinone fragments can arise.

It is well-known that in water, catechol derivatives are more
susceptible to oxidation in more basic conditions (i.e., higher pH
values).*® Furthermore, it is known that metals can catalyse the
oxidation process by assisting in deprotonation of the catechol
(and binding it). We therefore propose that in aprotic media,
basic anions such as fluoride can play a similar role to that
played by metal ions in aqueous media, and that by binding and
deprotonating the catechol motif, they are capable of catalysing
its oxidative degradation by atmospheric oxygen. We can also
state that it seems likely that in our system, the anion plays an
active mechanistic role in this oxidative degradation pathway—
this would explain why fluoride and carboxylate anions give rise to
qualitatively different colorimetric responses (blue and pink/green
respectively).

Resorcinol (2) is less sensitive to oxidation than catechol (1), and
consequently, our proposal would also explain why resorcinol does
not exhibit a colorimetric response even though it does undergo a
deprotonation process as evidenced by NMR titration.

These results indicate that in solvents such as acetonitrile,
catechol (1) has the potential to be a useful colorimetric sensor
for basic anions. The reversible binding and deprotonation of
the receptor is coupled to an irreversible oxidation process which
ultimately gives rise to coloured products. Therefore the pK, of the
anion controls the rate of colorimetric response. This colorimetric
response with fluoride anions was very reproducible and catechol
exhibits good solution stability—further development of the
sensor potential of catechol would focus on an investigation of
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colorimetric response in the presence of complex mixtures of
analytes.

It is worth noting that Miyaji and Sessler investigated com-
mercially available hydrogen bonding systems (including some
phenols) as anion sensors, and reported that alizarin (Fig. 11),
which contains a catechol-type unit, was capable of qualitatively
sensing anionic guests in apolar CH,Cl, solution through a colour

change.”®™ However, the mechanism of this response was not
discussed.

OH O

HO
D
o
Fig. 11 Structure of alizarin (5).

Conclusions

In summary, this paper reports that simple, commercially available
bis-phenols, such as catechol (1), can give useful binding selec-
tivities and reasonable binding affinities. Interestingly, for halide
binding, these factors are controlled by the relative positions of
the O-H groups on the aromatic ring, with catechol showing much
greater selectivity for chloride than resorcinol—a consequence of
a more effective arrangement of chelating hydrogen bond donors
(Fig. 3).

Furthermore, we have demonstrated the ability of this class of
compound to act as electrochemical sensors for anion binding.
Tetrabutylammonium chloride causes a much greater response in
redox properties than bromide or iodide salts. In particular, the
addition of chloride leads to a significant perturbation of catechol
electrochemistry as visualised via cyclic voltammetric methods
(i.e., oxidation to ortho-quinone).

We have demonstrated that nitrocatechol 3 exhibits stronger
halide binding as a consequence of the electron withdrawing NO,
group. Furthermore, this compound senses chloride anions via a
change in its UV-Vis spectrum and interestingly, is still capable
of sensing chloride anions in the presence of competitive solvents
such as H,O. We argue that this observation supports the recent
biological X-ray structures which have demonstrated the crucial
importance of O-H - - - anion hydrogen bond interactions in partly
solvated biological superstructures such as enzyme interiors and
membranes.

Finally, we report that simple catechol itself shows a selective
and rapid colorimetric response on the addition of fluoride anions.
This response can be assigned to a base induced deprotonation,
followed by an oxidative degradation of catechol. This process
mirrors to some extent the well-known metal catalysed decom-
position of catechol in aqueous solutions. Other basic anions
such as carboxylates caused a qualitatively similar, albeit slower,
colorimetric response, with the rate of response appearing to
correlate with the basicity of the added anion.

Taken in combination, these results explore in detail for the first
time the behaviour of bis-phenols with a variety of anions, and
demonstrate their potential to act as both anion receptors and
sensors via a variety of different mechanisms. Our observations
provide us with optimism that by constructing more complex

anion receptors based on phenolic building blocks, we may
be able to access receptors, sensors and perhaps even chloride
transport agents with biologically useful anion binding affinities
and selectivities.

Experimental

All bis-phenol compounds are commercially available and were
used without further purification. All tetrabutylammonium salts
were stored in a desiccator.

NMR titration method

NMR titrations were performed in undried CD;CN solution*
with concentration of host bis-phenol of 2 mM. A solution
containing the anionic guest (as its tetrabutylammonium salt) at a
concentration of 50 mM, and phenol at a concentration of 2 mM
(in order to ensure a constant concentration of bis-phenol) was
made up in the same solvent. This solution was added in aliquots to
the host solution and NMR spectra recorded. Data were analysed
by non-linear least squares fitting methods.

Electrochemical titration method

Electrochemical titrations were performed in analytical grade
CH;CN which had been dried over molecular sieves with tetra-
butylammonium tetrafluoroborate present as base electrolyte
at a concentration of 0.2 M. The concentration of catechol
was | mM. A solution containing the anion (as its tetrabutyl
ammonium salt) at a concentration of 110 mM and electrolyte
(0.2 M) and catechol (1 mM) was made up in the same solvent
(ensuring constant concentration of electrolyte and catechol).
This solution was added in aliquots to the host solution and
cyclic voltammograms recorded. Electrochemistry was performed
out on an EG & G Princeton Applied Research potentio-
stat/galvanostat model 273 with a standard three electrode con-
figuration, consisting of platinum working and counter electrodes
and an Ag/AgCl reference electrode.

UV-visible titration method

UV-vis titrations were performed in analytical grade CH;CN
solution (or 99.5 : 0.5, CH;CN-H,0) using a concentration of
host bis-phenol of 0.2 mM. A solution containing the anion (as
its tetrabutylammonium salt) at a concentration of 15 mM, and
phenol at a concentration of 0.2 mM (in order to ensure a constant
concentration of bis-phenol) was made up in the same solvent. This
solution was added in aliquots to the host solution and UV-Vis
spectra recorded. Data were analysed by non-linear least squares
fitting methods on the intensity at 330 nm.
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The syntheses of novel tricyclic pyrrolo[2,3-d]pyrimidine analogues of S®-methylthioguanine are
described. The crystal structures and pK, values of these and related O°-methylguanine analogues are
reported. All compounds display higher pK, values than O°-methylguanine with the sulfur-containing
analogues being the more basic and exhibiting higher stability in aqueous solution. In a standard
substrate assay with the human repair protein O°-methylguanine-DNA methyltransferase (MGMT)

only the oxygen-containing analogue displayed activity.

Introduction

0°-Methylguanine (1) is one of a number of modified bases
that can arise in DNA following exposure to alkylating agents.
The high toxicity of this lesion derives from the ability of the
analogue to mispair with thymine during DNA replication. The
human repair protein O°-methylguanine-DNA methyltransferase'
(MGMT) repairs this lesion by transferring the alkyl group to
an active site cysteine (Cysl45) in a stoichiometric, irreversible
reaction in which the protein becomes inactivated.?* MGMT also
protects tumour cells from the action of alkylating agents such as
temozolomide and BCNU that are used in cancer therapy. This
has generated considerable interest in compounds that inactivate
MGMT and thereby sensitise tumour cells to killing by these
agents.>* Crystal structures of MGMT have been reported for
the human protein® and an active, truncated human form,® and a
mechanism for the repair reaction that is performed by MGMT
has been suggested by Daniels e al® In this mechanism, the
nucleophilic thiolate anion of Cys145 reacts with the O6-alkyl
group in an Sy2 reaction and Tyr114 is the proposed proton donor
required to regenerate guanine within the damaged DNA.

The initial crystal structures of MGMT were obtained in the
absence of substrate DNA and under such circumstances, the
active site cysteine was observed to be buried in the centre of
the protein, far removed from the damaged guanine base. This has
led to the search for suitable oligonucleotide pseudosubstrates
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which might undergo mechanism-based covalent cross-linking
to MGMT for subsequent structural investigation. Recently the
crystal structure of such a complex between MGMT and an
oligonucleotide containing N',0%-ethanoxanthosine (2) (the cross-
link is shown in Fig. 1) was reported.”® This revealed a repair
mechanism involving nucleotide flipping and recognition of the
DNA via the minor groove using a HTH motif. The authors also
report the structure of a C145S mutant of MGMT? in complex
with O%-methylguanine-containing DNA which reveals a hydrogen
bond between the phenolic OH of Tyr114 and the N-3 position of
the modified base.
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Fig. 1 Modes of cross-linking of analogues 2-7 with MGMT Cys145.

We have also been interested in designing pseudosubstrates
of O°-methylguanine for cross-linking to MGMT and have
concentrated our efforts on tricyclic pyrrolo[2,3-d]pyrimidine (7-
deazapurine) analogues. Recently we reported the syntheses® of
the novel analogues 3a and 3b for which we envisaged covalent
modification via the C5 (C7 of 7-deazapurine) position upon
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reaction with MGMT (Fig. 1). Such compounds would reveal
additional information not present in the existing MGMT-DNA
complex,”™ in particular interactions between the protein and the
N1 and the amino group of the modified base (see Fig. 1) that
are likely to be important during the repair of O°-methylguanine.
Unfortunately compound 3a is too reactive for incorporation into
DNA since in aq. solution it is hydrolysed to the corresponding O°-
hydroxyethyl-7-deazaguanine derivative. In contrast compound 3b
is relatively stable and displays an ICs, of approximately | mM
in a standard MGMT assay.” Previous studies have shown that
synthetic oligonucleotide substrates containing S°-methylthio-
and Se®-methylselenoguanine analogues are also repaired by
MGMT" which has encouraged us to prepare the corresponding
thio analogues of 3a and 3b.

We report here the syntheses of the novel tricyclic sulfur-
containing pyrrolo[2,3-d|pyrimidines 4a and 4b. We also present
the crystal structures of the sulfur-containing pyrrolopyrimidines
4a and 7 together with that of the tricyclic analogue containing the
7-membered oxygen-containing ring (compound 5). In addition
we determine the respective pK, values of the N-methylated
tricyclic pyrrolo[2,3-d]pyrimidine derivatives 5, 6 and 7 and report
on the abilities of these and their unmethylated derivatives (3b, 4a
and 4b) to act as inactivators of MGMT.

To our knowledge these are the first crystal structures of tricyclic
pyrrolo[2,3-d]pyrimidines to be described. There are few reports
of similar compounds in the literature and these include related
nucleoside analogues in which the third ring contains N-N*! or N—
O functionality. Analogues of the former compound (triciribine)
display antiviral and antineoplastic properties.

Results and discussion

Previously, compounds 3a and 3b were obtained in two steps
from the appropriate S-substituted pyrimidine precursors 8 and
9, respectively.” Compounds 8" and 9° were obtained via Michael
addition of 2,6-diamino-4(3H)pyrimidinone to the appropriate
nitroalkenes which were in turn prepared in 4 steps from 1,3-
propanediol or 1,4-butanediol respectively. Compounds 8 and 9
were subsequently converted (in 4 steps) to the desired tricyclic
pyrrolopyrimidines 3a and 3b.°

OBn OBn
(0] ) n 0 n
NO.
H-N | 2 H=N | \
)\\ /k\

H,N™ "N "NH, HoN N N
8 n=1 10n=1 H
9 n=2 11 n=2

In order to develop a more efficient synthesis of 3b that could
also be applied to obtaining the novel sulfur-containing analogues
4a and 4b, we considered an alternative route to 5-substituted
pyrrolo[2,3-d]pyrimidines that has been used in the synthesis of
the queuine base.™ This method, which involves the reaction of an
a-bromoaldehyde with 2,6-diamino-4(3 H)pyrimidinone, allowed
the preparation of compounds 10 and 11 in three steps from the
respective diols (Scheme 1).

Debenzylation of 10 and 11 afforded the alcohols 12 and
13 (Scheme 2). Compound 13 was cyclised under Mitsunobu

/WOBH
HO n

(i)l ) Owosn (i) 10,11
ogn _ no|l—
OW - Br
Scheme 1 Reagents and conditions: (i) PCC, CH,Cl,, n = 1 (ref. 13),

n = 2 (ref. 9); (i) TMSBr, DMSO, 0 °C to room temp., 4 h; (iii)
2,6-diamino-4(3 H)pyrimidinone, aq. NaOAc, n = 1, 77%, n = 2, 31%.
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Scheme 2 Reagents and conditions: (i) BCl;, CH,Cl,, =78 °C, 6 h,n =1
(ref. 13), n = 2 (ref. 9); (ii) n = 2, Ph;P, DIAD, DMF, 41%.

conditions using DIAD and Ph;P to afford the tricyclic analogue
3b in 41% yield. This yield was slightly better than that obtained
previously using the combination of DEAD and Ph;P (30% yield).’

Thiation of the compounds 10 and 11 using trifluoroacetic anhy-
dride in pyridine followed by treatment with sodium hydrosulfide®
gave compounds 14 and 15 respectively (Scheme 3). Debenzylation
using boron trichloride afforded the alcohols 16 and 17 respec-
tively. The cyclisation of 16 and 17 using the Mitsunobu reaction
gave the tricyclic sulfur-containing homologues 4a and 4b in 20%
and 30% yield respectively. Compound 4a was also isolated in 22%
during extended treatment of compound 14 with BCl;.

OBn OBn
o n s Jn
NN N\
H,N~ N N H,N™ N N
10n=1 H 1an=1 1
11 n=2 15 n=2
S n = n
/I\L - | 2\ (ii) H=N | \
~ )\\
HNT N7 N HNT N N
H H
4a n=1 16 n=1
4b n=2 17 n=2

Scheme 3  Reagents and conditions: (i) (CF;CO),0, pyridine, 0 °C, 1 h,
then NaSH in DMF, n = 1, 65%, n = 2, 69%; (ii) BCl;, CH,Cl,, —78 °C,
9h,n=1,57%, n=2,31%; (iii) Ph;P, DIAD, DMF, n = 1, 20%, n = 2,
30%.

In order to obtain information about the physical properties
of the tricyclic analogues, compounds 3b, 4a and 4b were all
converted into their corresponding N-methylated derivatives 5,
6 and 7 which we envisaged as simple model compounds of the
respective nucleosides. Methylation was achieved using sodium
hydride and Mel in DMF. Methylation of the 7-deaza analogue
of O°-methylguanine in the same way furnished the methylated
pyrrolo[2,3-d]pyrimidine analogue 18 of O°-methylguanine.
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Previously we reported that compound 3b is a weak inactivator
of MGMT (ICs, approx. 1 mM).® To assess the likely potential
of the tricyclic thio compounds in DNA to act as cross-linking
agents to MGMT we used the same standard assay.'® This
assay involves pre-incubation of MGMT with the inactivator,
followed by measurement of the amount of radiolabelling of
the protein which occurs upon the subsequent addition of DNA
containing tritiated O°-methylguanine. However, neither of the
thio-containing analogues 4a nor 4b displayed any activity. The
repair of DNA containing O°-methylguanine by MGMT is
approximately 70 times faster than the analogous reaction with
the same substrate containing S®-methylthioguanine.* Thus, the
apparent inactivities of 4a and 4b was not completely unexpected
and since the rates of repair of the free base and DNA containing
it vary considerably,> the compounds 4a and 4b might still be
recognised once incorporated into DNA. All of the N-methylated
compounds 5-7 were inactive. This also was not largely unexpected
since these compounds are bulkier than the free bases and thereby
have decreased access to the MGMT active site which normally is
facilitated following binding of DNA.? However, 3b does appear
to be a pseudosubstrate of MGMT and clearly further studies
following the incorporation of this compound and the sulfur-
containing analogues into DNA are necessary.

In the context of our ultimate goal of the incorporation of these
analogues into DNA for cross-linking to MGMT we were also
interested in the structures, chemical stabilities and pK, values of
these compounds. In previous studies® we reported that the ana-
logue 3a is unstable in aqueous solution and undergoes hydrolysis
to the ring-opened 5-hydroxyethyl analogue. Unfortunately we
were unable to obtain crystals of 3a for X-ray analysis. However,
we were able to obtain crystal structures of the N-methylated
derivatives 5 and 7 and the free base 4a (crystals of compound
6, the N-methylated derivative of 4a, were unsuitable for X-ray
analysis). The structures of compounds 4a, 5 and 7 are displayed
as ball and stick structures in Fig. 2 (see ESI for colour TIFF and
PDB files). The pyrrolopyrimidine C-O and C-S bond lengths in
compounds 5 and 7 are 1.35 A and 1.76 A respectively. The C—
O-C bond angle in compound 5 is 118.1°, whilst the C-S—-C bond
angle in 7 is 106.1°. Both compounds 5 and 7 display a similar C—
C-C bond angle of 112° in the non aromatic ring. In comparison,
the mean bond angles in compounds of general structure PhOR
and PhSR found in the Cambridge Crystallographic Data Centre
are 117.6° and 103.3° with corresponding Ar-X bond lengths of

1.37 A and 1.76 A. This suggests that the ring strain within the
non aromatic ring in compounds 5 and 7 is small. Furthermore, a
gauche arrangement of the methylene protons in these compounds
is observed, which also minimises torsional strain. In compound
4a, the corresponding C-S—-C and S-C-C bond angles are 99.3°
and 117° respectively with a C-S bond length of 1.75 A, again
suggesting that this compound is also not particularly strained.
This is reflected in the stabilities of these compounds towards
hydrolysis. Thus, compound 3a is unstable in aqueous solution,’
whereas compounds 3b, 4a and 4b remain unchanged after
overnight treatment with either aqueous or methanolic ammonia
at room temperature. We also note in the crystal structures
of these compounds that the electrophilic carbon, at least in
structures 5 and 7, is displaced somewhat from the plane of
the pyrrolopyrimidine moiety. This is relevant to the preferred
trajectory of nucleophilic addition of the thiolate of Cys145 of
MGMT during the repair reaction. O°-Methylguanine within G:T
mispairs adopts the proximal (to the purine N7) conformation,"’
whilst as the nucleoside the distal conformation is preferred.'® In
the crystal structures of MGMT-DNA complexes the guanine
lesion is not base paired and neither the proximal nor distal
conformation would appear to be incompatible with repair.?

The mechanism by which MGMT is proposed to repair O°-
methylguanine lesions in DNA involves protonation of the modi-
fied guanine base by a Tyr114 of the protein.>>® For this reason,
analogues designed to act as substrates for MGMT should ideally
display pK, values similar to or above that of O°-methylguanine
(2.35"). Thus the pK, values of compounds 5-7 and 18 (the N-
methyl derivative of 7-deaza-O°-methylguanine) were determined
by absorption spectroscopy (see experimental for details and Fig. 1
and 2 of the ESIf). The pK, values are displayed in Table 1 and
show that all of the compounds analysed are more basic than O°-
methylguanine and on this basis are not incompatible with repair
by MGMT.

Table 1 Determined pK, values for compounds S, 6, 7 and 18
Compound Determined pK, value
5 4.05 £ 0.05
6 4.31 +£0.03
7 4.81 £0.02
18 4.27 £0.02

Fig. 2 Crystal structures of compounds 4a (left), 5 (centre) and 7 (right). The crystal structure of 4a also contains one molecule of methanol (far left).
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We are currently engaged in the synthesis of DNA containing
analogues 3b, 4a and 4b which will be reported subsequently
together with their biological properties.

Experimental

All nomenclature was generated using the [IUPAC online naming
service (http://www.iupac.org/nomenclature/index.html)

CH;CN, CH, (1, and pyridine were dried by heating under reflux
with CaH, followed by distillation. Dry DMSO and DMF were
purchased from Aldrich. All dry solvents except pyridine were
stored over activated 3 A molecular sieves under Ar. All other
reagents were purchased from commercial suppliers and used
without purification. Silica gel for column chromatography was
obtained from BDH (particle size 30-60 um). For TLC pre-coated
Merck Kieselgel 60 F,s, aluminium backed plates were used. TLC
systems used were A = 10% MeOH in CH,Cl,; B= CH,Cl,; C =
10% MeOH in EtOAc; D = 20% MeOH in CH,Cl,; E = 15%
MeOH in CH,Cl,.

Melting points were measured on a Gallenkamp Melting Point
Apparatus and are uncorrected. UV—Visible data were obtained
with a VARIAN CARY 50 Probe Spectrometer. Nuclear magnetic
resonance (NMR) spectra were run on a Bruker AC-250 and
AMX-400 spectrometers. 'H spectra were run at 250.13 MHz
or 400.13 MHz respectively and "“C spectra at 62.83 MHz or
100.61 MHz respectively.

5-Benzyloxy-1-pentanol

Pentane-1,5-diol (157 g, 1.45 mol) was dissolved in dry DMF
(2 L) under Ar and cooled to 0 °C. NaH (40.4 g, 1.6 mol, 95%
dispersion in mineral oil) was cautiously added over 60 min and the
reaction was stirred for a further 30 min. Benzyl chloride (1.45 mol,
188.8 g, 215 ml) was then added dropwise and the mixture was
stirred at room temp. for 24 h. The precipitated solid was filtered,
the solvent evaporated and the residue was redissolved in CH,Cl,
(1 L), washed with water (300 ml), dried (MgSO,) and evaporated.
Distillation under reduced pressure gave a colourless oil (218 g,
77%); bp 110-112 °C (0.1 mm Hg) (1it** 123 °C (0.4 mm Hg)); R,
(A) 0.68; 0,1 (d-DMSO) 1.26-1.51 (6H, m, 3 CH,), 3.41 (4H, m,
CH,0H, CH,0), 4.36 (1H, t, OH) 4.42 (2H, s, OCH,Ph), 7.20-
7.40 (5H, m, Ph) ppm; . (d,-DMSO) 22.78, 29.61, 32.82, 61.13,
70.17, 72.28, 127.76, 127.83 and 128.68, 139.21 ppm; m/z (EI*)
194 (M*); acc. mass: 194.1300, C,,H 30O, requires 194.1307.

5-Benzyloxypentanal

A solution of 5-benzyloxy-1-pentanol (100 g, 0.52 mol) in CH,Cl,
(400 ml) was added to a stirred suspension of PCC (226.5 g, 1.13
mol), Hyflo Super Cel®) (230 g), silica (230 g) and CH,Cl, (2L) at
0 °C. The reaction was stirred at room temp. for 3 h, then filtered
and the filtrate was purified on a 3 L column consisting of silica-
Hyflo Super Cel® and silica and eluted with CH,Cl, (10 L) to
give a pale yellow oil (67.0 g, 68%); R; (B) 0.42; 6y (ds-DMSO)
1.45-1.65 (4H, m, 2 CH,), 2.46 (2H, m, CH,CHO), 3.43 (2H, m,
CH,0), 4.41 (2H, s, OCH,Ph), 7.20-7.40 (SH, m, Ph), 9.66 (1H,
t, J 1.5, CHO) ppm; . (d¢-DMSO) 18.94, 29.06, 43.19, 69.72,
72.27, 127.86, 128.69, and 129.63, 135.06, 203.86 ppm; m/z (ET*)
192 (M*); acc. mass: 192.1151, C,H,40, requires 192.1150.

2,7,8,9-Tetrahydro-6-oxa-2,3,5-triazabenzo| cd]azulen-4-amine 3b

Diisopropylazodicarboxylate (DIAD) (1.10 g, 1064 puL,
5.40 mmol) was added dropwise to Ph;P (1.42 g, 5.40 mmol) in
dry DMF (30 ml) under Ar at room temp. The mixture was then
stirred at room temp. for 30 min, 13 in dry DMF (20 ml) was added
dropwise over 20 min and the mixture was stirred overnight. After
evaporation the residue was adsorbed onto silica and purified
by column chromatography (10-20% MeOH in CH,Cl,) then
triturated with acetonitrile (10 ml), to give a cream-coloured solid
(337 mg, 41%). Data identical to those described.’

7-Amino-3,4-dihydro-1 H-5-thia-1,6,8-triazaacenaphthylene 4a

Method 1. Compound 16 (65 mg, 0.31 mmol) and Ph;P
(246 mg, 0.93 mmol) were dissolved in dry DMF (30 ml) under
Ar and the solution was cooled to 0 °C. DIAD (193 uL,
0.93 mmol) was then added dropwise and the mixture was then
stirred overnight at room temp. The reaction mixture was then
evaporated and the crude product was purified by silica gel
column chromatography (5-10% MeOH in CH,Cl,) and then
recrystallised from MeOH to give dark orange-brown needles
(12 mg, 20%); found: C, 49.96; H, 4.22; N, 28.95; S, 16.76.
CsHgN,S requires C, 49.98; H, 4.19; N, 29.14; S, 16.68%; mp >
350 °C (decomp.); R; (E) 0.65 (fluorescent at 365 nm), 16 = 0.33
(fluorescent at 365 nm); pH =7.87 (T =21.4°C); A (MeOH)/nm
234.9, 326.2 (log ¢/dm® mol™' cm™" 4.30, 3.53); A,i(MeOH)/nm
219.8, 284.4 (log &¢/dm’ mol™' cm™ 4.05, 3.01); luminescence
(MeOH; ¢ = 2.71 x 107* M): Ag = 240 nm, Ag,, = 405 nm;
Jgxe = 325 nm, Agyn = 405 nm; 6y (ds-DMSO) 2.89 (2H, t, J 6.4,
CH,CH,S), 3.27 (2H, t, J 6.4, CH,S), 6.09 (2H, s, NH,), 6.62
(1H, d, J 1.2, CH-2), 10.77 (1H, s, NH-1) ppm; J¢ (ds-DMSO)
21.92, 31.02, 107.24, 109.78, 114.73, 150.09, 160.20, 160.34 ppm;
m/z (ES*) 193 ((M + HJ*, 100%); acc. mass: 193.0551, CsHoN,S
requires 193.0548.

Method 2. BCI; (1 M) in heptane, (43.7 mL, 43.7 mmol) was
added dropwise to compound 14 (1.50 g, 4.86 mmol) in dry CH,Cl,
(90 ml) at —78 °C under Ar. The reaction was stirred at —78 °C
for 4 h, then more BCI; solution (19.5 mL, 19.5 mmol) was added
and stirring was continued for a further 6 h. The mixture was
then warmed to room temp. overnight whilst a solution of EtOH
in CH,Cl, (220 mL, 1 : 1) was added dropwise. The residue was
purified after evaporation by silica column chromatography (10%
MeOH in CH,Cl,) followed by recrystallisation from MeOH to
give dark orange-brown needles (200 mg, 22%). Compound 16
was also obtained in this reaction (236 mg, 23%).

2,7,8,9-Tetrahydro-6-thia-2,3,5-triazabenzo| cd]azulen-4-amine 4b

Preparation analogous to 3b: using 17 (360 mg, 1.61 mmol) in dry
DMF (20 ml) and DIAD (649 mg, 622 puL, 3.21 mmol) and Ph,P
(842 mg, 3.21 mmol) in dry DMF (25 ml). Purification gave a light
brown solid (100 mg, 30%); R; (A) 0.5; 6y (CD,OD) 2.15-2.28
(2H, m, SCH,CH,), 2.92-2.97 (2H, m, SCH,CH,CH,), 3.10-3.13
(2H, m, SCH,), 6.75 (1H, t, J 1.3, CH-6) ppm; d. (d,-CD;0OD)
26.43, 30.01, 31.85, 77.35, 97.25, 117.22, 124.98, 152.95, 155.25,
160.51 ppm; m/z (EI*) 206 (M*); acc. mass: 206.0633, CoH,;(N,S
requires 206.0626 (deviation 3.1 ppm).
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2-Methyl-7,8,9-tetrahydro-6-oxa-2,3,5-
triazabenzo|cd]azulen-4-amine 5

To compound 3b (320 mg, 1.68 mmol) in dry DMF (6.5 ml) under
Ar at 0 °C was added NaH (84 mg, 2.1 mmol, 60% dispersion
in oil) and the mixture was stirred for 30 min. Mel (265 mg,
116 uL, 1.86 mmol) was then added dropwise at 0 °C and the
mixture was then stirred at room temp. overnight. MeOH (5 ml)
was then added and the mixture was evaporated. The residue was
purified by silica column chromatography (10% MeOH in CH,Cl,)
and recrystallised from CH,ClL,-EtOAc to give cream-coloured
needles (320 mg, 93%); mp 217-219 °C; R; (A) 0.5; found: C,
58.60; H, 5.94; N, 26.28. C,(H,,ON, requires C, 58.8; H, 5.9; N,
27.4%; Jmax (MeOH)/nm 270.02 (log ¢/dm® mol~! cm™ 3.65); A
(MeOH)/nm 280.06 (log ¢/dm’* mol~! cm™' 3.51); 4, (MeOH)/nm
261.06 (log &¢/dm?® mol~' cm™! 3.62); dy (d,-DMSO) 2.02 (2H, m,
CH,),2.74 2H, t, J 5.6, CH,), 3.50 (3H, s, NCH), 4.32 (2H, m,
OCH,), 6.01 (2H, s, NH,), 6.67 (1H, s, CH-6) ppm; J. (CD;0D)
26.21, 29.19, 31.79, 78.64, 98.43, 117.82, 125.70, 152.98, 155.25,
160.54 ppm; m/z (EI*) 204 (M*); acc. mass: 204.1016, C,,H,,ON,
requires 204.1011.

7-Amino-1-methyl-3,4-dihydro-1 H-5-thia-1,6,8-
triazaacenaphthylene 6

Preparation analogous to 5: using 4a (200 mg, 1.04 mmol), NaH
(48 mg, 1.20 mol, 60% dispersion in oil) and Mel (75.5 pL,
1.20 mmol) in dry DMF (3 ml). Chromatography gave an orange
foam (188 mg, 88%). Recrystallisation from MeOH afforded
orange needles; mp 48-50 °C, R; (A) 0.48 (product; fluorescent
at 365 nm), 6 = 0.35 (fluorescent at 365 nm); pH = 7.92 (T =
23.8 °C); Zpmin(MeOH)/nm 222.0, 291.7 (log ¢/dm?* mol™! cm™
3.92, 3.31); Anx(MeOH)/nm 238.2, 326.4 (log ¢/dm?® mol™! cm™!
4.17, 3.48); luminescence (MeOH; ¢ = 2.52 x 107¢ M): A, =
240 nm, Agnn = 410 nm; Ag, = 325 nm, Ag,, = 410 nm; 0y (de-
DMSO) 2.89 (2H, t, J 6.4, CH,CH,S), 3.28 (2H, t, J 6.4, CH,S),
3.35 (3H, s, CH;N), 6.26 (2H, s, NH,), 6.66 (1H, d, J 1.2, CH-2)
ppm; d¢ (de-DMSO) 21.58, 30.44, 30.81, 107.19, 109.46, 119.13,
149.22, 160.37, 160.40 ppm; m/z (ES+) 207 (M + H]*, 100%);
acc. mass: 206.062397, CoH,,N,S requires 206.062618.

2-Methyl-7,8,9-tetrahydro-6-thia-2,3,5-triazabenzo|cd]azulen-
4-amine 7

Preparation analogous to 5: using 4b (99 mg, 0.48 mmol), NaH
(24 mg, 0.6 mmol, 60% dispersion in oil) and Mel (36 pL,
0.5 mmol) in dry DMF (2 ml). Chromatography gave a light
brown solid (65 mg, 62%); R; (A) 0.6; oy (CD;0OD) 2.21-2.27
(2H, m, SCH,CH,), 2.91-2.95 (2H, m, SCH,CH,CH,), 3.10-3.12
(2H, m, SCH,), 3.57 (1H, s, NCH,;), 6.71 (1H, t, J 1.3, CH-6)
ppm; J. (CD;OD) 29.24, 30.09, 31.30, 111.59, 117.61, 129.49,
152.68, 153.53, 158.32 ppm; m/z (ES*) 221 ([M + H]*"); acc. mass:
221.0681, C,H;N,S requires 221.0861.

2-Amino-5-[2-(benzyloxy)ethyl]-3,7-dihydro-4 H-pyrrolo|2,3-
d]pyrimidin-4-one 10

A solution of 4-(benzyloxy) butanal® (7.25 g, 40.7 mmol) in
dry CH;CN (100 ml) was cooled to 0 °C. Bromotrimethylsilane
(6.4 mL, 47.0 mmol) and dry DMSO (3.35 mL, 47.0 mmol)

were then added dropwise via a syringe and the solution was
stirred at room temp. for 4 h. A suspension of 2,6-diamino-
4(3H)pyrimidinone (5.88 g, 44.75 mmol) and sodium acetate
(3.67 g, 44.75 mmol) in water (100 ml) was then added and
the reaction stirred overnight. The mixture was extracted with
EtOAc (4 x 1 L) and the organic layers were washed with brine
(500 ml), dried (Na,SO,) and evaporated. Purification by silica
chromatography (10% MeOH in EtOAc) gave a cream coloured
solid (8.94 g, 77%). Data as described."

2-Amino-5-[3-(benzyloxy)propyl]-3,7-dihydro-4 H-pyrrolo|2,3-
d]pyrimidin-4-one 11

Preparation analogous to 10: using 5-benzyloxypentanal (6 g,
31.2 mmol), dry CH;CN (100 ml), bromotrimethylsilane
(35.9 mmol, 4.88 ml), dry DMSO (34.3 mmol, 2.44 ml) and
2,6-diamino-4(3 H)pyrimidinone (34.3 mmol, 4.51 g) and sodium
acetate (34.3 mmol, 4.51 g) in water (100 ml). Work-up and
purification gave a pink-white solid (2.85 g, 31%). Data as
described.’

2-Amino-5-(3-benzyloxyethyl)-3,7-dihydro-pyrrolo[2,3-
d]pyrimidin-4-thione 14

Sodium hydrosulfide hydrate (NaSH-xH,O) (14.8 g, 263.8 mmol)
was dried over a naked flame, suspended in dry DMF (200 ml) and
stirred overnight. Compound 10 (2.5 g, 8.8 mmol) was then dried
by co-evaporation of dry pyridine (3 x 20 ml). The resulting syrup
was dissolved in dry pyridine (120 ml) under Ar and cooled to
0 °C. Trifluoroacetic anhydride (9.9 mL, 70.4 mmol) was then
added dropwise and the mixture stirred for 1 h at 0 °C. The
suspension of NaSH in DMF was then added and stirring
continued at room temp. overnight. The mixture was then poured
into saturated aq. ammonium bicarbonate solution (500 ml) and
stirred vigorously at room temp. overnight. The mixture was then
evaporated and the residue was extracted into MeOH (600 ml).
The MeOH was then evaporated and the residue was triturated
with aq. triethylammonium acetate (0.1 M, 500 mL; pH 5.2), dried
under vacuum and purified by silica column chromatography
(5% MeOH in CH,Cl,) to give an orange foam (1.7 g, 65%);
R; (D) 0.68 (product) (10 = 0.52'); Z,..(MeOH)/nm 235, 264
(log ¢/dm*® mol™" em™ 3.24, 3.17); An(MeOH)/nm 228, 251,
299 (log &/dm® mol™ em™" 3.23, 3.13, 2.96); 4,,(MeOH)/nm 343
(log ¢/dm?® mol™! ecm™' 2.98); dy (d,.-DMSO) 3.19 2H, t, J 7.0,
CH,CH,0Bn), 3.69 (2H, td, J 4.2 and 2.7, CH,0Bn), 4.48 (2H,
d, J 1.8, OCH,Ph), 6.40 (2H, s, NH,), 6.63 (1H, s, CH-6), 7.19—
7.34 (5H, m, CH-Ph), 11.04 (1H, s, NH-3), 11.22 (1H, s, NH-7)
ppm; Jc (d,-DMSO) 26.43, 70.84, 71.62, 115.87, 116.19, 127.21,
127.36, 128.15, 128.90, 138.88, 151.84, 152.10, 175.29 ppm; m/z
(ES+) 301 (M + HJ*, 100%); acc. mass: 301.1123, C,sH;;N,OS,
requires 301.1126.

2-Amino-5-(3-benzyloxypropyl)-3,7-dihydropyrrolo[2,3-
d|pyrimidin-4-thione 15

Preparation analogous to 14: using 11 (16 g, 53.6 mmol),
trifluoroacetic anhydride (90.1 g, 428.8 mmol, 61 ml), dry pyridine
(660 ml) and dried NaSH-xH,O (80 g, 1.42 mol) in dry DMF
(2 L). Work-up and purification gave a light brown solid (11.6 g,
69%); R, (D) 0.74 0.37 (lit.* 11 = 0.68); 5y (d¢]-DMSO) 1.85-1.95
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(2H, m, CH,), 2.88 (2H, t, J 7.6, CH,), 3.44 (2H, t, J 6.4, CH,0),
4.44 (2H, s, OCH,Ph), 6.39 (2H, s, NH,), 6.53 (1H, s, H-6), 7.31
(5H, m, Ph), 10.97 (1H, s, NH), 11.41 (1H, s, NH); . (d,-DMSO)
23.76, 30.40, 69.40, 71.72, 111.06, 117.15, 119.41, 127.27, 127.45,
127.64, 127.82 and 128.19, 138.78, 148.54, 151.81, 175.33; m/z
(ES*) 315 ([M + HJ*); acc. mass 315.1274, C,(H;,ON,S requires
315.1280.

2-Amino-5-(2-hydroxyethyl)-3,7-dihydro-4 H-pyrrolo|2,3-
d]pyrimidine-4-thione 16

BCl; (1 M) in heptane, (33.6 mL, 33.6 mmol) was added dropwise
to a solution of compound 14 (1.12 g, 3.73 mmol) in dry
CH,Cl, (80 ml) at —78 °C under Ar and the reaction was
stirred at that temp. for 9 h. The mixture was then warmed
to room temp. overnight whilst a mixture of EtOH-CH,CI,
(200 mL, 1 : 1) was added dropwise. The mixture was then
evaporated, redissolved in ethanol (50 ml) and neutralized with
aq. sodium hydroxide solution (4 M). The residue was purified
after evaporation by silica column chromatography (10% MeOH
in CH,Cl,) to give a pale brown solid (447 mg, 57%); R;
(E) 0.30, 14 = 0.62; 4,.,(MeOH)/nm 234.6, 270.6, 347.1 (log
&/dm® mol~' cm™' 4.11, 3.84, 3.86); A,i,(MeOH)/nm 225.0, 251.6,
302.2 (log &/dm?® mol™!' ecm™' 4.00, 3.56, 3.24); A,,(MeOH)/nm
285.2 (log ¢/dm’ mol™' cm™" 3.73); dy4 (d,-DMSO) 2.98 2H, t, J
7.0, CH,CH,0OH), 3.60 (2H, t, J 7.0, CH,0OH), 4.43 (1H, t, J 5.2,
OH), 6.41 (2H, bs, NH,), 6.59 (1H, bs, CH-6), 11.01 (1H, bs, NH-
3), 11.43 (1H, bs, NH-7) ppm; d (d¢-DMSO) 29.80, 62.06, 111.14,
116.56, 117.97, 148.40, 151.77, 175.27 ppm; m/z (ES*) 211 (M +
H]*, 100%); acc. mass: 211.0651, CyH; N, OS requires 211.0654.

2-Amino-5-(3-hydroxypropyl)-3,7-dihydro-4 H-pyrrolo|2,3-
d]pyrimidin-4-thione 17

Preparation analogous to 16: using 15 (0.5 g, 1.59 mmol), CH,Cl,
(25 ml), BCl; in heptane (14.2 ml, 14.18 mmol). Work-up and
purification gave a pale brown solid (110 mg, 31%); R; (D) 0.53;
oy (de-DMSO) 1.70-1.80 (2H, m, CH,), 2.79 (2H, t, J 6.4, CH,),
3.35(2H,t,J 6.4, CH,OH), 4.32 (1H, t, OH), 6.37 (2H, bs, NH,),
6.55 (1H, s, H-6), 10.92 (1H, bs, NH), 11.36 (1H, bs, NH); dc
(d¢-DMSO) 22.72, 34.01, 60.72, 99.30, 113.65, 118.64, 151.68,
152.74, 175.91; m/z (ES*) 247 (IM + Na]*); acc. mass: 247.0635,
CyH,,ON,SNa requires 247.0630.

2-Amino-4-methoxy-7-methyl-7 H-pyrrolo[2,3-d]pyrimidine 18

Preparation analogous to 5: using 2-amino-4-methoxy-7H-
pyrrolo[2,3-d]pyrimidine.?! Yield 91%. Data as described.*!

PK. determination of compounds 5, 6, 7 and 18

UV spectra of solutions of the respective compounds in the
appropriate buffer (1 mL, 50 pM) were measured at low pH (0.1)
and then at high pH (8.0) to determine the wavelength where
the largest difference in absorbance was observed between the
two spectra. The absorbance at this wavelength (which, for 5 was
294 nm, for 6 and 7 was 292 nm and for 18 was 264 nm) was then
measured over a range of pH values.”> A succinic acid buffer was
used for pH values above 3.40, a chloroacetic acid buffer was used
for pH values between 2.20 and 3.40 and for pH measurements

below 2.20, dilutions of hydrochloric acid were used as described.”
Absorption spectra were measured at 20 °C (after 5 min pre-
incubation). The absorbance values were plotted against pH and
the pK, values were determined following non-linear regression
fitting to eqn (1) using Kaleidagraph software (Synergy Software,
Reading, PA, USA).

i) 1)

K, +[H']
Where A is the absorbance at the measured wavelength, A4, is the

absorbance of the cation and A, is the absorbance of the neutral
molecule.

A:Al+(AM_AI)'(

Crystal structure determination of compound 4a
(CsH3N,S-CH;OH)Y

Crystal data. C,H;,N,OS, M = 224.29, monoclinic, a =
8.6545(12),b=15.734(2),c=7.7979(11) A, U =1055.1(3) A3, T
150(2) K, space group P2,/¢, Z = 4, u(Mo-Ka) = 0.286 mm™',
11534 reflections measured, 2391 unique (Rint = 0.0276) which
were used in all calculations. The final wR(F2) was 0.0948 (all
data).

Crystal structure determination of compound 5

Crystal data. C,,H,,N,O, M = 204.24, orthorhombic, a =
7.9420(17), b = 13.862(3), ¢ = 8.4623(19) A, U =931.6(4) A>, T =
150(2) K, space group Pna2,, Z = 4, u(Mo-Ka) = 0.100 mm~!,
9204 reflections measured, 1141 unique (Rint = 0.0369) which
were used in all calculations. The final wR(F2) was 0.1186 (all
data).

Crystal structure determination of compound 7

Crystal data. C,H,,N,S, M = 220.30, monoclinic, a =
7.8532(12), b = 12.4259(19), ¢ = 11.0895(17) A, U = 1024.4(3) A3,
T =150(2) K, space group P2,/¢, Z =4, u(Mo-Ka)=0.286 mm~!,
8569 reflections measured, 2325 unique (Rint =0.0305) which were
used in all calculations. The final wR(F2) was 0.1328 (all data).
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The most successful strategies for dissolving fullerenes in polar solvents by means of 1,3-dipolar
cycloaddition of azomethine ylides to Cg, are reviewed. The preparation of the fullerene derivatives is
discussed together with their properties and applications in different fields.

1. Introduction

Since 1990,' the applicability of fullerenes in different fields
has been investigated thoroughly. In particular, C4 has been
established as a valuable building block in the construction of
novel materials and in medicinal chemistry. Cg is an excellent
three-dimensional electron-acceptor, not only because of its high
electron affinity>* but also because of the high delocalization

Dipartimento di Scienze Farmaceutiche, Universita degli Studi di Trieste,
Piazzale Europa 1, 34127 Trieste, Italy

of the electrons in the three-dimensional n-system and its small
reorganization energy.’ In medicinal chemistry, C4 has shown
activity against HIV and several microorganisms.® The major
drawback of fullerenes is their lack of solubility in common
solvents, which impairs dramatically their processability. The
solvation of C, requires the disruption of many solvent-solvent
interactions due to its rigid geometry and lack of permanent
dipole moment, which are not compensated for by the solvent—Cy,
interactions. Cg, is completely insoluble in protic or polar aprotic
solvents such as water, methanol, acetonitrile, tetrahydrofuran or
dimethyl sulfoxide.” It is slightly soluble in alkanes, haloalkanes
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Scheme 1

being better solvents. Aromatic hydrocarbons such as toluene
and o-dichlorobenzene, along with CS,, are among the best
solvents for Cg. The lack of solubility can be overcome by
functionalization. Depending on the nature of the addend, the
solubility of the derivatized fullerene can be improved in certain
solvents. When Cg, is functionalized with hydrophilic residues,
fullerene-based amphiphilic derivatives are obtained, making it
possible to study their properties in polar organic solvents, water
or physiological media. One of the most successful tools for the
functionalization of fullerenes is the [3 + 2] cycloaddition with
azomethine ylides.*® These intermediates are generated in situ by
decarboxylation of the imminium salts formed by condensation
between N-substituted glycines and aldehydes [Scheme 1(a)]. The
reaction is truly general and is compatible with a wide variety
of functional groups, yielding fulleropyrrolidines functionalized
on the nitrogen atom and on the adjacent carbon atom of the
pyrrolidine ring. Another advantage of the azomethine ylide
cycloaddition is its reversibility under controlled conditions, as
recently the first example of the retrocycloaddition has been
reported.'

Two general routes to N-functionalized glycine derivatives have
been successfully adopted in our group, giving immediate access to
virtually any N-functionalized fulleropyrrolidines. One is based on
the alkylation of the desired amine with benzyl 2-bromoacetate,
followed by deprotection of the acid by catalytic hydrogenation
[Scheme 1(b)]."* In the other, the corresponding aldehyde and

Fig. 1

()

(a) [3 + 2] Cycloaddition with azomethine ylides; (b) and (c) routes to N-functionalized glycine derivatives.

glycine benzyl ester are condensed, followed by reduction of
the resulting imine and deprotection of the acid by catalytic
hydrogenation [Scheme 1(c)].*?

In this article, the most successful strategies for dissolving
fullerenes in polar solvents by means of 1,3-dipolar cycloaddition
of azomethine ylides to Cy will be reviewed. The preparation
of the fullerene derivatives will be discussed together with their
properties and applications in different fields.

2. Functionalization with mTEG

Solubilizing groups can be introduced at the level of cycload-
dition or a post-functionalization can serve the purpose. One
example of the first approach consists in the derivatization
of fullerenes with triethyleneglycol monomethyl ether chains
(mTEG) due to the high solubilizing power of this class of
compounds (Fig. 1)."* The versatility of the reaction allowed
the preparation of monosubstituted fulleropyrrolidines displaying
the solubilizing addend in the N-position (1) by using N-mTEG
glycine and formaldehyde," or on carbon 2 (2) when the reaction
was carried out with N-methyl glycine and mTEG-aldehyde.’
A doubly-functionalized fullerene (3) was obtained by using
both N-mTEG glycine and mTEG-aldehyde.” All compounds
exhibited moderate solubility in 9 : 1 water-DMSO mixtures.
Biological tests carried out with 3, revealed a wide range of
activity against several microorganisms like bacteria and fungal

OMe

Fullerenes functionalized with mTEGs.
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strains. In this regard, water—-DMSO (9 : 1) soluble N-mTEG
substituted fullerenes functionalized with biologically active
molecules in position 2, including 4-aryl-1,4-dihydropyridines'®
and arylpiperazines,’” have been successfully prepared. Their
biological activity is currently under investigation.

The applicability of this family of fulleropyrrolidines has also
been evaluated in materials science. Fulleropyrrolidine 1 has been
shown to form ‘true’ Langmuir monolayers at the air—water
interface that can be transferred onto hydrophilic substrates by
Langmuir-Blodgett or Langmuir-Schéfer techniques.’* Scanning
Tunneling Microscopy (STM) measurements confirmed the for-
mation of well-ordered films.

Compounds 1 and 2 were studied electrochemically in THF
solutions.’” The cyclic voltammograms exhibited only five consec-
utive reduction processes, shifted to more negative values when
compared with Cq. This effect was expected on the basis that
the saturation of a double bond due to functionalization caused
partial loss of conjugation."

The mTEG chain was also used to improve the solubility of
derivatives containing other useful functionalities. A 2-mTEG-
fulleropyrrolidine covalently attached to a thiophene unit was
prepared to increase its solubility in polar organic solvents (Fig. 2).
The solubilization in acetonitrile permitted the preparation of
polymeric films containing fullerenes by electropolymerization.'®
The films retained the redox properties of the initial fullerene
derivatives.

Fig. 2 Soluble 2-mTEG-fulleropyrrolidine functionalized with a thio-
phene unit.

When associated with an electron-donating chromophore, Cy,
becomes a very suitable candidate to construct photoactive
devices. In fact, the resulting dyads typically represent useful
models for artificial photosynthesis. Several fullerene-n-extended
tetrathiafulvalene (exTTF) dyads have been prepared and studied
by the groups of Martin and Guldi, in which mTEG functionaliza-
tion was introduced to provide solubility in organic solvents. The
dyads (Fig. 3) have shown charge-separated states with lifetimes

OMe

n=0,1,2

Fig. 3 Fullerene—exTTF dyads.

between 200 and 1465 ns.* It was observed that by increasing the
separation between the donor and acceptor through a vinylene
linker, the efficiency of the dyads was improved. In this light,
molecular wires in which the exTTF is connected to Cg, through
oligo (p-phenylenevinylene) were prepared giving long distance
(up to 40 A) charge-separated states.?"2

If a pyridyl group is introduced together with an mTEG chain,
the resulting fulleropyrrolidine can complex metal porphyrins axi-
ally (Fig. 4).% The structure of the complex did not provide the ad-
equate hydrophobic-hydrophilic balance to ensure the formation
of stable Langmuir—Blodgett monolayers. The floating films were
prepared using arachidic acid as an additive, giving reproducibility
in the preparation of the film and, more importantly, the dyad
molecules were separated favoring intramolecular processes. The
layers were transferred onto solid substrates and studied by steady-
state and transient asbsorption spectroscopy. The radical anion
of Cg was detected with a lifetime of 2.2 us. This approach has
been successfully applied for the preparation of monolayers of
non-polar fullerene derivatives, using pentadecanoic acid as the
additive.®*

MeO

Fig.4 Supramolecular fullerene-porphyrin dyad.

The acid-base properties and the nucleophilicity of the ni-
trogen atom of the fulleropyrrolidine 2 were studied in 85 :
15 [Ds]dioxane-D,0.# The NMR titration experiments evi-
denced that the difference in basicity between fulleropyrrolidine
2 (pKyp* = 6.6) and the analogous model pyrrolidine (pKpp* =
11.6) was of six orders of magnitude. Polar effects could not be
responsible for this decrease in basicity. Steric effects were not
considered since the basicity differs between 1 and 2 pK units.?
This effect has been attributed to through-space interactions be-
tween the nitrogen lone pair and the fullerene n-system. This effect
was previously observed in spiromethanofullerenes and was called
periconjugation.” In terms of nucleophicity, the fulleropyrrolidine
is 1000 times less reactive when compared with the analogous
model pyrrolidine in the reaction with methyl iodide.”

3. Introduction of positive charges in the
fulleropyrrolidine ring

The advantage of fulleropyrrolidines in the preparation of hy-
drophilic fullerenes versus other functionalization patterns relies
on the possibility of introducing positive charges on the nitrogen
atom of the pyrrolidine ring. This can be achieved either by
protonation with strong acids or by alkylation. Since complete
protonation cannot be assured due to the low basicity of the
fulleropyrrolidine nitrogen,” alkylation turned out to be the best

This journal is © The Royal Society of Chemistry 2006
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Scheme 2 Preparation of fulleropyrrolidinium salts.

option to access these derivatives, not only to increase their
solubility but also to study their electronic properties (Scheme 2).

When fulleropyrrolidines 1, 2 and 3 were methylated with methyl
iodide, the corresponding fulleropyrrolidinium salts 4, 5 and 6 were
obtained (Scheme 2).2® As expected, the solubility of the salts in
9 : 1 water-DMSO mixtures was found to be higher as compared
to the neutral compounds.?? The positively charged derivatives
exhibited antimycobacterial activity? and were successfully used
for the construction of mixed multilayer Langmuir—Blodgett
films.*

The electrochemical properties of these positively charged
derivatives?®3 showed enhanced acceptor properties. Six reduction
waves were observed. The first four reduction waves were less
cathodic than those obtained for Cg,. On the other hand, the two
consecutive reduction waves were cathodically shifted, the last one
being irreversible. The reason for the increased electronegativity
was attributed to inductive effects.

Since the applications as electron-acceptors of 4, 5 and 6
will require stable reduced species, the stability of the reduced
species was investigated over a much longer time scale than
cyclic voltammetry.’® The first reduction species were generated
and studied by bulk electrolysis and the progress was monitored
by UV-Vis-NIR spectroscopy and steady-state voltammetry. The
typical absorption features were in excellent agreement with
the absorption spectra produced by time-resolved techniques in
charge transfer species of fullerene derivatives.*> The electrolyzed
solution was stable for several hours but rapid degradation took
place when further reduction was attempted. Instead, stable, two-
electron reduced species were observed by chemical reduction
using cobaltocene.

4. Fullerene bisadducts

Even in the presence of a solubilizing chain, the highly hydropho-
bic carbon spheres stick together leaving the hydrophilic chains
outside of the aggregate.’*** Multiple functionalization can be

applied to avoid aggregation of the fullerene spheres, which should
give sufficiently homogeneous dispersions (Scheme 3).

Scheme 3 Methylation of bisadducts.

Stoichiometric variations of the standard procedure for the
functionalization of Cg, by in situ generated azomethine ylides
gives bis- and tris-adducts. The preparation and isolation by HPLC
of the whole series of the mTEG fulleropyrrolidine bisadducts
(trans-1, trans-2, trans-3, trans-4, equatorial, cis-3, cis-2, and cis-
1) was achieved.* Also, nine different N-methyl trisadducts were
prepared and characterized.*

A series of regioisomeric bisfulleropyrrolidines obtained by
cycloaddition with N-methyl glycine and formaldehyde were
synthesized. Methylation of these by methyl iodide yielded the
bisfulleropyrrolidinium salts, which were soluble enough in water
without the need of mTEG solubilizing chains to study their
activities against HIV-1 and HIV-2. Trans-2 and trans-3 isomers
showed interesting antiviral properties, confirming the importance
of the relative positions of the substituent on the Cg, cage.’’
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N-Methyl bisadducts have also been shown to be useful in
polymer chemistry.® It should be noted that trans-2, trans-3 and
cis-3 enantiomers display C, symmetry and are intrinsically chiral
due to their addition pattern. Each couple of these enantiomers
was separated by chiral HPLC. The resulting enantiomerically
pure isomers were transformed into fulleropyrrolidinium salts
that were soluble in water-DMSQO. The enantiomerically pure
trans-3 isomers were used to induce chiral helicity in negatively
charged polymer backbones in opposite directions, depending on
the absolute configuration of the bisadduct used.

The influence on the reduction potentials of the different func-
tionalization patterns in bisfulleropyrrolidines and bisfulleropy-
rrolidinium salts have been studied by cyclic voltammetry.*® The
experiments confirmed an enhancement of the electronegative
properties of the bisfulleropyrrolidinium salts and the opposite ef-
fect in the bisfulleropyrrolidines when compared to Cy,. The trans-
2 and trans-1 fulleropyrrolidinium salts, in which the addends
are at furthest distances, resulted among the strongest reversible
electron-accepting oligoadducts.

Bisfulleropyrrolidinium salts were found to be useful in
nanosensing. A novel biosensor for the amperometric detection
of glutathione was obtained by immobilization of a redox
enzyme using the trans-2 N-methyl-N-mTEG bisadduct as the
redox mediator,* improving the response range of the modified
electrode.

5. Functionalization with terminal ammonium salts

Terminal amino groups can be introduced in the side chains of the
fullerenes by modification of the amino acid used as precursor for
the azomethine ylide cycloaddition (Fig. 5)."

NHBoc

NHBoc

Fig. 5 Fullerene building blocks with terminal amino groups.

These derivatives have shown to be useful building blocks for
applications in materials science, since they can be combined with
a wide variety of interesting moieties. In the presence of strong
acids only the terminal amino groups are protonated efficiently
giving ammonium salts in which the cation species is placed close
to or far away from the fullerene sphere depending on the length of
the chain. Additionally, these novel systems can be methylated on
the fulleropyrrolidine nitrogen producing doubly charged species.

In the protonated series 9a—e (Scheme 4), the combination of
the strong hydrophobic character of the fullerene sphere and
of the side chain, along with the hydrophilic character of the
ammonium function, gives rise to amphiphilic derivatives. This

leads to fullerene compounds which self-organize in solution, at
the air-water interface and onto surfaces.”!

A mixed composite thin film consisting of fulleropyrrolidine
9a and a novel, water-soluble anionic porphyrin dissolved in the
subphase was prepared using the Langmuir—Shifer method.*
Although the presence of the ammonium termination is not
sufficient to render it adequately amphiphilic, the electrostatic
interaction between the ammonium function of fulleropyrrolidine
9a and the negatively charged porphyrin derivative induced
the generation of homogeneous, high-quality photoactive films.
Both Atomic Force Microscopy (AFM) studies, realized after
deposition of the monolayer onto silicon substrates, and Brewster
Angle Microscopy (BAM) analysis were in agreement and have
shown good homogeneity of the mixed thin film.

The fabrication of high-quality and robust photoactive ITO
electrodes was achieved using derivative 9b following the
layer-by-layer (LBL) technique.* The electrodes were built
through electrostatic and van der Waals interactions between
9b and a polyelectrolyte surface. The step-by-step deposi-
tion of poly(diallyl dimethylammonium) (PDDA) followed by
poly(sodium 4-styrenesulfonate) (PSS) gave rise to surfaces suf-
ficiently overlaid with negative charges allowing the deposition of
the positively charged 9b by immersing the substrates into an o-
dichlorobenzene/DMSO solution of 9b. Absorption spectra taken
after each deposition showed uniform packing of the layers. The
topography of each layer as well as the regularity of the surface
of the modified electrode was visualized by AFM images, which
showed continuous uniform films. Compound 9b organized in an
electrostatically-directed manner onto PSS. The key to this kind of
assembly was the positively charged ammonium group. Indeed, the
fundamental requisite of the positive charge on the active species
was confirmed by the unsuccessful attempt to deposit another
dyad or a porphyrin in which the positively charged side chain was
missing.

Langmuir thin films have also been obtained from 9¢. Observa-
tions by BAM analysis of the floating film, revealed the existence
of aggregates on the water surface. Photoactive ITO electrodes
were prepared from compound 9c¢ by transfer of the monolayer
following both the Langmuir-Schéfer and the LBL methods.*

This class of amphiphilic compounds has also been shown
to self-organize when dispersed in water by sonication.*** De-
pending on the hydrophobicity—hydrophilicity balance, and on
the nature and length of the side chains, different nanostructures
can be obtained such as nanospheres, nanorods and nanotubules.
Transmission Electron Microscopy (TEM) studies have shown
that 9a, in which a long oligoethylene glycol side chain is present
with one ammonium salt function, tends to aggregate in long,
uniform rods with diameters of about 4 nm and lengths of several
microns. Though the presence of the second positive charge on
the pyrrolidine nitrogen in compound 11 increases the solubility
in water, still the same rod-like linear structures were observed.
Compound 9b, bearing a porphyrin unit, forms nanotubules with
a strongly improved morphology and uniformity (around 30 nm in
diameter and 500 nm in length). Identical behavior was observed
when the aggregation properties of the analoguous compound 9d
bearing a phthalocyanine were studied.*” The shape improvement
was attributed to the existence of extra interactions by the
introduction of the macrocycle. Thus, macrocycle-macrocycle,
macrocycle-Cq interactions add to C,—C, interactions,
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Scheme 4 Amphiphilic fullerene derivatives.

providing a better fit of the molecules within the assembly. All
these interactions have been considered as the driving force
of the self-assembly, allowing control over the morphology of
the nanostructure, simply by changing the functionalities or by
adding additional elements such as porphyrin or phthalocyanine
macrocycles.

Scanning Probe Microscopy and spectroscopy studies have
been carried out on fulleropyrrolidine 11.#® AFM measurements
have shown that dendritic structures could be obtained for
relatively highly concentrated solutions. The morphology of the
resulting self-assembly could be controlled by fluctuations in the
concentration of the sample. Thermal stability of the structure
was checked by heating the sample up to 200 °C. The structures
were stable but a restructuring process took place. Moreover, with
more diluted solutions, cylindrical objects were obtained, ranging
from 10 to 50 nm wide and up to a few microns long. This result is
in agreement with the TEM studies realized at low concentration.
The same heating treatment was used to study the thermal stability
of the obtained nanorods, by Laser Desorption Ionization (LDI),
mass spectrometry, Raman and infrared spectroscopies.

When compound 8, which possesses a shorter aliphatic chain,
was protonated by strong acids, different shapes were observed
depending on the counter-ions. Fulleropyrrolidine 12a (Scheme 5)
showed spherical aggregates with diameters ranging from 500 nm
to 1.2 um. The influence of the counter-ion on the shape of the
final self-assembled nanostructure was recently investigated by
TEM, SEM and AFM microscopies.*” When counter-ions such
as tetrafluoroborate (12¢) or bromide (12b) were evaluated, the

molecules aggregated, resembling nanorods or block structures
with well-defined dimensions. But when trifluoroacetate counter-
ion was used (12d), only micellar aggregates were observed.

®

NHBoc NH;

12a X = Cle

©
12b X =Br

e
12¢ X = BF,

©
8 12d X = CF;CO0

Scheme 5 Fullerene ammonium salts.

Nanocomposites in which polymers are reinforced with small
amounts of nanoclay particles are of great interest for industry.*
As pristine layered clays usually contain hydrated sodium or potas-
sium ions, these inorganic clays are only miscible with hydrophilic
polymers. In order to prepare the polymer nanocomposites with
other kinds of organic polymer matrices, the nanoclay platelets
must be organophilic. This can be achieved by an ion exchange
process with charged organic species such as primary, secondary,
tertiary or quaternary alkylammonium cations. Derivative 11,
although only partly soluble in water, has been successfully
incorporated into the interlayer space of the smectite clays by
an ion exchange process between the charge-balanced sodium
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ion of the clays and the ammonium functions of 11.' Two
other fulleropyrrolidine derivatives, 1 and 9e, were also incor-
porated. The fullerene/layered aluminosilicate nanocomposites
have been characterized by different techniques such as powder
X-ray diffraction, Raman and *’Fe-M0ssbauer spectroscopies, all
these analyses have proved the successful incorporation of the
derivatives inside the clays.

6. Multiply charged systems

A new generation of hydrophilic fulleropyrrolidines comprises
positively charged bisadducts with terminal ammonium salts
displaying up to four positive charges and fulleropyrrolidines func-
tionalized with addends that display multiple charges of different
natures. By introducing one or more ammonium functions, the
water solubility of the corresponding fullerene is well improved.
The synthesis of multiple adducts together with multiple positive
or negative charges homogeneously distributed should create a
repulsive effect among the spheres, preventing aggregation and
increasing the solubility in aqueous solution or physiological
media. With this aim, the synthesis of four classes of novel,
water-soluble fullerene bisadducts has been achieved.®® These
compounds are depicted in Fig. 6. Their solubility in water is in the
range of 10°-10"" M, amongst the most water-soluble fullerene
derivatives ever synthesized

Activity against HIV-1 and HIV-2 strains has been evaluated.>
The results obtained have clearly shown that the fulleropyrrolidine
bisadducts 13, bearing only two positive charges, do not show
any activity, while the corresponding derivatives 14 proved to
be inhibitory at low micromolar concentrations. The positive
charge of the pyrrolidinium nitrogen near the Cq backbone,
essential to increase the solubility, seems also to increase potency.
Trans-2 isomers were the more potent, in agreement with other
studies,”” confirming that the functionalization pattern plays an
active role in the activity. Most of the different bisadducts have

15

shown significant cytotoxicity, attributed, most probably, to the
amphiphilic character of these derivatives, which can lead to
cell membrane disruption and subsequent cellular death. Longer
solubilizing side chains seem to increase toxicity.

The cytotoxic and hemolytic properties of the series of
bisadducts 14, 15 and 16 bearing polar chains at different positions
of the Cq sphere (Fig. 6) have been also investigated.* The
hemolytic activity of the different derivatives was evaluated on
human red blood cells. The results show that derivatives 15
and 16, independently from their substitution pattern, had no
hemolytic properties up to 80 uM. In contrast, compound 14,
bearing two cationic chains, proved to be remarkably hemolytic.
Moreover, the substitution pattern on 14 seemed to confer a great
influence on the hemolytic potency, since the equatorial isomer
was the most efficient. The cytotoxicity of the same series of
compounds was tested on different cell lines, showing that all of the
derivatives possessing significant hemolytic properties were also
cytotoxic while the non-hemolytic derivatives did not display any
cytotoxicity. These studies allowed a correlation between structure
and toxicity. It was observed that cationic chains induced toxicity
while the presence of neutral or anionic moieties did not produce
any response.

A different water-soluble, multi-charged, mono-functionalized
fulleropyrrolidine derivative (Fig. 7), with three ethylene glycol
chains and three ammonium groups, was designed and synthe-
sized as a potential neuroprotecting agent.® Despite of its high
solubility, it was found to be ineffective for neuroprotection and to
act as a toxic agent. The toxicity was attributed to the surfactant
properties of the derivative, which probably induced membrane
disruption.

In a last example of the use of multi-charged systems with
nanotechnological applications, the frans-3 adducts of 14 and 16
(Fig. 6) were used to form organic—inorganic nanoensembles with
CdTe nanoparticles (NP). In solution,®® the experients showed
rapid photoinduced electron transfer between the two units due to

Cooc o)

©ooc 0

Fig. 6 Multiply charged bisadducts.
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Fig. 7 Multi-charged mono-functionalized fullerene.

the electrostatic binding with lifetimes in the ms scale. The trans-3
bisadducts of 14 were also used to build modified ITO electrodes
by the LBL technique.”” The ITO/PDDA/NP/Cg, photoactive
thin films exhibited photon-to-current conversion efficiencies of
5.4%.

7. Conclusions

The cycloaddition of azomethine ylides leading to fulleropyrro-
lidines is a very powerful way to overcome low solubility of
fullerenes in most organic solvents and in aqueous media, allowing
the evaluation of their properties in such solvents. The design of
novel amphiphilic fulleropyrrolidine derivatives, bearing suitable
side chains, gives rise to a wide variety of compounds that have
shown applicability in diverse fields such as materials, polymer,
biological and medicinal chemistry. The mTEG fulleropyrrolidine
mono- and bis-adducts have been shown to form photo- and
electro-active films, as well as activity against several microorgan-
isms. By introducing ammonium functionalities, the enhancement
in the amphiphilic character of such compounds has opened
the way for various applications. These include the formation
of film monolayers by Langmuir techniques, the preparation of
photoactive ITO electrodes, the controlled self-assembly of these
derivatives in different shaped nanostructures and the preparation
of organic-inorganic hybrids with smectite clays. The combination
of all of these features gives fullerene multiadducts with many
charges that have shown anti-HIV activity and the formation of
photoactive organic-inorganic nanoensembles.
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The affinities of polyamines consisting of ethylenediamine units equipped with either one or two
terminal naphthyl-, anthryl-, or acridyl units towards PolyA.PolyU as an RNA model, and
Poly(dA).Poly(dT) as a DNA model are screened by measuring the melting point changes (AT,,) of the
double strands, and also partially by a fluorimetric binding assay using ethidium bromide. The larger
aromatic moieties with long spacers between them allow bisintercalation; this leads to an increased
preference for DNA in comparison to RNA, where ion pairing of the ammonium centers with the
major RNA groove phosphates dominates. Allosteric affinity control by metalation is achieved e.g. with
Cu?* ions, which induce conformational distortions within the chains. With anthryl- in contrast to
naphthyl derivatives intercalation can be so strong that distortion of the ethylenediamine chain by
metalation is not powerful enough. A particularly high concentration of positive charges is accessible
with tripodal derivatives built up from ethylenediamine and propylenediamine units; in the absence of
aryl parts, which interfere with the RNA groove preference, one observes the highest affinity difference
known until today, reflected in a melting point ratio of AT ,zna)/ AT monay = 40, whereas other synthetic

ligands reach only a AT ,&na)/ AT wmona) ratio of about 3.

Introduction

In view of the increasing demand for targeting retroviruses,
RNA-selective ligands, which will interact less with DNA, are
of particular interest.’* Earlier investigations have already shown
that considerable affinity and also selectivity of cationic ligand
binding to nucleic acids can be achieved with relatively simple
organic compounds. The minor groove of DNA has been found
to be the binding site of e.g. many cationic amidine or aromatic
diamidine derivatives.* Systematic studies of polyamines and their
comparison to natural antibiotics help to understand the relevant
interaction mechanisms and thus the rational design of new drugs.
The combination of ethylene- or propylenediamine chains and aro-
matic residues at the terminal positions (Scheme 1) offers several
new features with respect to interactions with nucleic acids.* The
high charge density at the closely positioned protonated nitrogen
centers leads to high affinities, and the possible intercalation of
the terminal aryl moieties can lead to mono- and eventually to
bisintercalation.

This, and in addition the complexation of the ene chelating units
with e.g. Cu** ions can lead to promising affinities and selectivities
towards RNA and DNA.

“FR Organische Chemie der Universitit des Saarlandes, D 66041
Saarbriicken, Germany. E-mail: ch12hs@yz.uni-sb.de; Tel: +49 681 302 3209
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Universitat de Valéncia, Edificio de Institutos de Paterna, Apartado de
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T Electronic supplementary information (ESI) available: correlation be-

tween affinity assay and melting points from ‘bulky’ amines. See DOI:
10.1039/b517386h

Association of polyamines with nucleic acids is primarily due to
salt bridges with the groove phosphates; for series of structurally
related compounds differing essentially in the number of positively
charged nitrogen centers, the affinities correlate directly with
that number (Fig. B2 in ref. 6). With more structural variety
the correlation is less linear, but still shows a similar sensitivity
(slope, Fig. 2 in ref. 7). That ion pairing and not the frequently
quoted hydrogen bonding dominate the binding is evident from the
affinities measured with peralkylated polyamine derivatives.® For
most ligands, including aminoglycosides, both the affinity and the
distinct selectivity for RNA increases with the number of positive
charges.! The preference for RNA is in line with binding to the deep
major groove of the RNA double helix, which is also the location
for several aminoglycosides.’”**

Results and discussion

As a measure of the affinity and selectivity we use the difference
AT in melting points induced by the ligands with double stranded
PolyA.PolyU as an RNA model, and with Poly(dA).Poly(dT) as a
DNA model.” In some cases a spectroscopic affinity assay' was
also used as a value Cs,, which is the concentration necessary for
lowering the ethidium bromide EB fluorescence emission to 50%
of the original value. Fig. 1 (and Fig. S1 in ESIY) shows that as
long as the underlying ligand structures are similar the two affinity
measures indeed correlate well, with quite similar sensitivities
(correlation line slopes and abscissas) for the RNA and DNA
models as well as for another series of ligands with calf-thymus
DNA. The correlations break down if there are large structural
differences between the ligands, as seen for the deviations using

This journal is © The Royal Society of Chemistry 2006
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tripodal compounds (TAL, ATAL or N3TAL). New methods such
as Surface Plasmon Resonance (SPR) could provide a more direct
affinity measure;" the AT values, however, generally do reflect the
affinity differences. Biphasic melting profiles sometimes disturb
the evaluation, particularly at lower molar ratios r of ligand to
nucleic acid where there is still melting of unoccupied double
strands.' Potentiometric measurements® have shown that at the
physiological conditions used for the nucleic acid studies the linear
polyamines NuN (N2N-N22222N in Scheme 1) bear between 2.0
and 3.8 protons, with the tripodal compounds (TAL, ATAL and
N3TAL) bearing over 5 positive charges.
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Polyamine structures used in the present investigation.

The presence of organic, in particular of aromatic, linkers
between the charge centers lowers or even inverts the selectivity
between RNA and DNA models due to less favorable interactions
with the rather narrow and hydrophilic RNA groove.! With
aromatic macrocyclic amines large variations have been observed
usually favoring RNA.7! Introduction of bulky substituents
favors binding to the wider DNA groove.”* The terminally
substituted bis(naphthylmethyl) polyamines (NuN compounds)
discussed in the present paper have offered for the first time
a method of allosteric control of the affinity and selectivity
towards nucleic acids by the metalation of ligands containing
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Fig. 1 Correlation between affinity assay (—log Cs,) and melting points
from N22222N, N22222N, N222N, N222N with Poly(dA).Poly(dT) (V)
and PolyA.PolyU (A). Slope a = 0.0845 £ 10%; abscissa y, = 4.43 & 3.5%;
linear correlation coefficient r = 0.9711.

diamine units.”® Only those polyamines in which two intercalative
aromatic moieties such as the a,0-dinaphthyl units in the NaN
derivatives are separated by at least 12 atoms can undergo
bisintercalation into double strands.'® The bisintercalation can be
disrupted by the conformational distortion of the spacer which is
induced by the addition of e.g. Cu** ions." This allosteric effect is
seen in the large differences in the melting points, which is visible
at different ligand to nucleobase ratios r.

That the Cu** ions interact not only with the amine ligands
but also with the nucleic acid phosphates is in line with the
formation of binuclear complexes.® Also, that the allosteric effect
reaches a maximum if two Cu?* ions are present per ligand
instead of one ' is in gratifying accord with the observation of
ternary Cu,H,L(AMP) complexes above pH 6 with N22222N.° In
contrast, although binuclear Cu,H,L(AMP) complexes are also
found for tripodal ligands such as TAL, ATAL or N3TAL (see
ref. 5), the allosteric effect with these ligands is nearly the same
with one or two Cu*" ions per ligand. This is not unexpected
as coordination of the second Cu** metal ion can occur almost
independently in a different arm of the tripodal ligand, and as,

in view of the increased number of positive charges, the affinity
of the tripodal ligands is so high that conformational distortion
by metal complexation will play a lesser role. On the other hand,
with the tripodal amines there are quite distinct differences in
the effect of added metal ions between RNA and DNA: with
Poly(dA).Poly(dT) Cu** addition leads to a stabilization of about
AT,, = 4 °C, whereas with PolyA.PolyU a destabilization with
AT,, = about —10 °C is observed (Table 1). The presence of
an additional anthryl unit A in ATAL leads to even larger
effects: with the RNA model the copper salt initiates a AT,
= —18 °C destabilization (with Poly(dA).Poly(dT) as a DNA
model and ATAL alone there are two transitions which makes
the identification of the Cu** effects less clear).

As a preliminary check for intercalation one can use the NMR
signals of the aromatic ligand, which due to the anisotropy effects
exerted by stacking nucleobases show typical shielding effects and
line broadening effects.’'® Addition of the ligands to calf-thymus
DNA in the concentration range needed for NMR measurements
lead in most cases to precipitation, but with N22 upfield shifts
of up to 0.15 ppm, and line broadening by up to 15 Hz could
be measured, which indicated intercalation. Earlier analyses with
many aryl derivatives of differing sizes has shown that starting with
indole-shaped systems weak intercalation is possible, provided
that association to the double strands is supported by additional
positive charges in the side chain.” Intercalation by the naphthyl
derivatives is therefore expected; the measurements with N22,
however, had to be done with rather high concentrations of the
ligand. In consequence the shielding and line width effects are
diminished by the presence of unbound ligand, which exchanges
rapidly on the NMR time-scale.

The attachment of aromatic moieties at the terminal positions of
polyamines is also a way of altering the RNA/DNA selectivity, as
apparent from the results in Table 2. The affinity can dramatically
increase by intercalation of the additional aryl units, but interest-
ingly this is only so with DNA. The explanation is again the high
negative charge density in the deep major RNA groove; here the
presence of aryl groups is more of a disadvantage. The tight contact
between the RNA groove phosphates and the ammonium centers
limits flexibility and draws the ligand more into the groove; in
consequence the opportunity for intercalation is diminished. The

Table 1 Melting point changes AT, and Cs, values of Poly(dA).Poly(dT) and PolyA.PolyU with the amines TAL, ATAL, N3TAL and their copper

complexes (L-Cu?* 1:1and 1:2)*

AT,,/°C Poly(dA).Poly(dT)

AT,,/°C PolyA.PolyU

Ligand r* and Cs, L L-Cu*1:1° L-Cu*1:2 L L-Cu*1:1¢ L-Cu*l1:2
TAL n ~ 5-61 0.1 0.9 3.0 4.4 30.9 21.7 22.5
0.2 1.4 4.8 49 38.9 30.4 31.0
0.3 1.4 6.8 7.3 432 39.7 38.6
Cs 1.6 x 10°¢ 53 x 1077
ATAL n~ 5¢ 0.1 6.8/26.6 18.0 16.5 30.3 12.5 13.1
0.2 28.5 21.6 19.0 36.5 18.2 18.3
0.3 33.8 27.8 28.2 38.5 194 18.9
Cs 1.3 x 1077 1.4 x 1077
N3TAL: n~ 57 0.1 1.8/6.5 — — 1.5/15.3 — —
0.2 9.2 — — 22.5 — —
0.3 11.5 — — 26.1 — —

“ Conditions: 0.01 M MES buffer, pH 6.25; error in AT, = £0.5 °C; biphasic profiles where two AT, values are given. * r = molar ratio ligand/nucleic
acid phosphate. © Effect of Cu** alone: 1) r = 0.1, AT,, =3.5;2) r=0.2, AT,, = 4.8;3) r = 0.3, AT,, = 6.8. “ Number of positive charges LH,,. * Measured

in 3% DMSO. / Precipitation.
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Table 2 Melting point studies® using Poly(dA).Poly(dT), PolyA.PolyU, amine ligands and their copper complexes

AT,,/°C Poly(dA).Poly(dT) AT,,/°C PolyA.PolyU
Parent amine
Ligand I L L-Cu* 1:2° 01-04 L L-Cu* 1:2° Parent amine O1-O4
N22222N 0.1 24.2 12.8 — 24.3 7.0 —
0.2 23.44 10.8 — 27.1 10.4 —
0.3 22.44 8.4 — 26.8¢ 9.3¢ —
N2222N 0.1 26.7 8.1 2.9 15.5 -0.2 29.9
0.2 27.04 6.7 10.7 18.3 1.3 36.7
0.3 27.44 6.4 13.1 17.2¢ 1.5 39.5
N222N 0.1 16.7 10.4 17.3 5.1 2.7 39.8
0.2 19.6 16.4 >50 8.1 7.5 >55
0.3 20.0 18.6 >50 7.3¢ 7.9 !
N22N 0.1 10.7 7.7 8.4 1.0 0.4 26.4
0.2 13.2 10.4 14.9 1.5 0.8 35.8
0.3 16.7 13.2 17.4 3.3 1.5&3.4 41.1
N2N 0.1 3.8 4 0.4 0.1 4 1.5
0.2 4.8 f 1.1 0.1¢ 4 2.2
0.3 5.3¢ ! 1.5 0.2¢ ! 3.1
N22 0.1 9.1 3.5&5.2 — 1.3 -0.5 —
0.2 11.2 7.0 — 1.4 —-0.2 —
0.3 12.3 8.3 — 2.1 1.5 —

“Parent amines O1 to O4: structures without aryl substituents at terminal nitrogen atoms; conditions: 0.01 M MES buffer, pH 6.25; error in AT,, = £
0.5 °C; AT, only approximate. ® » = molar ratio ligand/nucleic acid phosphate. ¢ Effect of Cu?* alone: 1) r = 0.1, AT,, =3.5;2) r = 0.2, AT, = 4.8;3) r
= 0.3, AT, = 6.8. “ Broad phase transition. ¢ Measured with 3% DMSO. / Precipitation.

AT, difference between RNA and DNA becomes smaller with
longer distance between the naphthyl units, as bisintercalation
will increase this way, and stacking with the nucleobases itself is
known to contribute little to selectivity. Mononaphthyl derivatives
show higher AT, values with RNA by 4 to 6 °C in comparison to
the parent bisnaphthyl compounds, with DNA AT\, values lower
by 4 to 6 °C.

Extension of the aromatic units in the new anthryl- and acridyl
moieties (Table 3) is expected to produce more pronounced
intercalation. Indeed, the anthryl derivatives have a distinctly
larger affinity towards DNA, whereas the corresponding naphthyl
ligands (Table 2) with similar melting points with RNA and

Table 3 Melting points of Poly(dA).Poly(dT) and PolyA.PolyU with
anthryl compounds (A22222, A22222A), acridinyl derivatives (Acr2,
Acr2Acr), and their copper complexes®

AT,/°C AT,/°C
Poly(dA).Poly(dT) PolyA.PolyU
Ligand I L L-Cu*1:2¢ L L-Cu*1:2°
Acr2 0.1 5.2 6.0 5.2 7.3
0.2 8.6 9.4 6.8 7.6
0.3 10.0 132 8.1 7.8
Acr2Acr 0.1 2.9 44 2.1 3.2
0.2 4.4 5.6 3.7 43
0.3 5.9 7.0 5.0 4.7
A22222 0.1 425  40.1 35.1 38.1
0.2 446 422 3827 40.2¢
0.3 >45 43.6 4429 40.6¢
A22222A 0.1 41.8 420 20.5 17.3
0.2 >45 47.3 21.64  21.07
0.3 >45 47.5 23.5¢  21.2¢

“ Conditions: 0.01 M MES buffer, pH 6.25; error in AT, = £ 0.5 °C; AT,
only approximate. * r = molar ratio ligand/nucleic acid phosphate. < Effect
of Cu** alone: 1) r = 0.1, AT,, =3.5;2) r = 0.2, AT,, = 4.8; 3) r = 0.3,
AT,, = 6.8. “Broad phase transition.

DNA overcome the preference of polyamines for RNA only
partially. Again, the largest DNA over RNA preference is seen
with the bisintercalating bisanthryl derivative (A22222A). The
intercalation here dominates so strongly, that in contrast to the less
effective naphthyl derivatives metalation with Cu** cannot induce
strong conformational changes, as evident from the invariable
AT, values in the presence of the metal salts. The short linker
in the diacridyl derivative prohibits bisintercalation; therefore one
observes only small affinities, selectivities and metalation effects
here (Table 3). It should be noted, that Cu** ions alone only lead
to small melting changes.”'*

Scheme 2 illustrates with some examples that the affinity and
RNA/DNA selectivity of rather simple synthetic polyamines
compare well with those of natural groove binders such as
aminoglycosides, which of course are not directed towards the
simple nucleic acid models used in the present study. Nevertheless,
the AT, values of the synthetic ligands often exceed those observed
with aminoglycosides bearing the same charge. The selectivity of

cl
NR, — (CH,)n — NI

< ~
) [w
O NR;— (CH,)n—NR, O K)\/I :;j

Ci

A B C
RNA 3.5" 27.5 43 °C
DNA 24 -6 1 °c

Scheme 2 Examples of particularly RNA/DNA-selective polyamines.
Melting point changes AT, with PolyA.PolyU as an RNA model, and with
Poly(dA).Poly(dT) as a DNA model. Measured at ligand to nucleic acid
ratio r = 0.3, experimental conditions; charges omitted. A: unpublished
measurements, conditions as in ref. 14 and ref. 1; B: ref. 14; C: Table 1. *In
ref. 1 a destabilization with AT, = —5.4 °C was reported.
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macrocyclic polyamines such as those in Scheme 2 reflects either
the unfavorable placement of lipophilic aromatic moieties into
the highly charged and thus hydrophilic RNA major groove,' or
alternatively a DNA destabilization with cyclophanes of a certain
size fitting better into the wider DNA groove, with subsequent
flipping out of the nucleobase which can form an intracavity
complex with the macrocycle.?’

From all hitherto known polyamines the tripodal derivative
TAL shows by far the strongest preference for RNA with AT, =
40 °C; the melting point ratio AT ,kna)/ AT mona) here reaches 40,
whereas other synthetic ligands reach only AT, &na)/AT monay =
ca. 3' (Table 1). This can be attributed to the combination of a
high charge density and significant flexibility which allows optimal
contact with as many phosphate groups as possible in the deep
RNA groove. Attachment of terminal naphthyl units leads, as
observed with the diaryl derivatives (Tables 2 and 3), to lower
preferences, for the reasons discussed above. The presence of
three naphthyl units leads to even lower affinities in comparison
to the derivative with one aryl group, presumably due to steric
hindrance for the still dominating ion pairing, in line with the
always preferred binding to RNA. The effect of added Cu* ions is
as expected negligible for the aryl-free derivative TAL, but visible
with the mononaphthyl compound; the triaryl podand leads to
precipitation with Cu** salts.

Conclusions and outlook

The results demonstrate how high selectivity for binding RNA
in comparison to DNA can be achieved with rather simple
compounds, where a high positive charge density coupled with
a high ligand flexibility allows particularly deep and undistorted
groove binding. It can be expected that the RNA preference is
retained if a group such as TAL is attached with a flexible spacer
to another unit (e.g. an oligonucleotide), which can then recognize
specific sequences. The presence of highly charged groups such
as in TAL will also help to overcome the problem of low
affinity with sequence-selective ligands such as oligonucleotides
alone. Inversion to preferred binding to DNA is observed if
larger aromatic units are introduced which provide intercalation.
Allosteric control of the binding to nucleic acids can be achieved
by the introduction of flexible metal-binding spacers between the
aromatic units, which can only bisintercalate in the absence of
suitable metal salts. Furthermore, the unfolding effects of Cu** in
particular with the tripodal ligands holds promise for the potential
use of such complexes for RNA cleavage.
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A series of compounds based on the carboxyl-terminal CAAL sequence of PGGTase-I substrates
was designed and synthesized. Using piperazin-2-one as a semi-rigid scaffold, we have introduced
critical pharmacophores in a well-defined arrangement to mimic the CAAL sequence. High

potency and exceptional selectivity were obtained for inhibition of PGGTase-I with structures such
as 45 and 70. Potency of this series of GGTIs was dependent on the presence of an L-leucine residue
with a free carboxyl terminus, as well as an S configuration of the 3-aryl group. The selectivity was
significantly enhanced by 5-methyl substitution on the imidazole ring and fluorine substitution on the
3-aryl group. Modification of the 6-position of the piperazinone scaffold was found to be unfavorable.

Compounds 44 and 69, the corresponding methyl esters of 45 and 70, were found to selectively
block processing of Rapl A by PGGTase-I in whole cells with ICs, values of 0.4 uM and 0.7 uM

respectively.

Introduction

Protein prenylation is an important lipid posttranslational mod-
ification that affects about 0.5% of cellular proteins.' Prenylated
proteins are covalently modified with either farnesyl or geranyl-
geranyl isoprenoid via thioether bonds to the C-terminal cysteine
residues. Many prenylated proteins belong to the low molecular
weight GTPase family, such as the Ras oncoproteins, and depend
on prenylation for their proper cellular localization and biological
function.

Protein geranylgeranyltransferase-1 (PGGTase-1), a member of
the prenyltransferase family, is responsible for the attachment
of a C, geranylgeranyl group to CAAX proteins, where X is
usually leucine or phenylalanine.? PGGTase-I is a heterodimer zinc
metalloenzyme, consisting of a 48 kDa o-subunit and a 43 kDa
B-subunit. The X-ray crystal structure of mammalian PGGTase-
I reveals that the overall secondary structure of the enzyme is
mainly helical in nature and similar to protein farnesyltransferase
(PFTase).® The a-subunit is arranged in o-helical hairpin pairs, and
forms a crescent around the 3-subunit. The B-subunit also contains
mostly helical domains, which form a compact o—o barrel structure
with a central cavity. The substrate binding pocket opens into
the subunit interface and extends into the B-subunit hydrophobic

“Department of Chemistry, Yale University, P.O. Box 208107, New Haven,
CT, 06520, USA. E-mail: andrew.hamilton@yale.edu, Fax: +1 (203) 432
6144; Tel: +1 (203) 432 5570

*Drug Discovery Program, H. Lee Moffitt Cancer Center, University of
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T Electronic supplementary information (ESI) available: Experimental
procedure and spectroscopy data for additional compounds. Represen-
tative '"H NMR spectra for compounds 12a and 16, and 'H-'"H COSY and
NOESY spectra of compound 25. Representative HPLC chromatographs
for key compounds. See DOI: 10.1039/b517572k

funnel-shaped cavity. The catalytic zinc ion is located in the B-
subunit funnel-shaped cavity.

Over the past decade, the major effort in designing prenyltrans-
ferase inhibitors focused on PFTase, with the goal of specifically
blocking malignant transformation caused by mutated Ras and
other farnesylated proteins. A particular emphasis was placed
on developing highly selective PFTase inhibitors (FTIs). The
approach has been very successful even though the antitumor
activity of FTIs likely results from blocking farnesylation of
one or more target proteins other than Ras.*® Some FTIs have
demonstrated significant antitumor activity with little toxicity in
animal models, and several compounds are currently in phase
II/11I clinical trials.®

Recently, PGGTase-I has gained increased attention because
many of its protein substrates, such as RhoC, RhoA, Rac-1,
Cdc42, R-Ras and TC-21, have been found to be implicated
in promoting tumorigenesis and/or metastasis.”'' In addition,
K-Ras, the most commonly mutated form of Ras in human
cancers, becomes geranylgeranylated when PFTase is inhibited.’
Further reasons for targeting PGGTase-1 in the development
of novel anticancer agents arise from the desirable biological
activities observed with early PGGTase-1 inhibitors (GGTIs).
These agents inhibited human tumor growth in vitro and in vivo
with a mechanism that is consistent with cell cycle arrest at
the G1 phase.’*™ This includes induction of the CDK (cyclin-
dependent kinase) inhibitor p21*¥, inhibition of CDK2 and CDK 4
kinase activities and induction of hypophosphorylation of Rb
(retinoblastoma protein).'>*

The complex networks of signal transduction pathways in-
volving key GTPases have not been fully characterized. There-
fore, developing highly selective GGTIs would provide valuable
tools to study the related proteins in normal and cancer cell
growth. Selective PGGTase-I inhibitors, in combination with
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other anti-cancer therapies, may have significant potential as
cancer chemotherapeutic agents for the treatment of malignant
tumors.

Results and discussion
Inhibitor design

Relatively few studies have been published on the design of
PGGTase-I inhibitors, by mimicking either the isoprenyl substrate
geranylgeranyl pyrophosphate (GGPP)'*7 or the tetrapeptide
substrate sequence CAAL."2' Because GGPP is the universal
C,, source for all geranylgeranylated proteins, inhibitors that
are competitive with protein substrates containing a CAAL
sequence would be more selective, therefore more desirable for
drug development.

As shown in Fig. 1, the tetrapeptide CVIL was found to act as
an inhibitor for both PGGTase-I and PFTase with 1Cs, values
of 11.3 uM and 16.7 pM, respectively.”® Hydroxyphosphonate
Merck-8 was shown to be GGPP-competitive with an ICs,
value against PGGTase-I of 12 nM."” Aryloxy substituted N-
arylpiperazinone Merck-2 was found to be a dual prenyl-protein
transferase inhibitor (PFTase, IC5, = 6.8 nM, PGGTase-1, ICs, =
140nM,“ 0.7 nM,’ Fig. 1).'7 Although this compound was designed
based on the CAAX sequence, inhibition of PGGTase-I was found
to be GGPP-competitive, as well as time and anion dependent.
The authors have suggested that formation of an anion-inhibitor
complex might mimic the transition state of PGGTase-1."” Using

HS | o 9y o
H N N\E)J\N N\E/U\OH
o A M o N
CVIL'®

GGTase-l, ICso = 11.3 uM; FTase, I1C5p = 16.7 pM

W\

= = = = R OH
OH
OH
Merck-8'7
GGTase-l, IC5p = 12 nM; FTase, I1C5 > 50,000
nM

N :/Q’\N T\ N
O
17 0
Merck-2

GGTase-l, IC5y = 140 nM?, 0.7 nMP; FTase, 1Csp = 6.8 NM

S,
N R
SN AR,

0
GGTI-2418 (45) Y
GGTase-l, IC5q = 9.5 nM;

FTase, IC5, = 53,000 nM

GGTI-2154"2
GGTase-l, IC59= 21 nM;
FTase, ICsy = 5,600 nM

Fig. 1 Chemical structures of PGGTase-I inhibitors. “ICs, value deter-
mined in the absence of ATP and without preincubation. *ICy, value
determined in the presence of 5 mM ATP and with 30 min preincubation.

2-aryl-4-aminobenzoic acid as a spacer, and imidazole as an
oxidatively stable zinc-binding functionality, we have prepared a
family of CAAX-mimetic PGGTase-I inhibitors.’** For example,
GGTI-2154 (PFTase, IC;, = 5600 nM, PGGTase-I, IC;, = 21 nM,
Fig. 1), exhibited antitumor activity both in vitro and in vivo, and
is currently undergoing preclinical evaluation.

In the hope of improving the potency, selectivity, and in
vivo antitumor efficacy of our early PGGTase-I inhibitors, we
have investigated piperazin-2-one scaffolds as alternative template
CAAX mimetics. We report here a series of inhibitors that mimic
the C-terminal CAAX sequence of PGGTase-I substrates, such as
RhoA or RaplA. High potency and exceptional selectivity were
obtained for inhibition of PGGTase-I over PFTase with structures
such as 45, GGTI-2418 (PFTase, IC5, = 53000 £+ 11000 nM,
PGGTase-1, IC5, = 9.5 £ 2.0 nM, Fig. 1). Whole cell studies
showed that 44, the corresponding methyl ester of 45, was able
to selectively block processing of RaplA in oncogenic H-Ras
transfected NTH 3T3 cells with an ICs, value of 0.4 & 0.1 uM.

Chemistry

The piperazin-2-one derivatives described in this paper were syn-
thesized as represented in Schemes 1-6. In Scheme 1, substitution
on the N-1 position of the piperazinone ring was introduced by
reductive amination of p-fluorobenzaldehyde with aminoacetalde-
hyde dimethyl acetal in the presence of NaBH(OAc);. Coupling of
the resulting secondary amine 1 with N-Cbz-L-leucine using EDCI
afforded compound 2, which cyclized in 70% TFA-H,0? in good
yield to produce the piperazin-2-one scaffold as a Cbz-protected
enamine 3. The crystal structure of 3 (Fig. 2)* obtained at —90 °C
showed a single conformation corresponding to the Z-isomer
about the Cbz-carbamate group. However, the NMR spectrum of 3
in methanol clearly showed two sets of signals representing the two
distinct Z- and E-conformers.** Deprotection and saturation of
the double bond were accomplished in one step by hydrogenation
using 10% Pd/C catalyst to give the piperazin-2-one scaffold 4.

Fig.2 An ORTEP drawing of the X-ray structure for compound 3 (30%
probability ellipsoids).
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Scheme 1 Reagents and conditions: (a) p-fluorobenzaldehyde, NaBH(OAc);, DCE, 24 h, 95%; (b) N-Cbz-L-Leu, EDCI, DIEA, CH,Cl,, 3 h, 98%;
(c) 70% TFA-H,O0, 2 h, 90%; (d) H,, 10% Pd/C, EtOAc-MeOH, 4 h, 98%; (¢) COCl,, CH,Cl,, pyridine, 2 h, 90%; (f) CSCl,, H,O, Na,CO;, 0.5 h, 65%;

(2) 4, CH,CL, 0 °C to rt, 5 h; 85-90% (h) NaOH-H,0, McOH, 90%.

Reaction of L-leucine methyl ester with phosgene or thiophosgene
gave the corresponding isocyanate Sa or isothiocyanate 5b, which
could then be coupled with 4 to give 26 and 28, respectively. The
methyl esters were hydrolyzed under basic conditions to give acids
27 and 29.

Protected imidazole chloride derivatives (7-10) were prepared
using previously reported procedures®?’ as outlined in Scheme 2.
Compounds with the imidazole group substituted on the N-1
position of the piperazinone ring were prepared by alkylation of
the amide nitrogen in compounds 12a—12d (Scheme 3). Protected
scaffolds 12a—12d were synthesized using procedures similar to
that of scaffold 3, except that the reductive amination step was

N OH N OH N Cl
N N h
Boc 6a Boc 7

N N
(NE(\OH b ¢ I(\OH . ¢ f@
N N N
N R N™ ™R ~ N"™Rr
Trt Trt

6b,R=H 8,R=H
6¢c, R=Me 9,R=Me
0]
N \ Cl
Ne s ~OH db.ef </]/\fN
< | N
N T/ 10
N rt

Scheme 2 Reagents and conditions: (a) (Boc),O, DMF, overnight, 80%;
(b) TrtCl, Et;N, DMF, overnight; 85-95%; (¢) SOCl,, DMF, CH,Cl,, 0 °C,
15 min, 80%; (d) SOCl,, MeOH, 98%; (e) LiAlH,, THE, 75%; (f) SOCL,,
THEF, 1 h, 75%.

Fig. 3 An ORTEP drawing of the X-ray structure for compound 12a
(30% probability ellipsoids).

omitted to leave the N-1 position open for further substitution.
The crystal structure® of compound 12a is shown in Fig. 3.
The acid-catalyzed cyclization went smoothly for most of the
scaffolds in 85-88% yield, except for 12b (30% yield) which has
a bulky naphthyl group. Alkylation of 12 with Boc-protected
chloromethylimidazole 7 went to completion within 1 h at rt.
However, the yield of the N-1 alkylation was only about 10%, while
the major products resulted from C-5 alkylation. Compounds
13a2-13a4 were synthesized by reacting scaffold 12a with NaH
and trityl-protected chloromethylimidazoles 8-10 in THF at
60 °C for 2 h in 35-70% yield. The temperature and reaction
time were monitored carefully to prevent racemization at the
C-3 chiral center. Compounds 13b-13d were synthesized from
scaffolds 12b-12d, respectively, under similar conditions using
4-chloromethyl-5-methyl-1-tritylimidazole 9. Hydrogenation at
atmospheric pressure using 10% Pd/C removed the Cbz protective
group and the double bond, while leaving the trityl group intact.
Coupling of the piperazinone scaffold 14 with isocyanates or
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Scheme 3  Reagents and conditions: (a) N-Cbz-amino acid, EDCI, DIEA, CH,Cl,, 90-95%; (b) 70% TFA-H,O0, 30-88%; (c) NaH, 7-10, THF, 60 °C,
2 h, 15-70%; (d) H,, 10% Pd/C, EtOAc-MeOH, 98%; (f) amino acid methyl ester isocyanates, CH,Cl,, 0 °C to rt, 4 h, 85-88%; (g) 40% TFA-CH,Cl,,

triethylsilane, 90-95%; (h) 1 N NaOH-H,0, MeOH, 90%.

isothiocyanates generated from the corresponding commercially
available amino acid methyl esters afforded trityl-protected in-
hibitors 15. Deprotection of the trityl group using 40% TFA-
CH,Cl, and triethylsilane gave the methyl esters, which were then
saponified to give the corresponding acids.

As shown in Scheme 4, initial attempts to synthesize compound
13a2 using 4-(3-chloro-propyl)-1-tritylimidazole and NaH in THF
were unsuccessful. Instead, compound 16 was obtained using
catalytic amounts of Bu,NI under reflux in THF. Reaction of
compound 16 with NaH and 8 gave 17, which, after deprotection,
generated 32 with two imidazole substituents.

As shown in Scheme 5, 30 and 31 were synthesized using
Yamashita’s method® which is useful in synthesizing constrained
dipeptide mimics composed of two identical amino acids. Com-
pound 19 was synthesized in two steps (75% and 85% yields, re-
spectively) from L-phenylalanine via ethylene-bridged compound
18. Coupling of scaffold 19 with N-1-trityl-deaminohistidine
gave compound 20, which after removal of the trityl group and

saponification gave the desired products.
a
0

[ j N=
9 Cla A N-Trt

(o]
LSS IR

0 o}
12a

\n/ \/\//\/N\T’T

As shown in Scheme 6, compound 21 was synthesized in
40% yield by coupling of L-leucine methyl ester with N-Cbz-
L-phenylalanine using EDCI, followed by DIBAL-H reduction
in CH,Cl, at —78 °C. Cyclization of 21 in 70% TFA-H,O
generated compound 22 in 87% yield. Reaction of compound
22 with NaH and trityl-protected imidazole chloride 9 gave
compound 23 in poor yield (15%), presumably due to the steric
hindrance between the isobutyl group at the 6-position and the
bulky trityl substitution on the imidazole ring. Hydrogenation of
compound 23 removed the Cbz group and saturated the double
bond, resulting in predominantly one isomer with a de of 80%
based on NMR analysis. The newly generated stereocenter was
predicted to be in a 6S configuration, due to the approach
of the catalyst-bound hydrogen from the top face to avoid a
steric clash with the 3S benzyl group. The crude deprotected
scaffold was coupled to L-leucine methyl ester isocyanate to give
compound 24, which after purification, deprotection of the trityl
group, and saponification gave methyl ester 25 and acid 73,
respectively.

N=\

R/’\;\H/O\/\/&/N\R

N=\

16 c( 17 R=Trt
32 GGTI-2410R=H

Scheme 4  Reagents and conditions: (a) NaH, Bu,NI, THF, reflux, 4 h, 40%; (b) NaH, 8, THF, 60 °C, 2 h, 70%; (c) 40% TFA-CH,Cl,, triethylsilane, 90%.
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Scheme 5 Reagents and conditions: (a) 1,2-dibromoethane, K,CO;, NaOH, H,0, 95 °C, 5 h, 75%; (b) H,SO,, EtOH, reflux, 85%; (c) N-1-trityl-
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Scheme 6 Reagents and conditions: (a) N-Cbz-L-Phe, EDCI, DIEA, CH,Cl,, 90%; (b) DIBAL-CH,CI,,

40%; (c) 70% TFA-H,O, 87%; (d) NaH, 9,

THEF, 60 °C, 2 h; 15% (e) H,, 10% Pd/C, EtOAc-MeOH, 98%; (f) 5a, CH,Cl,, 0 °C to rt, 4 h, 88%; (g) 40% TFA-CH,Cl,, triethylsilane; 90%; (h) 1 N

NaOH-H,0, MeOH, 90%.
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Fig.4 NOE observed in 25.

The 6S stereochemistry was confirmed by 2D NMR experi-
ments, including "H-'H COSY and NOESY, of compound 25.%°
As shown in Fig. 4, an NOE was observed between axial-H-5 and
one of the H-7 protons confirming the pseudoaxial orientation of
the 3.5 benzyl group (as seen in the crystal structures of compounds
3 and 12a, Figs. 2 and 3), and the axial, B-orientation of H-6 (65
configuration). This is consistent with earlier studies which showed
that acylation of an amino group induces an allylic (1,3)-strain-
enforced pseudoaxial position of the C, side chain substituent.™!

Structure-activity relationships

The piperazinone derivatives were evaluated for their inhibitory
activity against PGGTase-I and PFTase by measuring their ability
to inhibit incorporation of PH]JGGPP and [*H]FPP into H-Ras-
CVLL and H-Ras-CVLS, respectively, as previously described.*
Furthermore, inhibition of Rap1 A and H-Ras processing was used
as a measure of the ability of GGTIs to prevent prenylation in
whole cells.’* An example of this Western blot analysis for several
key compounds is shown in Fig. 5.

Compounds 26-32 were prepared to test the synthetic feasibility
and scope of biological activities of the designed scaffolds and
inhibitors. As shown in Table 1, urea derivative 27 without a
zinc-binding functionality exhibited reasonable inhibitory activity
(ICs = 6.4 uM) and some selectivity for PGGTase-I. Its cor-
responding methyl ester showed whole cell activity (26, ICs, =
20 uM) in inhibiting Rap1A processing. Changing the urea into
a thiourea linkage as in 29 led to reduced activity. Therefore,
the thiourea derivatives were not pursued in the later design.
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Fig. 5 Effect of piperazinone-derived PGGTase-I inhibitors on processing of H-Ras and RaplA in NIH 3T3 cells (H-Ras 61L). Cells were treated on
each of two consecutive days with inhibitors, then harvested, and subjected to Western blot analysis to demonstrate the inhibition of geranylgeranylated
RaplA or farnesylated H-Ras as seen in the band shift from processed (P) protein to unprocessed (U) protein.

Table 1 PGGTase-I and PFTase inhibition dat'a; for piperazinone derivatives 26-37

Y o
J\ N W \/@
\ﬂ/ OR; \/N\n/o
X Y o)
33R = HN
26 R;=Me, X=0 (\_\X
27 Ry=H, X=0 N 5
28 R;=Me X=8S
29 R1 =H, X=8
wee O
N
\
N/\ o <\Nj\§
N\)J\
» On
0 §
N
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30 R=Et N
31 R=H 36 R =NC4©_\
N
O
/Y\N)H AN 37R = NC@—\
N SN0~ AN N
bl Q)
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N
32
1C5y/nM 1Csp/pM*
Compd no GGTase PFTase/GGTase PFTase RaplA H-Ras
26 >10000 >10000 20 >30
27 6400 >10000 >1.5 >10 >10
28 > 100000 >100000 >10 >10
29 24000 >100000 >4.2 >10 >10
30 18000 8850 0.5 >10 >10
31 760 £+ 96 8150 10.7 >10 >10
32 16000 £ 14 000 20000 + 14000 1.25 >10 >10
33 8000 >10000 >1.25 >10 >10
34 >10000 >10000 ND ND
35 >10000 20000 <2 ND ND
36 >10000 >10000 ND ND
37 >10000 1300 + 870 <0.13 ND ND

“ND: Not determined.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1768-1784 | 1773





Yamashita’s method was chosen to generate compounds 30 and
31. When 30 and 31 are aligned to overlap the CAAX sequence,
the piperazinone adopts an inverted orientation as compared to
other inhibitors, such as 45 (Fig. 1). Even in the presence of
the zinc binding imidazole functionality, inhibitory potency and
selectivity (PGGTase-I, ICs, = 0.76 uM; PFTase, ICs5, = 8.15 uM)
for 31 was moderate. Therefore, this direction was not further
pursued. As shown in Table 1, incorporation of two imidazole
groups as in 32 or an imidazole and a benzyl as in 33 gave no
significant observable activity. Imidazole substitution at the N-4
(34, 36) position did not lead to an increase in activity, however N-
5 imidazole substitution reversed the selectivity for compound 37.
This observation is consistent with the fact that the zinc binding
pocket of PGGTase-I is smaller than that of PFTase, and does not
accommodate large groups in the imidazole ring.

It was not surprising that the L-methionine-derived 39 was
slightly more selective for PFTase (PGGTase-1, ICy, = 450 +
95 nM; PFTase, IC5, = 300 £ 220 nM; Table 2); while the L-
leucine-derived 41 reversed the selectivity (PGGTase-I, ICs, =
62 + 14 nM; PFTase, IC;, = 4400 4 1970 nM; Table 2). A longer
spacer chain between the imidazole group and the piperazinone
scaffold increased PGGTase-I inhibitory potency and selectivity
(PGGTase-1, IC5, = 25 + 13 nM; PFTase, IC5, > 10000 nM;
Table 2), as seen in 43, while a small methyl substitution at the
S-position of the imidazole ring also significantly reduced PFTase
affinity for 45 (PGGTase-1, IC5, = 9.5 &+ 2.0 nM; PFTase, ICs, =
53000 £ 11000 nM; Table 2).

Compound 45 is one of the most potent PGGTase-I inhibitors
discovered in this series, exhibiting more than 5500-fold selectivity
in vitro for PGGTase-1 over PFTase. The relatively low cellular
PGGTase-I inhibitory potency of 45 may be caused by poor
penetration of this free acid through the plasma membrane.
However, the PGGTase-I inhibitory potency and selectivity are
well-retained by the corresponding methyl ester 44 in the cell based
assay (RaplA, ICs, = 0.4 £ 0.1 uM; H-Ras, ICy, > 50 uM; Table 2,
Fig. 5). The cellular PGGTase-I inhibition of 44 is reduced by
approximately 30-fold as compared to the in vitro ICs, value. This
discrepancy between in vitro and cell-based potencies has been
seen by others. For example, Merck-2"" in Fig. 1 is a subnanomolar
inhibitor in vitro, but showed an ICs, value of 0.3 uM in cell based
assays.

Docking studies based on the recently published X-ray crystal
structure of mammalian protein PGGTase-1 (PDB code: 1N4Q)
with compound 45 were performed using the flexible ligand
docking approach (GOLD).*® Fig. 6 shows the lowest energy
conformation of compound 45, using MACROMODEL,* docked
in the active site of PGGTase-I. The imidazole group coordinates
to the catalytic zinc ion, and the methyl group occupies a very
small pocket formed by Lys 311 and the terminal phosphate
of the GGPP analog. The 3-aryl pharmacophore is located at an
open hydrophobic cleft formed by Leu 3208, Phe 53 and Leu 43p.
The urea spacer of compound 45 makes no significant binding
interactions, and the C-terminal carboxylate moiety interacts
strongly with Arg 173f. The leucine side chain fits tightly in the
hydrophobic pocket lined with the GGPP analog, Phe 538 and
Leu 3208.

While the introduction of a small 5-methyl group on the
imidazole ring is well tolerated and leads to an increase in
selectivity for PGGTase-1, as in 45 and 51, the existence of a

Leucine Specificity Pocket
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Thr 48 Met 1248
—
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Lys 311f} K"I His 1218
b
X
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Asp 268[} i
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ﬁ LY
.[I’ r-.: A\\
/ \
Zinc Binding Pocket COOH-Arg 173p

GGPP analog

Fig. 6 Comparison of the GOLD-predicted docked conformation of 45
(GGTI-2418) (atom color) in the active site of PGGTase (PDB 1N4Q,
colored by hydrophobicity, red hydrophobic to blue hydrophilic) with the
enzyme bound conformation of the native substrate peptide CVIL (cyan
blue).

strict size limitation for imidazole substitution in this series is
confirmed by compounds 46—49. These results show that as the
size of the substituent increases, the selectivity towards PGGTase-
I decreases. Docking studies with 45 clearly show that the methyl
group is accommodated tightly in the small zinc binding pocket of
PGGTase-I and that larger substitutions are therefore disfavored.
Compound 53, in which the R, group is an isobutyl group with an
R configuration introduced from D-leucine, is essentially inactive
toward both PFTase and PGGTase-1 (IC, values > 10000 nM,
Table 2). Compounds 55, 57 and 59 containing isopropyl, benzyl
and cyclohexylmethyl substituents in an S configuration exhibited
lower PGGTase-I inhibitory potency and selectivity as compared
to 45.

Eliminating the free carboxyl group as in compounds 60—
66 rendered most compounds inactive, suggesting a critical
interaction of the carboxyl group with positively charged residues
in the PGGTase-I active site (Table 3). This is consistent with
the previous observation from X-ray crystallographic studies, that
the C-terminal carboxyl group of the CVIM peptide forms a
hydrogen bond to the side chain amide group of GIn-167 in the
PFTase a-subunit.* According to docking studies with 45, the
loss of activity observed by compounds in this series lacking a
C-terminal carboxyl group is due to the fact that these inhibitors
can no longer interact with Arg 173p in the PGGTase-I active
site. The importance of the carboxyl group also explains the
drastic change imposed by inverting the stereochemistry of the R,
substitution, since optimal binding requires satisfaction of both
the hydrophobic and hydrogen bonding interactions introduced
by R, substitution and the carboxyl group, respectively.

As shown in Table 4, modification of the R, substitution to an
R configuration, as introduced from D-phenylalanine in 72, leads
to significantly reduced PGGTase-I inhibitory potency (ICs, =
680 + 120 nM, Table 4) as compared to its counterpart with
an S configuration in this position (45, Table 4). The difference
likely arises from the opposite pseudoaxial orientations of the
phenylalanine side chains of inverted stereochemistry. Unexpect-
edly, when all the four important pharmacophores are assembled
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Table 2 PGGTase-I and PFTase inhibition data for piperazinone derivatives 38-59

(e}
1’(/\)" )H'\\
RO

o]

0 Ry
1C5/nM 1C5)/puM*
Compd no. n R, R, R; GGTase PFTase PFTase/GGTase RaplA H-Ras
38 1 By e Me 4450 2350 10 10
39 — E\/s\ H 450 4+ 95 300 4 220 0.7 >10 >10
B
40 1 by i Me 240041950 >10000 0.85 >10
41 = 2 H 62+ 14 4400 + 1970 71 >10 >10
o Y
42 3 by M Me 8150 >10000 4 >10
43 — 2 H 25+ 13 >10000 >400 >10 >10
HN\/N Y
44 1 H‘x e Me 180041200 >10000 04+0.1 >50
45 2 H 9.5+2.0 53000 =+ 11000 5580 >10 >10
\? Y
46 1 e Me 40000 >10000 ND ND
47 < H 8550 7900 0.9 ND ND
48 1 e Me 6100 800 4 150 ND ND
49 ‘Q—\ B H 3700 680 4 150 0.2 ND ND
g T
50 1 1111 i Me 8000 4 1200 >10000 >10 >10
51 E\/s\ H 230 4 140 800 £ 310 3.5 >10 >10
\/
52 1 . e Me  >10000 >10000 >10 >10
53 = H >10000 >10000 >10 >10
HNvN
54 1 . npo Me  >10000 >10000 >10 >10
55 — ] H 520 £ 130 22000 £ 11000 42 >10 >10
HN N N
56 1 . e Me  >10000 >10000 >10 >10
57 — S H 5500 + 150 29 500 5.4 >10 >10
SN
58 1 . M Me 6500 >10000 >15 >10
59 = < H 440 4+ 180 >10000 >23 >10 >10
N

“ND: Not determined.

onto the piperazinone scaffold to mimic the tetrapeptide CAAL
sequence as in 73, poor activity was observed (PGGTase-1, ICy, =
6100 nM, Table 4), suggesting unfavorable interaction with the
enzyme in the presence of an isobutyl residue at the R, position.
When R, is changed from an L-phenylalanine side chain as in
44 (IC5, = 1800 nM, Table 4) to a B-1-naphthyl-alanine residue
as in 67 (IC5, = 24 + 13 nM, Table 4), the latter methyl ester
exhibited significantly enhanced inhibitory potency for PGGTase-
I, suggesting that a bulkier side chain is favored. However, the

inhibitory activity of the corresponding free acid 68 (IC5, = 14 &
6.4 nM, Table 4), was similar to that of 45 (Table 4). This may
be caused by the inability of the bulky naphthyl group to adopt
an optimal orientation while satisfying the hydrogen bonding
capacity of the free carboxyl group. In 70, introduction of a p-
fluoro-phenylalanine side chain led to a highly potent and selective
PGGTase-I inhibitor (PGGTase-1, IC5, = 7.1 &+ 4.3 nM; PFTase,
IC5, = 130000 £ 58000 nM, Table 4). We also evaluated the
ability of the inhibitors to disrupt RaplA and H-Ras processing
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Table 3 PGGTase-I and PFTase inhibition data for piperazinone derivatives 60—66

Ry
o]
HNJVN)H'\\ H
\=
N K/N\[(N\RZ

(0]

1C5y/nM 1C5p/pM*
Compd no. R, R,

GGTase PFTase RaplA H-Ras
60 H —C(CH;); >10000 >10000 >10 >10
61 H § ::> >10000 >10000 >10 >10
62 F >10000 >10000 >10 >10

63 F §4<:> 20000 >10000 >10 >10
64 F /_@ 6100 >10000 >10 >10
W
65 F C 69 000 >10000 >10 >10
Br
he

66 F O >10000 >10000 ND ND
AL

“ND: Not determined.

Table 4 PGGTase-I and PFTase inhibition data for piperazinone derivatives 67-73

1Csy/nM PFTase/GGTase 1Cs/uM

Compd no. R, R, R, GGTase PFTase RaplA H-Ras

44 iy H Me 1800 £ 1200 >10000 0.4 +0.1 >50
45 =\© H 9.5+2.0 53000 £ 11000 5580 >10 >10
67 byl H Me 24 +13 24000 0.6 50
68 H 14+64 4800 £+ 1100 343 >10 >10
69 ~ H Me 8000 >10000 0.7 >50
70 '\©\ H 7.1+£43 130000 =+ 58 000 18 300 >10 >10

F

71 s H Me 12000 >10000 >10 >10
72 l\@ H 680 4 120 480000 706 >10 >10
73 'y ~r H 6100 >10000 >1.6 >10 >10
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in a cellular assay. Table 2 shows that 40 was able to inhibit
RaplA geranylgeranylation but not H-Ras farnesylation, and
that S5-methyl substitution in the imidazole, as in 44, led to an
increase in potency to inhibit Rap1A processing (ICs, = 0.4 £ 0.1
uM). Substituting the phenylalanine by a naphthyl or a p-fluoro-
phenylalanine, as in 67 and 69, had little effect on the ability
of the derivatives to inhibit RaplA processing (IC5, = 0.6 and
0.7 uM).

Conclusions

A series of derivatives based on the C-terminal CAAX (X =L, F)
sequence of PGGTase-I substrates, such as Rho, was designed and
synthesized. Using piperazin-2-one as a relatively rigid scaffold,
we have introduced critical recognition groups in a well-defined
arrangement to mimic the peptide sequence. High potency and
exceptional selectivity were obtained for inhibition of PGGTase-I
with structures such as 45 (Fig. 1) and 70 (Table 2). The potency
of this series of GGTIs is dependent on the presence of an L-
leucine residue with a free carboxyl terminus, as well as an S
configuration of the 3-aryl group. The selectivity is significantly
promoted by 5-methyl substitution on the imidazole ring and
fluorine substitution on the 3-aryl group. Modification of the 6-
position of the piperazinone scaffold was found to be unfavorable.
PGGTase-I inhibitor 44, the corresponding methyl ester of 45,
was found to selectively block processing of Rapl A by PGGTase-
I with an ICs, of 0.4 uM in NIH 3T3 cells.

Experimental

Nuclear magnetic resonance spectra (‘H, 400 or 500 MHz), (*C,
100 or 125 MHz) were acquired using Bruker-500 or Bruker-400
spectrometers, and are reported in 6 (ppm) with TMS as the
internal reference. The homogeneity of all the compounds was
routinely checked by TLC onssilica gel plates, and new compounds
were checked for purity by analytical HPLC using a Rainin 250 x
4.6 mm, 5 pm Microsorb C18 column with a gradient of 0-100%
acetonitrile in water buffered with 0.1% TFA. High-resolution
mass spectra (EI or FAB) were recorded on Micro-mass VSE
and Micro-mass 70-4F mass spectrometers, respectively. Melting
points were obtained on an Electrochem melting point apparatus
and are uncorrected.

General procedure for the syntheses of amino acid ester isocyanates
and subsequent urea formation

Amino acid methyl ester hydrochloride (0.6 mmol) was suspended
in 2.0 mL of CH,Cl,, and to the solution was added 0.2 mL of
pyridine (2.4 mmol). The resulting suspension was cooled at 0 °C
for 15 min. Then a solution of phosgene (20% in toluene, 0.4 mL,
0.72 mmol) (Caution: use fume hood) was added by syringe. The
resulting mixture was stirred at 0 °C under N, for 2 h. The solution
was then diluted to a volume of 8 mL with CH,Cl, and extracted
with 10 mL of cold 0.1 N HCI, and ca. 7 mL of crushed ice.
Each aqueous phase was re-extracted with 4 mL of CH,ClL.
The combined organic phases were extracted with cold brine
and dried over Na,SO,. The resulting isocyanate solution was
used for the subsequent urea formation reaction without further
purification.

To a 25 mL round flask charged with piperazinone scaffold
(0.25 mmol) was added a fraction of the above solution (ca.
0.30 mmol, assuming 90% yield according to the literature®®). The
mixture was stirred under N, at 0 °C for 1 h, and at rt for 4 h. Then
the solvent was removed under reduced pressure and the resulting
residue was subjected to silica gel column chromatography using
1-5% MeOH-CH,Cl, as eluant to afford the urea. The same
procedure was employed for attaching different amino acid methyl
esters to the piperazinone scaffolds through a urea linkage with
85-88% yields.

Syntheses of compounds 2629

To a solution of aminoacetaldehyde dimethyl acetal (1.1 mL,
10 mmol) in dichloroethane was added 4-fluorobenzaldehyde
(1.07 mL, 10 mmol) and glacial acetic acid 0.5 mL. The reaction
mixture was stirred at rt for 0.5 h, then sodium triacetoxyboron
hydride (2.6 g, 13 mmol) was added at one time. The reaction
mixture was stirred under N, for 3 h, then an additional
400 mg of sodium triacetoxyboron hydride was added and the
mixture was stirred at rt for another 5-7 h. The reaction was
stopped by quenching with 1 N NaOH in an ice bath and the
mixture was extracted with methylene chloride. The combined
organic phases were dried over sodium carbonate, filtered and
the solvent was removed under vacuum to give compound 1
as a colorless oil (2.1 g, 92%), which was used without further
purification.

A mixture of crude 1 (1.2 g, 5.6 mmol), Cbz-L-leucine (1.2 g,
0.55 mmol), EDCI (1.07 g, 5.6 mmol), DIEA (0.9 mL, 5.6 mmol)
in 20 mL anhydrous methylene chloride was stirred at rt for 5 h.
The reaction mixture was diluted with 80 mL methylene chloride,
and the solution was washed with 1 N HCI (20 mL), sat. sodium
bicarbonate solution (20 mL), and brine (20 mL). The organic
phase was dried over sodium sulfate and the solvent was removed
under reduced pressure to give a crude oil, which was purified by
silica gel column chromatography with hexanes—EtOAc (5: 1) as
eluant to afford compound 2 as a colorless oil (2.2 g, 95%): dy
(500 MHz, d,-methanol) 0.73 (1.3 H, d, J 6.5), 0.84 (1.5 H, d, J
7.0), 0.95 (3.3H, d, J 7.0), 1.17-1.77 (3H, m), 3.07-3.27 (1H, m),
3.48 (0.5H, dd, J 14.0 and 5.5), 3.73 (0.5H, dd, J 15.5 and 6.5),
4.52 (1H, dd, J 11.0 and 5.5), 4.57-4.82 (3H, m), 5.06 (1H, d, J
12.5), 5.11 (1H, d, J 12.5), 7.00 (1H, t, J 8.5), 7.07 (1H, t, J 9.0),
7.21 (1H, dd, J 8.5 and 5.5), 7.27 (1H, dd, J 8.5 and 5.5), 7.32
(5H, m).

Compound 2 (2.0 g, 4.33 mmol) was dissolved in 20 mL 70%
TFA-H,O and the solution was stirred at rt for 2 h. The solvent
was removed on a rotary evaporator to give a yellowish oil, which
was dissolved in 100 mL ethyl acetate and washed with saturated
aqueous NaHCO; solution and brine. The organic phase was dried
over anhydrous Na,SO,, and the solvent was removed to give
compound 3 as a white solid (1.55 g, 91%). A diffraction quality
single crystal was obtained by slow evaporation of a chloroform
solution of compound 3: mp 91-92 °C; 5y, (500 MHz, d,-methanol)
0.78 (1H, d, J 6.0), 0.83 (1H, d, J 6.0), 0.91 (2H, d, J 6.0), 0.94
(2H, d, J 6.0), 1.40-1.53 (3H, m), 4.65 (2H, d, J 7.0), 4.72 (0.5H,
m), 4.83 (0.5H, m), 5.09-5.26 (2H, m), 5.80 (0.5H, d, J 6.0), 5.90
(0.5H, d, J 6.0), 6.32 (0.5H, d, J 5.5), 6.29 (0.5H, d, J 5.5), 7.02
(1H, d, J 8.5),7.04 (1H, d, J 8.5), 7.26 (2H, d, J 8.5 and 6.0), 7.32
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(5H, m); m/z (FAB) 397.1926 (M* + 1, C;;H,xFN,O; requires
397.1927).

Compound 3 (1.5 g, 3.78 mmol) was dissolved in 40 mL MeOH-
EtOAc (1 : 1), and to the solution was added 10% Pd/C. The
solution was hydrogenated at atmospheric pressure for 4 h. The
solution was filtered and the solvent removed to give compound
4 as a colorless oil (0.98 g, 99%): dy (500 MHz, CDCl;) 0.88
(3H, d, J 6.5), 091 (3H, d, J 6.5), 1.51 (1H, ddd, J 14.0, 10.5
and 4.5), 1.72 (1H, m), 1.86 (1H, ddd, J 14.0, 10.5 and 4.0),
2.89 (1H, ddd, J 13.5, 10.5 and 4.5), 3.08 (2H, m), 3.23 (1H,
m), 3.42 (1H, dd, J 10.0 and 3.5), 4.40 (1H, d, J 15.0), 4.55 (1H,
d, J 15.0), 6.93 (1H, d, J 8.5), 6.95 (1H, d, J 8.5), 7.17 (2H,
dd, J 8.5 and 5.5); m/z (FAB) 265.1716 (M* + 1, C;sH,,FN,0,
265.1716).

Reaction of 4 with the isocyanate generated from L-leucine
methyl ester (general procedure) afforded 26 as a colorless oil
in 85% yield: d4 (500 MHz, d,-methanol) 0.87 (3H, d, J 6.5),
0.93 (3H, d, J 6.5), 0.95 (3H, d, J 6.5), 0.96 (3H, d, J 6.6), 1.53—
1.80 (6H, m), 3.18 (1H, m), 3.39 (2H, m), 3.67 (3H, s), 3.98 (1H,
m), 4.27 (1H, dd, J 10.0 and 4.5), 4.57 (2H, d, J 4.5), 4.83 (1H,
m), 7.04 (1H, d, J 9.0), 7.06 (1H, d, J 9.0), 7.27 (2H, dd, J 9.0
and 5.5); m/z (FAB) 436.2612 (M* + 1, C;3H3sN;O,F requires
436.2612).

To a solution of 26 (100 mg, 0.23 mmol) in 0.5 mL methanol
was added 1 mL 1 N NaOH solution. The resulting mixture was
stirred at rt for 1 h, then the solvent was removed under reduced
pressure. The residue was suspended in 2 mL of 30% MeOH-
CH,Cl,, and the suspension was passed through a pad of silica gel
(500 mg). The solid phase was further eluted with 30-50% MeOH-
CH, (I, solution. The fractions containing the pure product were
combined and the solvent was removed to afford 27 as a colorless
oil in 80% yield: 4 (500 MHz, d,-methanol) 0.78 (3H, d, J =
6.0), 0.82 (3H, d, J 6.0), 0.85 (3H, d, J 6.0), 0.88 (3H, d, J 6.0),
1.50-1.60 (6H, m), 3.08 (1H, m), 3.33 (2H, m), 3.90 (1H, br d, J
4.5), 4.18 (1H, dd, J 10.5 and 5.0), 4.47 (2H, br s), 4.75 (1H, dd,
J 9.5 and 2.5), 6.94 (1H, d, J 8.5), 6.96 (1H, d, J 8.5), 7.17 (2H,
dd, J 8.5 and 5.0); m/z (FAB) 422.2455 (M* + 1, C,H;;N;0,F
requires 422.2455).

Syntheses of L-leucine methyl ester isothiocyanate

L-Leucine methyl ester hydrochloride (110 mg, 0.6 mmol) was
dissolved in 0.3 mL of water and stirred with 1 mL of chloroform at
0 °C. The pH was adjusted to 9.0 with aqueous sodium carbonate
solution. Then a solution of thiophosgene 70 uL (1.0 mmol) in
150 uL CHCIl; was added dropwise with stirring while the pH
was kept at 9.0 with sodium carbonate solution. After 30 min
stirring at 0 °C, the organic phase was separated, and diluted
to a volume of 8 mL with CHCI;. The solution was extracted
with 10 mL of cold 0.1 N HCI, and ca. 7 mL of crushed ice.
Each aqueous phase was re-extracted with 4 mL of CHCIl;. The
combined organic phases were extracted with cold brine, and
dried over Na,SO,. The resulting isothiocyanate solution was
used for the subsequent urea formation reaction without further
purification.

To a 25 mL round flask charged with piperazinone scaffold
4 (100 mg, 0.38 mmol) was added a fraction (1.2 equiv.) of the
above solution. The mixture was stirred under N, at 0 °C for
1 h, and at rt for 4 h. Then the solvent was removed under

reduced pressure and the resulting residue was subjected to silica
gel column chromatography using 0.5-2.5% MeOH-CH,Cl, as
eluant to afford the thiourea 28 (140 mg, 83% yield) as a colorless
oil: oy (500 MHz, CDCl;) 0.94 (6H, d, J 6.2), 1.01 (6H, d, J 6.7),
1.65 (2H, m), 1.72 (2H, m), 1.81 (1H, m), 1.90 (1H, m), 3.15 (1H,
m), 3.45 (2H, m), 3.73 (3H, s), 4.30 (1H, d, J 14.5), 4.73 (1H, d, J
14.5), 4.79 (1H, m), 4.93 (1H, m), 5.18 (1H, dd, J 13.2 and 7.0),
591(1H,d, J 7.5),7.00 (2H, t, J 8.5), 7.20 (2H, dd, J 8.5 and 5.5);
m/z (FAB) 452 (M* + 1-SH,).

Saponification of 28 in a manner similar to that described for
the synthesis of 27, afforded 29 as colorless oil in 80% yield: oy
(400 MHz, CDCl;) 0.93 (3H, d, J 6.5), 0.98 (12H, m), 1.61-1.83
(6H, m), 3.12 (1H, brd, J 12.5), 3.40 (2H, m), 4.16 (1H, d, J 14.5),
4.83 (1H, d, J 14.5), 5.37 (2H, m), 5.47 (1 h, br d, J 14.0), 6.63
(1H,d, J7.0),7.01 2H, t, J 8.5), 7.18 (2H, dd, J 8.5 and 5.5); m/z
(FAB) 438 (M* + 1-SH.,).

Syntheses of compound 33

A mixture of aminoacetaldehyde dimethyl acetal (1.1 mL,
10 mmol), Cbz-L-leucine (2.99 g, 10 mmol), EDCI (1.92 g,
10 mmol), in 20 mL anhydrous methylene chloride was stirred
at rt for 5 h. The reaction mixture was diluted with 80 mL
methylene chloride, and the solution was washed with 1 N HCI
(20 mL), saturated sodium bicarbonate solution (20 mL), and
brine (20 mL). The organic phase was dried over sodium sulfate,
and passed through a pad of silica gel, and the solid phase was
washed with 1-2.5% MeOH-CH,Cl,. Fractions were combined
and the solvent was removed to afford compound 11a as a white
solid (3.3 g, 86%): mp 123-124 °C; oy (500 MHz, d,-methanol)
2.72 (1H, dd, J 14.0 and 9.0), 2.95 (1H, dd, J 14.0 and 6.0), 3.13
(2H, m), 3.18 (6H, s), 4.17 (1H, t, J 6.0), 4.23 (1H, dd, J 9.0 and
6.0),4.87 (1H, d, J 13.0),4.91 (1H, d, J 13.0), 7.06-7.20 (10H, m);
m/z (FAB) 387.1917 (M* + 1, requires 387.1920).

Compound 11a (3.0 g, 7.8 mmol) was dissolved in 30 mL 70%
TFA-H,O and the solution was stirred at rt for 2 h. The solvent
was removed on a rotary evaporator to give a yellow oil, which
was dissolved in 150 mL ethyl acetate and washed with saturated
NaHCO; and brine. The organic phase was dried over anhydrous
Na,SO,, and the solvent removed to give compound 12a as a
white solid (2.1 g, 84%). A single crystal for analysis was obtained
by slow evaporation of a hexanes—EtOAc solution of 12a: mp
141-142 °C; 'H 6y (500 MHz, d,-methanol) 2.77-2.85 (2H, m),
4.41 (0.5H, d, J 12.5), 4.66 (0.5H, ddd, J 9.0, 5.0 and 1.5), 4.77
(0.5H, m), 4.80 (0.5H, d, J 12.0), 4.88 (0.5H, d, J 12.5), 4.99
(0.5H, d, J 12.5), 5.44 (0.5H, d, J 6.0), 5.67 (0.5H, d, J 6.0), 6.08
(0.5H, dd, J 6.0 and 1.5), 6.19 (0.5H, dd, J 6.0 and 1.5), 6.95—
7.24 (10H, m); m/z (FAB) 323.1396 (M* + 1, C,yH,N,O; requires
323.1396).

To a stirred solution of compound 12a (966 mg, 3.0 mmol) in
12 mL anhydrous THF was added 60% NaH (120 mg, 3.0 mmol) at
0 °C. The solution was stirred at rt for 0.5 h. Then 4-chloromethyl-
1-Boc-imidazole (7, 700 mg, 3.2 mmol) was added, and the
solution was stirred at rt for 0.5 h. The reaction mixture was
then cooled to room temperature and the solvent was removed on
arotary evaporator. The resulting residue was dissolved in EtOAc,
washed with aqueous NH,Cl solution and brine. The organic
phase was dried over Na,SO, and concentrated to give a yellow
oil, which was subjected to silica gel column chromatography
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using hexanes—EtOAc (3 : 1-1 : 1) to afford 13al as a colorless
oil (150 mg, 10%): dy (500 MHz, CDCl,) 1.53 (9H, s), 2.86 (2H,
m), 4.35-4.60 (2.5H, m), 4.84-5.04 (2.5H, m), 5.58 (0.5H, d, J 6.0),
5.79 (0.5H, d, J 6.0), 6.10 (0.5H, d, J 6.0), 6.31 (0.5H, d, J 6.0),
6.96-7.30 (11H, m), 7.95 (1H, s); m/z (FAB) 503.2294 (M* + 1,
requires 503.2294).

Compound 13al (100 mg, 0.2 mmol) was treated with 2 mL 20%
TFA-CH,CI, at rt for 1 h. After removal of the solvent, 33 was
obtained as a colorless oil (78 mg, 97%): d, (500 MHz, CDCl;)
2.82 (2H, m), 4.48 (1.5H, m), 4.73 (1H, m), 4.83-5.05 (2.5H, m),
5.49 (0.5H, d, J 6.0), 5.70 (0.5H, d, J 6.0), 6.19 (0.5H, d, J 6.0),
6.34 (0.5H, d, J 6.0), 6.88-7.28 (11H, m), 8.38 (1H, s); m/z (FAB)
403.1770 (M* + 1, C;3Hy;N,O; requires 403.1770).

Syntheses of compounds 34 and 35

To a stirred solution of compound 12a (1 g, 3.1 mmol) in 14 mL
anhydrous THF was added 60% NaH (124 mg, 3.1 mmol) at
0 °C. The solution was stirred at rt for 0.5 h. Then 4-chloromethyl-
1-tritylimidazole* (8, 850 mg, 3.1 mmol) was added, and the
solution was stirred at 60 °C for 2 h. The reaction mixture was
then cooled to room temperature and the solvent was removed on
a rotary evaporator. The residue obtained was subjected to silica
gel column chromatography using hexanes—EtOAc (3:1-1:1) to
afford compound 13a2 as a colorless oil (1.2 g, 60%): oy (500 MHz,
d,-methanol) 2.71 (2H, m), 4.43 (1.5H, m), 4.54 (0.5H, d, J 15.0),
4.57 (0.5H, d, J 15.0), 4.70 (0.5H, m), 4.75 (0.5H, m), 4.80 (0.5H,
d,J 12.0),4.87 (0.5H, d, J 12.0), 4.96 (0.5H,d, J 12.5), 5.55 (0.5H,
d, J 6.0), 5.76 (0.5H, d, J 6.0), 6.10 (0.5H, dd, J 6.0 and 1.5),
6.22 (0.5H, dd, J 6.0 and 1.5), 6.76 (1H, s), 6.85-7.28 (20H, m),
7.30 (1H, s); m/z (FAB) 645.2865 (M* + 1, C,,H3,N,O; requires
645.2866).

Reaction of scaffold 12a with 1-benzyl-4-chloromethyl-1H-
imidazole following previously described procedure for 13a2 gave
34 as a colorless oil (315 mg, 44%): Jy (500 MHz, d,-methanol)
2.79-2.94 (2H, m), 4.47-4.63 (2.5H, m), 4.84-5.01 (2.5H, m),
5.10 (2H, s), 5.66 (0.5H, d, J 5.9), 5.87 (0.5H, d, J 5.9), 6.17
(0.5H, d, J 5.9), 6.32 (0.5H, d, J 5.9), 6.98-7.34 (16H, m), 7.67
(1H, s); o¢ (125 MHz, d,-methanol) 37.37, 44.12, 52.19, 59.87,
69.42, 109.96, 110.12, 115.03, 120.29, 128.29, 129.19, 129.58,
129.71, 129.82, 129.98, 130.44, 131.15, 138.40, 138.50, 139.16,
154.84,166.30; m/z (FAB)493.2226 (M* + 1, C;,H,N,O; requires
493.2240).

Scaffold 13a2 (213 mg, 0.33 mmol) was dissolved in AcOEt
(2mL). To the solution it was added bromomethyl-benzene (44 pL,
0.37 mmol) and the mixture was stirred under N, at 60 °C for
24 h. The solvent was removed, MeOH (2.5 mL) were added,
and the solution was stirred under N, at 60 °C for 24 h. The
solution was concentrated under reduced pressure and the residue
was washed with hexanes (2 x 5 mL). The resulting residue
was subjected to silica gel column chromatography using 1-5%
MeOH-CH,Cl, as eluant to afford 35 as a colorless oil (20 mg,
12%): 6y (500 MHz, d,-methanol) 2.51 (1H, d, J 6.6), 2.55-2.72
(1H, m), 3.94-4.26 (1.5H, m), 4.39 (0.5H, t, J 5.9), 4.50 (0.5H, t,
J 5.7), 4.68-4.90 (2.5H, m), 4.95 (2.5H, s), 5.23 (0.5H, d, J 6.1),
5.78 (0.5H, d, J 6.0), 6.03 (0.5H, dd, J 1.4 and 6.0), 6.63-7.29
(16H, m), 7.42 (1H, s); dc (125 MHz, d,-methanol) 36.7, 48.8,
58.3, 59.0, 68.2, 109.5, 109.9, 111.0, 126.2, 127.3, 128.2, 128.5,
128.6, 128.7, 128.8, 129.0, 129.0, 129.1, 129.9, 129.9, 135.9, 136.3,

153.0, 164.4; m/z (FAB) 493.2242 (M* + 1, C;,H5xN,O; requires
493.2240).

Syntheses of compounds 40 and 41

Compound 13a2 (1.2 g, 1.86 mmol) was dissolved in 30 mL
MeOH-EtOAc (2 : 1) and to the solution was added 10%
Pd/C. The mixture was hydrogenated at atmospheric pressure
overnight. Then the solution was filtered, and the solvent was
removed to give compound 14a2 as a colorless oil (0.92 g, 96%):
Jn (500 MHz, d,-methanol) 2.50 (2H, m), 3.00 (2H, m), 3.22 (1H,
t, J 5.0), 2.26 (1H, dd, J 8.0 and 5.0), 3.60 (1H, dd, J 11.5
and 5.0), 4.39-4.57 (3H, m), 6.90 (1H, s), 7.07-7.39 (20H, m),
7.42 (1H, s); m/z (FAB) 513.2653 (M* + 1, C;,H3;;N,O requires
513.2654).

Reaction of scaffold 14a2 with L-leucine methyl ester isocyanate
following the previously described general procedures gave trityl-
protected 40 as a colorless oil in 80% yield: J4 (500 MHz, d,-
methanol) 0.81 (3H, d, J 6.5), 0.82 (3H, d, J 6.5), 1.02 (1H, m),
1.26 (2H, m), 2.83 (1H, ddd, J 14.0, 11.0 and 4.0), 3.01 (1H, dd, J
13.5 and 9.0), 3.12 (1H, dt, J 12.2 and 3.0), 3.31 (1H, dd, J 13.5
and 3.8), 3.40 (1H, ddd, J 11.7, 11.7 and 4.0), 3.64 (3H, s), 4.03
(2H, m), 4.21 (1H, dt, J 8.3 and 5.2), 4.31 (1H, d, J 14.5), 4.41
(1H, brs), 4.65 (1H, d, J 14.5), 6.78 (1H, s), 7.05-7.34 (20H, m),
7.36 (1H, s); m/z (FAB) 684.3552 (M* + 1, C,,H,N;O, requires
684.3550).

General procedure for deprotection and hydrolysis

Trityl-protected compound 15 (0.2 mmol), was dissolved in 2 mL
of 40% TFA-CH,Cl,. Triethylsilane was added dropwise until
the deep yellow color disappeared. The mixture was stirred at
rt for 1 h. The solvent was removed and the resulting residue was
dried under reduced pressure to give a yellow solid. After washing
with hexanes, the residue was subjected to silica gel column
chromatography using CH,Cl, followed by 5-10% MeOH-CH,Cl,
as eluant. The fractions were combined and concentrated to afford
a colorless oil. The deprotected product (0.2 mmol) was then
dissolved ina 0.5 mL of MeOH, and then 1 mL of 1 N NaOH. The
mixture was stirred at rt for 1 h. The solvent was removed under
reduced pressure, and the resulting residue was suspended in 2 mL
of 30% MeOH-CH,Cl,, and the suspension was passed through a
pad of silica gel. The solid phase was further eluted with 30-50%
MeOH-CH,CI, solution. The fractions containing the product
were combined and the solvent was removed to afford the target
molecules in 80-85% yields.

Deprotection of trityl-protected 40 following the general proce-
dure described previously afforded compound 40 as a colorless oil
in 88% yield: oy (500 MHz, d,-methanol) 0.83 (3H, d, J 6.5), 0.84
(3H, d, J 6.5), 1.20 (1H, m), 1.36 (2H, m), 2.97 (1H, m), 3.10 (2H,
m), 3.25 (1H, dt, J 13.5 and 3.5), 3.45 (1H, m), 3.64 (3H, s), 4.10
(1H, brd, J 12.0),4.21 (1H, m), 4.46 (1H, d, J 15.5),4.73 (2H, m),
4.90 (1H, brs), 7.10-7.34 (6H, m), 8.67 (1H, s); . (125 MHz, d,-
methanol) 22.1, 23.0, 24.9, 37.7, 37.8, 41.4, 41.5, 47.0, 52.4, 52.6,
60.2, 118.5, 127.6, 129.2, 129.2, 129.2, 129.9, 129.9, 134.6, 137 .4,
156.7, 168.8, 174.8; m/z (FAB) 442.2455 M* + 1, C;;H;, N0,
requires 442.2454).

Saponification of 40 following the general procedure described
previously afforded 41 as a colorless oil in 85% yield: 4 (500 MHz,
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d,-methanol) 0.68 (3H, d, J 6.0), 0.69 (3H, d, J 6.0), 1.23 (1H, m),
1.31 (2H, m), 2.61 (1H, ddd, J 14.0, 10.5 and 3.8), 2.76 (1H, dt,
J 12.3 and 3.2), 3.03-3.13 (3H, m), 3.66 (1H, br d, J 13.5), 3.96
(1H, dd, J 9.8 and 4.4), 4.25 (1H, d, J 15.0), 4.43 (1H, d, J 15.0),
4.61 (1H, t, J 5.5), 6.84 (1H, s), 6.95-7.03 (5H, m), 7.51 (1H, s);
dc (500 MHz, d,-methanol) 22.5, 24.1, 26.3, 38.8, 39.6, 43.3, 44.5,
47.1, 55.8, 60.3, 119.1, 128.3, 129.9, 129.9, 131.3, 131.3, 135.0,
137.1, 139.1, 158.8, 170.1, 180.6; m/z (FAB) 428.2297 (M* + 1,
Cy,H;3N;O, requires 428.2298).

Syntheses of compounds 42 and 43

To a stirred solution of compound 12a (450 mg, 1.4 mmol) in
5 mL anhydrous THF was added 60% NaH (56 mg, 1.4 mmol) at
0 °C. The solution was stirred at rt for 0.5 h. Then 4-chloroallyl-
1-tritylimidazole? (10, 540 mg, 1.4 mmol) was added, and the
solution was stirred at 60 °C for 2 h. Then the reaction mixture
was cooled to room temperature and the solvent was removed
under reduced pressure. The residue obtained was subjected to
silica gel column chromatography using hexanes—EtOAc (3 : 1-1:
1) to afford compound 13a3 as a colorless oil (200 mg, 21%): dy
(500 MHz, d,-methanol) 2.80 (2H, m), 4.08 (2H, m), 4.48 (0.5H,
d, J 12.0), 4.78 (0.5H, m), 4.84 (0.5H, m), 4.85 (0.5H, d, J 12.0),
493 (0.5H, d, J 12.0), 5.04 (0.5H, d, J 12.0), 5.49 (0.5H, d, J
6.0), 5.73 (0.5H, d, J 6.0), 6.05 (1H, m), 6.16 (0.5H, d, J 6.0),
6.27 (1.5H, m), 6.86 (0.5H, s), 6.87 (0.5H, s), 6.90-7.32 (25H, m),
7.41 (1H, s); m/z (FAB) 670.3024 (M* + 1, C,,H3;yN,O; requires
671.3022).

Compound 13a3 (200 mg, 0.3 mmol) was dissolved in 10 mL
MeOH-EtOAc (2 : 1) and to the solution was added 10%
Pd/C. The mixture was hydrogenated at atmospheric pressure
overnight. Then the solution was filtered, and the solvent was
removed to give compound 14a3 as a colorless oil (160 mg, 99%):
Oy (500 MHz, d,-methanol) 1.81 (2H, m), 2.47 (2H, t, J 8.0), 2.78
(2H, m), 2.98 (1H, dt, J 12.3 and 3.5), 3.06 (1H, dt, J 11.6 and
3.5 Hz), 3.29 (2H, m), 3.35 (1H, m), 3.51 (1H, dd, J 10.0 and 3.5),
6.48 (1H, s), 7.00-7.28 (20H, m), 7.29 (1H, s); m/z (FAB) 541.2966
(M* + 1, C;H3,N,O requires 541.2967).

Scaffold 14a3 was coupled to the L-leucine methyl ester iso-
cyanate following the previously described general procedures to
give trityl-protected 42 as a colorless oil in 85% yield: dy (500 MHz,
d,-methanol) 0.76 (3H, d, J 6.0), 0.77 (3H, d, J 6.0), 1.00 (1H, m),
1.23 (2H, m), 1.80 (2H, m), 2.46 (2H, t, J 7.5), 2.85 (2H, m), 3.01
(1H, dd, J 13.5 and 8.5), 3.16 (1H, ddd, J 13.5, 8.8 and 6.0), 3.30
(2H, m), 3.45 (1H, m), 3.59 (3H, s), 4.02 (1H, br d, J 13.5), 4.07
(1H,d, J 8.0),4.18 (1H, m), 4.36 (1H, brs), 6.48 (1H, s), 7.03-7.28
(20H, m), 7.29 (1H, s); m/z (FAB) 712.3861 (M* + 1, C,,H5N;5O,
requires 712.3863).

Deprotection of the above compound following the general
procedure described previously afforded 42 as colorless oil in 90%
yield: dy (500 MHz, d,-methanol) 0.77 (3H, d, J 5.0), 0.78 (3H,
d, J 5.0), 1.12 (1H, m), 1.29 (2H, m), 1.82 (2H, m), 2.61 (2H,
m), 2.89 (2H, m), 3.03 (1H, dd, J 13.5 and 8.0), 3.26 (3H, m),
3.40 (1H, m), 3.59 (3H, s), 4.04 (1H, br d, J 13.5), 4.15 (1H,
m), 4.55 (1H, m), 4.66 (1H, d, J 7.5), 7.04 (1H, s), 7.10-7.23
(5H, m), 8.46 (1H, s); ¢ (125 MHz, d,-methanol) 21.9, 22.1,
23.0, 24.9, 26.0, 37.8, 37.9, 41.6, 46.5, 46.6, 52.5, 52.5, 60.3,
116.0, 127.5,129.2, 129.2, 130.0, 130.0, 133.4, 133.5, 137.7, 156.7,

168.5, 174.9; m/z (FAB) 470.2766 (M* + 1, C,sH3N;5O, requires
470.2767).

Saponification of 42 following the general procedure described
previously afforded 43 as a colorless oil in 85% yield: dy (500 MHz,
d,-methanol) 0.76 (3H, d, J 6.5), 0.77 (3H, d, J 6.5), 1.27 (1H,
m), 1.38 (2H, m), 1.76 (2H, m), 2.49 (2H, t, J 7.5), 2.70 (1H,
ddd, J 14.0, 11.0 and 4.0), 2.80 (1H, dt, J 12.5 and 3.2), 3.10
(2H, d, J 6.0), 3.18 (1H, m), 3.31 (2H, m), 3.78 (1H, br d, J
13.2), 4.03 (1H, dd, J 10.0 and 4.5), 4.60 (1H, t, J 5.5), 6.80 (1H,
s), 7.04-7.16 (SH, m), 7.70 (1H, s); dc (125 MHz, d,-methanol)
22.5,24.1,24.8, 26.4,27.7, 38.7, 39.5, 43.5, 47.6, 48.3, 56.1, 60.4,
117.8, 128.4,130.0, 130.0, 131.3, 131.3, 136.0, 137.4, 139.2, 158.8,
170.2, 181.1; m/z (FAB) 456.2612 (M* + 1, C,,H3,N;O, requires
456.2611).

Syntheses of compound 32

To a stirred solution of compound 12a (400 mg, 1.2 mmol) in
6 mL anhydrous THF was added 60% NaH (50 mg, 1.2 mmol)
at 0 °C. The solution was stirred at rt for 0.5 h. Then 4-(3-
chloro-propyl)-1-tritylimidazole (480 mg, 1.2 mmol) in 4 mL
anhydrous THF and catalytic amounts of Bu,NI were added.
The mixture was stirred at reflux for 4 h, cooled and quenched
with sat. NH,Cl aqueous solution. The mixture was extracted
with dichloromethane. The organic layer was washed with brine,
dried over Na,SO, and the solvent was removed under reduced
pressure. The residue obtained was a mixture of unreacted starting
materials and compound 16. The mixture was subjected to silica
gel column chromatography using MeOH-CH,Cl, (0.5-5%) to
afford compound 16 as a colorless o0il (210 mg, 30%): 6y (500 MHz,
d,-methanol) 1.60 (1H, m), 1.92 (1H, m), 2.42 (1H, t, J 7.6), 2.58
(1H, t, J 7.6), 2.92-3.06 (2H, m), 3.58 (0.5H, m), 3.89 (0.5H, m),
4.03 (0.5H, m), 4.10 (0.5H, m), 4.85 (0.5H. t, J 7.2), 5.03 (0.5H,
t,J 7.2), 5.43 (0.5H, dd, J 6.0 and 2.8), 5.68 (0.5H, dd, J 5.6 and
3.2),6.16 (0.5H, d, J 6.0), 6.38 (0.5H, d, J 6.0), 6.50 (0.5H, 5), 6.53
(0.5H, s), 7.10-7.35 (21H, m), 8.30 (0.5H, d, J 4.0), 8.36 (0.5H,
d, J 4.0); m/z (FAB) 583.2710 (M* + 1, C;H;sN,O; requires
583.2709).

To a stirred solution of compound 16 (200 mg, 0.36 mmol) in
5 mL anhydrous THF was added 60% NaH (16 mg, 0.4 mmol) at
0 °C. The solution was stirred at rt for 0.5 h. Then 4-chloromethyl-
tritylimidazole® (8, 133 mg, 0.37 mmol) was added, and the
solution was stirred at 60 °C for 2 h. The reaction mixture was
then cooled to room temperature and the solvent was removed
under reduced pressure. The residue obtained was subjected to
silica gel column chromatography using hexanes-EtOAc (3:1-1:
1) to afford compound 17 as a colorless oil (270 mg, 80%): dy
(500 MHz, d,-methanol) 1.39 (1H, m), 1.67 (1H, m), 2.18 (1H, t,
J 7.5),2.35 (1H, m), 2.50-2.68 (2H, m), 3.28 (0.5H, dt, J 10.5 and
6.5),3.60 (0.5H, dt, J 10.5 and 6.5), 3.73 (0.5H, dt, J 10.5 and 6.5),
3.84 (0.5H, dt, J 10.5 and 6.5), 4.22 (0.5H, d, J 15.0), 4.25 (0.5H,
d,J 15.0),4.46 (0.5H, d, J 15.0),4.51 (0.5H, d, J 15.0), 4.60 (0.5H,
t,J 7.0),4.77 (1H, t, J 7.0), 5.45 (0.5H, d, J 6.0), 5.65 (0.5H, d, J
6.0), 5.89 (0.5H, d, J 6.0), 6.12 (0.5H, d, J 6.0), 6.28 (0.5H, s), 6.32
(0.5H, s), 6.56 (0.5H, s), 6.57 (0.5H, s), 6.78-7.20 (37H, m), 7.28
(1H, d, J 7.0); m/z (FAB) 905.4183 (M* + 1, C¢Hs;NO; requires
905.4179).

Deprotection of compound 17 following the general procedure
described previously, using 40% TFA-triethylsilane, afforded 32 as

1780 | Org. Biomol. Chem., 2006, 4, 1768-1784

This journal is © The Royal Society of Chemistry 2006





a colorless oil in 85% yield: J,; (500 MHz, d,-methanol) 1.68 (1H,
m), 1.90 (1H, m), 2.53 (1H, t, J 7.5), 2.68 (1H, t, J 7.5), 2.79-2.95
(2H, m), 3.55 (0.5H, dt, J 10.0 and 6.0), 3.86 (0.5H, dt, J 10.5
and 6.5), 4.05 (1H, m), 4.64-4.85 (3H, m), 5.73 (0.5H, d, J 6.0),
5.95 (0.5H, d, J 6.0), 6.25 (0.5H, d, J 6.0), 6.36 (0.5H, d, J 6.0),
6.98-7.20 (5H, m), 7.24 (1H, s), 7.42 (0.5H, s), 7.45 (1H, s), 8.74
(1H, s), 8.76 (1H, s); m/z (FAB) 421.1987 (M* + 1, C,,H,5sNO;
requires 421.1988).

Syntheses of compounds 44 and 45

Alkylation of compound 12a with 4-chloromethyl-5-methyl-1-
tritylimidazole® (9) using conditions similar to that described for
the synthesis of compound 13a2, afforded compound 13a4 as a
colorless oil in 70% yield: dy; (500 MHz, d,-methanol) 1.40 (3H,
s),2.76 (2H, m), 4.44 (1.5H, m), 4.55 (0.5H, d, J 15.0), 4.59 (0.5H,
d, J 15.0), 4.77 (0.5H, m), 4.84 (0.5H, d, J 12.0), 4.87 (0.5H, m),
4.93(0.5H, d, J 15.0), 5.02 (0.5H, d, J 15.0), 5.63 (0.5H, d, J 5.8),
5.83 (0.5H, d, J 5.8), 6.19 (0.5H, d, J 5.8), 6.31 (0.5H, d, J 5.8),
6.76 (1H, s), 6.96-7.40 (21H, m); m/z (FAB) 659.3025 (M* + 1,
C;H3oN,O; requires 659.3022).

Compound 14a4 was obtained as a colorless oil in 98% yield
by hydrogenation of compound 14a3, using similar conditions
described previously: dy (500 MHz, d,-methanol) 1.42 (3H, s),
2.10 (1H, br), 2.77 (2H, m), 3.00 (1H, dt, J 12.5 and 4.0), 3.32
(2H, m), 3.38 (1H, dd, J 13.5 and 3.2), 3.53 (1H, dd, J 10.0
and 3.3), 435 (1H, d, J 14.5), 4.60 (1H, d, J 14.5), 7.00-7.34
(21H, m); m/z (FAB) 527.2812 (M* + 1, C;sH3sN,O requires
527.2811).

Scaffold 14a4 was coupled to the L-leucine methyl ester iso-
cyanate following he previously described general procedures to
give trityl-protected 44 as a colorless oil in 85% yield: dy (500 MHz,
d,-methanol) 0.81 (3H, d, J 6.0), 0.82 (3H, d, J 6.0), 1.02 (1H, m),
1.27 (2H, m), 1.46 (3H, s), 2.91 (1H, ddd, J 13.5, 10.5 and 3.5),
3.03 (1H, dd, J 14.0 and 8.8), 3.15 (1H, dt, J 12.0 and 3.0), 3.33
(1H, dd, J 13.5 and 3.5), 3.39 (1H, ddd, J 11.7, 11.7 and 4.0),
3.64 (3H, s), 4.00 (1H, br d, J 8.0), 4.04 (1H, br d, J 13.5), 4.22
(1H, dt, J 8.3 and 5.0), 4.41 (1H, d, J 14.5), 4.42 (1H, br s), 4.58
(1H, d, J 14.5), 7.06-7.35 (21H, m); m/z (FAB) 698.3706 (M* +
1, C43HyN;5O, requires 698.3706).

Deprotection of the above mentioned compound following the
general procedure described previously afforded 44 as a colorless
oil in 88% yield: o4 (500 MHz, d,-methanol) 0.81 (3H, d, J 6.0),
0.82 (3H, d, J 6.0), 1.10 (1H, m), 1.30 (2H, m), 2.36 (3H, s), 3.06
(2H, m), 3.28 (1H, J 13.5 and 3.8), 3.45 (1H, ddd, J 12.0, 12.0 and
4.5),3.63 (3H, s), 4.08 (1H, br d, J 13.5), 4.20 (1H, m), 4.54 (4H,
m), 7.13-7.25 (SH, m), 8.43 (1H, s); ¢ (100 MHz, d,-methanol)
9.5, 22.1, 23.0, 24.8, 37.7, 37.9, 40.4, 41.7, 47.0, 52.4, 52.5, 60.6,
124.6, 127.6, 128.6, 129.2, 129.2, 129.9, 129.9,132.8, 137.6, 156.7,
168.5, 174.6; m/z (FAB) 456.2612 (M* + 1, C,,H3,N;50O, requires
456.2611).

Saponification of 44 following the general procedure described
previously afforded 45 as a colorless oil in 85% yield: i (500 MHz,
d,-methanol) 0.68 (3H, d, J 6.0), 0.70 (3H, d, J 6.0), 1.21 (1H, m),
1.31 (2H, m), 2.08 (3H, s), 2.66 (1H, ddd, J 13.5, 10.0 and 3.7),
2.75 (1H, dd, J 12.3 and 3.2), 3.00-3.15 (3H, m), 3.66 (1H, br
d, J 13.5), 3.95 (1H, dd, J 10.0 and 4.5), 4.28 (1H, d, J 14.8),
4.38 (1H, d, J 14.8), 4.60 (1H, t, J 5.5), 6.95-7.04 (SH, m), 7.42
(1H, s); dc (125 MHz, d,-methanol) 10.4, 22.6, 24.1, 26.3, 38.8,

39.5,42.9,43.6,46.8, 56.1, 60.3, 128.3, 129.1, 129.6, 129.9, 129.9,
131.2,131.3,135.4,139.1,158.7,169.9, 181.1; m/z (FAB) 442.2455
(M* + 1, C3H3,N;5O, requires 442.2454).

Syntheses of compounds 69 and 70

Compounds 11¢ were synthesized using conditions similar to that
described for the synthesis of compound 11a, and were purified
using the same chromatographic condition. Using Cbz-p-fluoro-
L-phenylalanine, compound 11c¢ was obtained as a white solid in
95% yield: mp 118-119 °C; §; (500 MHz, CDCl;) 3.01 (2H, m),
3.28(1H,s),3.29(1H,s),4.19(1H, t,J 5.0),4.33 (1H, m), 5.07 (2H,
brs), 5.29 (1H, m), 5.78 (1H, m), 6.95 (2H, t, J 8.7), 7.13 (2H, m),
7.28-7.36 (SH, m); m/z (FAB) 405.1825 (M* + 1, C,;H,xN,O;F
requires 405.1826).

Compound 12¢ was synthesized using conditions similar to that
described for the synthesis of compound 12a. Compound 12¢ was
obtained in 85% yield as a colorless solid: dy (500 MHz, CDCl;)
2.85-3.06 (2H, m), 4.65 (0.5H, d, J 12.0), 4.87 (0.5H, t, J 6.5),
4.96 (0.5H, d, J 12.0), 5.03 (1.0H, m), 5.14 (0.5H, d, J 12.0), 5.40
(0.25H, d, J 5.5), 5.41 (0.25H, d, J 5.5), 5.64 (0.25H, d, J 5.5),
5.65(0.25H, d, J 5.5), 6.16 (0.5H, d, J 6.0), 6.37 (0.5H, d, J 6.0),
6.83-7.40 (10H, m); m/z (FAB) 341.1302 (M* + 1, C,,H4sN,O;F
requires 341.1301).

Alkylation of compound 12¢ with 4-chloromethyl-5-methyl-1-
tritylimidazole?” (9) using conditions similar to that described
for the synthesis of compound 13a2, afforded compounds 13c
as colorless oils in 65% yield: oy (500 MHz, CDCI;) 1.44 (1.5H,
s), 1.45 (1.5H, s), 2.75-2.92 (2H, m), 4.46 (0.5H, d, J 12.0), 4.48
(0.5H, d, J 12.0), 4.58 (0.5H, d, J 12.0), 4.64 (0.5H, d, J = 14.5),
4.73 (0.5H, d, J 14.5), 4.85 (0.5H, t, J 6.5), 4.91 (0.5H, d, J 12.0),
4.98 (0.5H, d, J 12.0), 5.00 (0.5H, t, J 6.5), 5.10 (0.5H, d, J 2.0),
5.76 (0.5H, d, J 6.0), 5.91 (0.5H, d, J 6.0), 6.14 (0.5H, d, J 6.0),
6.34 (0.5H, d, J 6.0), 7.04-7.35 (25H, m); m/z (FAB) 677.2928
(M* + 1, C;3HxN,O;F requires 677.2928).

Compounds 14¢ were obtained in 95% yields by hydrogenation
of compound 13¢, using similar conditions described previously,
as a colorless oil: dy (500 MHz, CDCl;) 1.41 (3H, s), 2.80 (2H, m),
3.00 (1H, dt, J 12.5 and 4.0), 3.28-3.33 (3H, m), 3.50 (1H, dd, J
10.0 and 3.5), 4.36 (1H, d, J 14.5), 4.58 (1H, d, J 14.5), 6.86-7.40
(20H, m); m/z (FAB) 545.2717 M* + 1, C;sHyN,OF requires
545.2717).

Scaffold 14¢ was coupled to L-leucine methyl ester isocyanate
following the previously described general procedures to give
trityl-protected 69 as colorless oil in 87% yield: dy (500 MHz,
d,-methanol) 0.80 (6H, d, J 6.0), 1.09 (1H, m), 1.30 (2H, m),
1.49 (3H, s), 2.78 (1H, ddd, J 13.5, 10.5 and 3.5), 3.01 (1H, dd,
J 14.0 and 8.5), 3.08 (1H, dt, J 12.0 and 3.0), 3.22 (1H, dd, J
14.0 and 4.0), 3.33 (1H, ddd, J 12.5, 11.0 and 4.5), 3.61 (3H,
s), 3.94 (1H, br d, J 14.0), 4.11 (1H, br d, J 8.0), 4.24 (1H, m),
4.34 (1H, d, J 14.5), 4.39 (1H, m), 4.55 (1H, d, J 14.5), 6.85-7.34
(20H, m); m/z (FAB) 716.3609 (M* + 1, C;;H,;N;O,F requires
716.3612).

Deprotection of the above mentioned compound following the
general procedure described previously afforded 69 as a colorless
oil in 85% yield: 6y (CDCl;, 500 MHz) 0.79 (d, J = 6.2, 3H), 0.82
(d, J = 6.2, 3H), 1.17 (m, 1H), 1.28 (m, 1H), 1.34 (m, 1H), 2.31
(s, 3H), 3.03 (m, 2H), 3.20 (br d, J = 10.0, 1H), 3.42 (m,1H), 3.61
(s, 3H), 4.06 (br d, J = 11.5, 1H), 4.18 (m, 1H), 4.47 (d, J = 15.0,
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1H), 4.55(d, J = 15.0, 1H), 4,63 (brs, 1H), 4.74 (br s, 1H), 6.89 (t,
J =28.0,2H), 7.08 (dd, J = 7.5, 5.5, 2H), 8.44 (s, 1H); d. (CDCl;,
125 MHz) 9.3, 22.0, 22.8, 24.9, 36.8, 37.8, 40.4, 41.6, 47.0, 52.5,
52.6, 60.0, 115.9, 116.1, 124.4, 128.6, 131.4, 131.5, 133.0, 133.1,
156.7, 161.4, 163.4, 168.7, 174.7; m/z (FAB) 474.2517 (M* + 1,
C,H33N5O,F requires 474.2517).

Saponification of 69 following the general procedure described
previously afforded 70 as a colorless oil in 85% yield: dy (500 MHz,
d,-methanol) 0.76 (3H, d, J 6.0),0.78 (3H, d, J 6.0), 1.28-1.44 (3H,
m), 2.17 (3H, s), 2.82 (1H, ddd, J 14.0, 10.0 and 3.5), 2.90 (1H, dt,
J 12.0and 3.5), 3.10 (2H, m), 3.21 (2H, m), 3.78 (1H, br d, J 13.0),
4.03 (1H, dd, J 10.0 and 4.5), 4.36 (1H, d, J 14.8), 4.48 (1H, d, J
14.8), 4.65 (1H, t, J 5.5), 6.82 (2H, t, J 8.5), 7.06 (2H, dd, J 8.5
and 5.5), 7.57 (1H, s); d¢ (125 MHz, d,-methanol) 10.2, 22.4, 24.0,
26.3, 37.8, 39.5, 42.8, 43.2, 47.0, 55.7, 60.2, 116.4, 116.6, 129.1,
129.5,132.9, 133.0, 133.0, 135.0, 135.3, 135.3, 158.8, 169.9, 180.5;
m/z (FAB) 460.2359 (M* + 1 requires 460.2360).

Synthesis of compound 73

A mixture of L-leucine methyl ester hydrochloride (1.83 g,
10 mmol), Cbz-L-leucine (2.99 g, 10 mmol), DIEA (1.8 mL,
10 mmol), EDCI (1.92 g, 10 mmol), in 20 mL anhydrous methylene
chloride was stirred at rt for 5 h. The reaction mixture was diluted
with 80 mL methylene chloride, and the solution was washed with
1 N HCI, saturated sodium bicarbonate solution, and brine. The
organic phase was dried over sodium sulfate, and passed through
a pad of silica gel, and the solid phase was washed with 1-2.5%
MeOH-CH,Cl,. Fractions were combined and the solvent was
removed to afford compound 21a (3.7 g, 87%) as a colorless
oil: oy (500 MHz, d,-methanol) 0.80 (3H, d, J 6.5), 0.81 (3H,
d, J 6.5), 1.38 (1H, m), 1.43 (1H, m), 1.49 (1H, m), 2.95-3.08
(2H, m), 3.62 (3H, s), 4.36 (1H, m), 4.48 (1H, m), 5.01 (1H,
d, J 14.8), 5.03 (1H, d, J 14.8), 5.22 (1H, br s), 6.04 (1H, m),
7.11-7.32 (10H, m).

To a solution of compound 21a (1 g, 2.35 mmol) in 15 mL
anhydrous dichloromethane was added DIBAL-H (1.5 M in
toluene) (3.2 mL, 4.8 mmol) at —78 °C. The reaction was stirred
at this temperature for 1 h before being quenched by adding 1 mL
of methanol and 7 mL of water. After warming to rt, the reaction
mixture was extracted with dichloromethane. The organic layer
was separated and dried over Na,SO, and concentrated to give
a yellow solid. The mixture was subjected to silica gel column
chromatography using hexanes—EtOAc (2 : 1) as eluant to afford
aldehyde 21b (380 mg, 40%) as a colorless oil: dy (500 MHz, d,-
methanol) 0.88 (6H, m), 1.24 (1H, m), 1.31 (1H, m), 1.42 (1H,
m), 3.06 (1H, m), 3.14 (1H, m), 4.43 (2H, m), 5.11 (2H, br s),
5.30 (1H, m), 6.11 (1H, m), 7.10-7.40 (10H, m), 9.40 (0.5H,
s), 9.47 (0.5H, s); m/z (FAB) 397.2127 (M* + 1, C;;H,xN,O,
397.2127).

Compound 21b (300 mg, 0.76 mmol) was dissolved in 5 mL
70% TFA-H,O, and the solution was stirred at rt for 2 h. The
solvent was removed in vacuo to give a yellowish oil, which was
dissolved in ethyl acetate and washed with saturated NaHCO,
aqueous solution and brine. The organic phase was dried over
anhydrous Na,SO,, and the solvent removed to give scaffold 22
(250 mg, 87%) as a colorless oil: o (500 MHz, d,-methanol) 0.86—
1.00 (6H, m), 1.68-2.08 (3H, m), 2.89-3.10 (2H. m), 4.51 (0.5H,
d, J 12.0), 4.90 (0.5H, dd, J 9.0 and 5.0), 4.97 (0.5H, d, J 12.0),

5.05(0.5H, d, J 12.5), 5.07 (0.5H, m), 5.15 (0.5H, d, J 12.5), 5.97
(0.5H, s), 6.15 (1H, s), 7.10-7.50 (10H, m), 7.69 (1H, br s); m/z
(FAB) 379.2023 (M* + 1, C;;H,;N,O; requires 379.2022).

Alkylation of scaffold 22 (250 mg, 0.78 mmol) with 4-
chloromethyl-5-methyl-1-tritylimidazole* (9), using conditions
similar to that described for the synthesis of compound 13a2,
afforded compound 23 in 15% yield after chromatography on a
silica gel column using hexanes—-EtOAc (3 : 1-1 : 1) as eluant.
Unreacted starting materials were recovered. Compound 23 was
obtained as a colorless oil (80 mg, 15%): d4 (500 MHz, d,-
methanol) 0.89-1.01 (6H, m), 1.36 and 1.39 (3H, s), 1.66 (2H, m),
1.80 and 1.88 (1H, dd, J 15.0 and 10.0), 2.75-2.94 (2H, m), 4.15-
4.25(1.5H, m), 4.77-4.84 (1.5H, m), 4.94-5.00 (1H, m), 5.10-5.16
(1H, m), 6.00 and 6.20 (1H, s), 6.93-7.27 (21H, m); m/z (FAB)
715.3651 M* + 1, C,;H,;N,O; requires 715.3648).

Compound 23 was hydrogenated, using conditions similar to
those described previously, to generate predominantly the 6.5
isomer in 90% yield: oy (500 MHz, d,-methanol) 0.79 (3H, d,
J 6.5), 0.80 (3H, d, J 6.5), 1.14 (1H, m), 1.48 (3H, s), 1.52 (2H,
m), 2.83 (2H, m), 3.08 (1H, dd, J 13.5 and 8.0), 3.22 (1H, dd, J
13.5 and 4.0), 3.38 (1H, m), 3.66 (1H, dd, J 7.5 and 4.0), 3.87
(1H, d, J 15.0), 5.19 (1H, d, J 15.0), 7.07-7.35 (21H, m); m/z
(FAB) 583.3437 (M* + 1). Without further purification, the crude
product (60 mg) was coupled to L-leucine methyl ester isocyanate
following previously described general procedures. The product
was purified by silica gel column chromatography using MeOH—
CH,Cl, (0.5-5%) as eluant to afford compound 24 (63 mg, 80%)
as a colorless oil: 4 (500 MHz, d,-methanol) 0.79 (3H, d, J 6.5),
0.80 (3H, d, J 6.5 Hz), 0.82 (3H, d, J 6.5), 0.86 (1H, m), 0.92 (3H,
d, J 6.5), 0.93 (1H, m), 1.16 (2H, m), 1.33 (3H, s), 1.63 (1H, m),
1.84 (1H, m), 2.82 (1H, dd, J 3.0 and 10.0), 3.04 (1H, dd, J 14.0
and 10.0), 3.42 (1H, dd, J 14.0 and 3.0), 3.46 (1H, m), 3.49 (3H, s),
3.88 (1H, d, J 12.5), 4.08 (1H, d, J 15.5), 4.19 (1H, m), 4.28 (1H,
dd, J 14.0 and 3.0), 4.37 (1H, dd, J 10.0 and 2.5), 5.37 (1H, d, J
15.5), 7.06-7.35 (21H, m); m/z (FAB) 754.4335 (M* + 1, requires
754.4332).

Deprotection of compound 24 following the general procedure
described previously afforded compound 25 as a colorless oil
(35 mg, 85% yield): oy (500 MHz, d,-methanol) 0.78 (3H, d, J
6.5), 0.79 (3H, d, J 6.5), 0.84 (3H, d, J 6.5), 0.87 (3H, d, J 6.5),
1.06 (1H, m), 1.15 (2H, m), 1.28 (1H, m), 1.39 (1H, m), 1.60 (1H,
m), 2.30 (1H, s), 2.82 (1H, dd, J 14.0 and 10.0), 3.08 (1H, dd, J
13.0 and 10.0), 3.33 (1H, br d, J 13.0), 3.52 (1H, m), 3.63 (3H, s),
4.17 (1H, dd, J 14.0 and 7.5), 4.34 (1H, dd, J 14.0 and 3.5), 4.46
(1H, brd, J 7.5Hz), 4.54 (2H, brs), 4.68 (1H, brs), 7.15-7.30 (5H,
m), 8.51 (1H, s); o (125 MHz, d,-methanol) 9.5, 21.4, 22.0, 23.0,
24.3,24.7,249,37.2,38.2,41.1, 41.5,41.9, 52.3, 52.5, 55.7, 61.2,
125.2,126.8, 127.6, 129.3, 129.3, 129.9, 129.9, 133.4, 137.6, 156.9,
168.9, 174.8; m/z (FAB) 512.3238 (M* + 1, C;xH,,N;O, requires
512.3237).

Saponification of compound 25 following the general procedure
described previously afforded 73 as a colorless oil (27 mg, 85%
yield): dy (500 MHz, d,-methanol) 0.59 (3H, d, J 6.0),0.73 (3H, d,
J 6.0),0.76 (3H, d, J 6.0), 0.77 (3H, d, J 6.0), 1.20-1.50 (6H, m),
2.09 (3H, s), 2.72 (1H, dd, J 14.0, 10.0), 3.15-3.19 (2H, m), 3.24
(1H, m), 3.96 (1H, dd, J 14.0, 4.5), 4.00 (1H, dd, J 11.0, 4.5), 4.06
(1H, d, J 15.5),4.72 (1H, t, J 5.5), 5.18 (1H, d, J 15.5), 7.12-7.20
(5H, m), 7.62 (1H, s); o (125 MHz, d,-methanol) 10.7, 21.5, 22.3,
24.1,24.8,25.9,26.2, 38.2,39.2, 41.3, 43.1, 43.8, 54.4, 55.5, 61.1,

1782 | Org. Biomol. Chem., 2006, 4, 1768-1784

This journal is © The Royal Society of Chemistry 2006





128.3,129.2,129.8, 130.0, 130.0, 131.2, 131.2, 135.3, 139.4, 159.3,
171.7, 180.5; m/z (FAB) 498.3079 (M* + 1, C;;H4N;O, requires
498.3080).

Biological assays

The in vitro inhibition assays of PGGTase-1 and PFTase were
carried out by measuring the PH]JGGPP and [*H]FPP incor-
porated into H-Ras-CVLL and H-Ras-CVLS, respectively, as
previously described.* The in vivo inhibition of geranylgerany-
lation and farnesylation was determined based on the level of
inhibition of Rapl1A and H-Ras processing, respectively.® Briefly,
oncogenic H-Ras-transformed NIH 3T3 cells were treated with
various concentrations of inhibitors, and the cell lysates were
separated on 12.5% SDS-PAGE. The separated proteins were
transferred to nitrocellulose and immunoblotted using an anti-
Ras antibody (Y 13-258) or an anti-Rap1A antibody (SC-65, Santa
Cruz Biotechnology, Santa Cruz, CA). Antibody reactions were
visualized using either peroxidase-conjugated goat anti-rat IgG
or goat anti-rabbit IgG and an enhanced chemiluminescence
detection system.

Molecular modeling

Docking studies were done using GOLD v. 2.1 on a Dell 1686
running RedHat Linux 7.2. The GOLD program*® set the atom
types for both the protein and the ligands. The structure of
mammalian protein PGGTase-I was obtained from its complexed
X-ray crystal structure with GGPP and a peptide substrate (PDB
code: 1N4Q). The active site was defined with a radius of 10 A
from the zinc ion and the GOLD Program detected the active-
site pocket with a radius of 10 A. The imidazole nitrogen of the
inhibitors and the protein zinc atom interaction was increased
by a factor of 10 as a desired constraint. The ten best docked
conformations were collected for each inhibitor. The default
parameters were used for the GOLD Scoring fitness function.
For generating conformations, the default genetic algorithm and
population parameters were also used: population size = 100,
selection pressure = 1.10, islands = 5, maximum operations =
100 000, niche size = 2, crossover weight = 95, mutate weight = 95
and migrate weight = 10. The default annealing parameters used
were: van der Waals = 2.5 and hydrogen bonding = 4.0.
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A range of new tetra- and pentahydroxylated seven-membered iminoalditols has been efficiently

synthesized from epoxyazepane precursors via nucleophilic opening with hydride or oxygenated species
and subsequent hydrogenolysis. One tetrahydroxylated azepane, a ring homologue of
deoxymannojirimycin, displays a selective and fairly good inhibition of a-L-fucosidase.

Introduction

Glycosidases, which are known to increase the rate of glycosidic
bond hydrolysis by a factor of 107, making them among the most
proficient enzymes in Nature,! play many fundamental roles in bio-
chemistry and metabolism. As a consequence, iminosugar-based
glycosidase inhibitors have been the subject of extensive interest
in the past three decades due to their therapeutic potential.> Some
of them have already been tested or approved in the treatment of
diabetes,® Gaucher’s disease,* HIV infection,’ viral infection® or
cancer’ and they are now expected to find an increasing number
of therapeutic applications.® Extensive synthetic work has been
devoted to five- and six-membered iminosugars,” which mimic
the ring size of the naturally occuring sugars. Despite promising
biological results’ and conformational flexibility that could
match the unusual conformation encountered in the glycosidase
transition state,!* the synthesis of seven-membered azasugars'* has
received only limited attention. As part of an ongoing project on
the design of new carbohydrate mimetics based on conformational
flexibility, we have previously reported the synthesis and biological
evaluation of an a-nojirimycin homologue 1, a f-mannojirimycin
homologue 2** and an a-galactonojirimycin analogue 3'* (Fig. 1).
In order to establish a structure—activity relationship (SAR) for
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HO N HO N
5 5
G 4
HO""\3 2/ ~OH HO™\3 2/ "OH
HO OH HO OH

o-nojirimycin
homologue 1

a-galactonojirimycin
homologue 3

[-mannojirimycin
homologue 2

Fig. 1 Structure of analogues 1-3.
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this new class of compounds and design new structures with
potent glycosidase activity, we wanted to develop a versatile
strategy enabling access to all stereoisomers at pseudo C-1 and
C-2 positions of the polyhydroxylated azepane, such positions
being crucial for glycosidase inhibition and selectivity. In this
paper, we report, starting from key epoxyazepanes, the efficient
synthesis of new 1,6-dideoxy-1,6-iminoheptitols. All the tetra- and
pentahydroxylated azepanes synthesized were then evaluated as
glycosidase inhibitors. For clarity reasons, the numbering used
for these compounds follows the numbering of the parent sugar
thus emphasizing the analogy between the azepanes and the
corresponding monosaccharides.

Results and discussion

Our strategy takes advantage of our previously reported
epoxyazepanes 4-7, obtained by m-CPBA epoxidation of an
azacycloheptene produced by ring-closing metathesis (RCM)
of the corresponding iminodiene.’* Epoxyazepane derivatives
have been previously used in the synthesis of a) the optically
active constituent of the antifungal antibiotic ophiocordin,** b)
azepanone-based inhibitors of human and rat cathepsin K, ¢)
azepane—glycoside antibiotics targeting the bacterial ribosome,'®
d) protein kinase C inhibitor balanol.” The stereochemistry of the
oxirane ring in epoxides 4-7 was deduced from the '"H-NMR J,,
and J,; coupling constants (Fig. 2) and was compared to those
obtained for tricyclic epoxides 8 and 9 (Fig. 3).

z z z z
BnO N BnO N BnO~ ™. N BnO~™. N
. 1 . 1 X 1 . 1
BnO""\3 » BnO""\; 2% BnO“"Q BnO""\; /%
(o 2 (0] (O R 2 (0]
o BnO
5 6

BnO Bn BnO
4 7
Ji,2 4.4 Hz J1,24.3Hz Ji2 4.2 Hz J1p 4.4 Hz
J2,3 0.8 Hz Ja,3 1.9 Hz Ja,3 2.4 Hz Ja,3 4.4 Hz

Fig.2 Structureand 'H-NMR J,, and J,; coupling constants of epoxides
4-7.

Compound 8 has previously been reported by us and its crystal
structure solved.!* We were also able to solve the crystal structure
of compound 9" available in our laboratory (Fig. 4).
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Fig.3 Structureand '"H-NMR J,, and J,; coupling constants of epoxides
8and9.

Fig. 4 Crystal structure of epoxyazepane 9.

Discriminating J,; coupling constants were observed for the
oxirane rings cis and trans to the neighbouring C-3 substituent,
trans epoxides 5 and 7 displaying always higher J,; values than
the corresponding cis epoxides 4 and 6, a trend also observed with
tricyclic epoxides 8 and 9.

Oxirane ring opening with Super-Hydride®

Regarding the previously reported polyhydroxylated azepanes, we
were particularly interested in the deoxygenation of the azepane
ring at C-1 to afford compounds which, for two of them, can be
seen as seven-membered analogues of the canonical inhibitors
deoxynojirimycin (DNJ)* and deoxymannojirimycin (DMJ)*
(Fig. 5).

H H H H
N HO N
HO N HO N HO
HO™ ™ "OH HO™ on  HOUN HO™"
OH OH HO ©OH HO O

Azepane-based homologues

H

Deoxynojirimycin Deoxymannojirimycin

Fig. 5 Analogy between DNJ, DMJ and azepane-based homologues.

Such compounds should be easily accessible from epoxy-
azepanes 4-7 via regioselective epoxide opening with hydride
species. Such an approach has been described in the case of
piperidine derivatives to have access to fagomine and congeners.?!
Epoxides 4 and 5" were treated with Super-Hydride® in THF
to give the corresponding separable alcohols 10-11 and 12-13

respectively in good yield (70-88%), the 1-deoxy derivatives 10 and
12 being the major products indicating a preferred nucleophilic
attack of the epoxide at C-1.2> Nucleophilic opening of simple
epoxyazepanes has been studied by the group of Tanner.”® They
observed a remarkable C-2 regioselective opening of these systems
invoking both a nitrogen substituent steric effect and a charge
control. We have previously obtained such selectivity during azide
opening of our epoxyazepanes,” albeit with a lower degree of
regiocontrol. The opposite regioselectivity obtained for azide and
hydride oxirane ring opening of epoxyazepanes 4 and 5 is difficult
to rationalize due to the flexibility of the seven-membered ring.
Finally, hydrogenolysis of compounds 10-13 quantitatively af-
forded the corresponding tetrahydroxyazepanes 14-17 (Scheme 1),
compounds 14 and 16 being the exact homologues of deoxyman-
nojirimycin and deoxynojirimycin, respectively.

z
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BnO™ BnO“ L
BnO 4 0 BnO ©

z Z

BnO N BnO N Bn

BnO™ * Bno™ OH BnO™ * BnO™ “OH
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) 11 (30%)

ZN
@
>
o
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BnO BnO Bnd  OH BnO
10 (40% 30%, 12 (60%) 13 (28%)

H H H H
HO\_N HO\_N HO\_N HO\_N
+ +
Ho™ HO™ OH Ho™ HO™ “1OH
HO  OH HJ Hd  OH Hd
14 15 16 17

Scheme 1 Synthesis of tetrahydroxyazepanes 14-17. Reagents and con-
ditions: a) Super-Hydride®, THF, 70-88% yield; b) H,, 10% Pd/C,
MeOH/1M HCI quant.

The same sequence was uneventfully applied to diastereomeric
epoxides 6 and 7 to afford alcohols 18-21. Interestingly, alcohol
21 was only observed as traces.”* The corresponding tetrahydroxy-
azepanes 22-25 were obtained after hydrogenolysis (Scheme 2).

Some similar iminocyclitols displaying other stereochemistries
have been reported by Lin’s group.”

Oxirane ring opening with sodium nitrite

We have previously described the synthesis and inhibitory activity
of o-D-nojirimycin homologue 1 and B-D-mannojirimycin homo-
logue 2 in which a cis diol functionality is present at positions
C-1 and C-2 of the ring. Both compounds displayed potent
and selective glycosidase inhibition on a- and B-galactosidases
respectively.”* These biological results encouraged us to investi-
gate the synthesis and the biological evaluation of the correspond-
ing trans 1,2-diols, in particular the B-D-nojirimycin and o-D-
mannonojirimycin homologues. These latter should bring useful
insights into the role of the two hydroxyl groups present at these
positions in terms of selectivity and potency. Such structures
should be rapidly accessible from epoxides 4 and 5 via nucleophilic
opening with oxygenated species. We first envisioned the epoxide
opening with nucleophiles such as caesium acetate and potassium
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Scheme 2 Synthesis of tetrahydroxyazepanes 22-25. Reagents and con-
ditions: a) Super-Hydride®, THF, 74-77% yield; b) H,, 10% Pd/C,
MeOH/1M HCI quant.

hydroxide, but no trans diol was isolated and only starting material
was recovered. These results led us to evaluate the opening of these
epoxides under acidic conditions. Treatment of epoxide 4 with aq.
sulfuric acid in DMF afforded the expected diols 26 and 27 albeit
in low yield.?® Unfortunately epoxide 5, under the same conditions,
yielded a complex mixture of compounds. Milder conditions were
thus needed that could be applied to each epoxide and afford all the
possible stereoisomers. A known procedure using sodium nitrite
proved to be successful.” Treatment of epoxide 4 with sodium
nitrite in aqueous DMF gave the corresponding trans 1,2-diols
26 and 27 in a low unoptimized 30% yield and 1 : 1 ratio. The
same conditions were applied to epoxide 5 to yield compounds 26
and 27 in very similar yield and ratio. Subsequent hydrogenolysis
furnished the corresponding a-homomannonojirimycin 28 and f3-
homonojirimycin 29 in quantitative yield (Scheme 3).

aor b aorb Bn
"OH + BnO™
BnO OH BnO OH
cond. a { 16% (from 4) 14% (from 4)
16% (from 5) 15% (from 5)
cond. b { 28% (from 4) 5% (from 4)
mixture (from 5) mixture (from 5)
C c
o;:)g_?C)H

Scheme 3  Synthesis of a-D-homomannonojirimycin 28 and -D-homono-
jirimycin 29. Reagents and conditions: a) NaNO,, DMF/H,O; b) 15% aq.
H,SO,, DMF (1 : 10); ¢) H,, 10% Pd/C, MeOH, 1M aq. HCI, quant.

The same conditions were uneventfully applied to epoxides
6 and 7 to afford the B-L-homogulonojirimycin 32 and o-L-
homoidonojirimycin 33 (Scheme 4).

z z
BnO™. N BnO™ BnO™ BnO™. N
aorb aorb
BnO™ <‘ }\ BnO" Q OH + BnO" QOH BnoO* Qo

BnO BnO OH BnO OH
6 7
cond. a { o% (from 6) 2% (from 6)
29% (from 7) 11% (from 7)
28% (from 6) 6% (from 6)
cond-b { 30% (from 7) traces (from 7)
I I
H H
HO™. N HO™. N
HO* OH HO“"Q‘OH
HO O©OH HO O©OH
32 33

Scheme4 Synthesis of f-L-homogulonojirimycin 32 and o-L-homoidono-
jirimycin 33. Reagents and conditions: a) NaNO,, DMF/H,O0; b) 15% aq.
H,SO,, DMF (1 :10); ¢) H,, 10% Pd/C MeOH, 1M aq. HCI, quant.

Inhibition on glycosidases

Iminoheptitols 14-17, 22-25, 28, 29, 32, 33 were assayed towards
a range of commercially available glycosidases.?® They did not
inhibit B-galactosidases from Escherichia coli and Aspergillus
oryzae at 1 mM. For the other enzymes assayed, the results are
shown in Tables 1 and 2. Pentahydroxylated azepanes 28, 29, 32,
33 bearing a trans diol at position C-1 and C-2 were found to be
only weak glycosidase inhibitors. This disappointing result is in
marked contrast with our previously reported pentahydroxylated
azepanes. The fact that these compounds do not significantly
inhibit glycosidases can be tentatively attributed to an important
conformational change imposed by the trans 1,2-diol in these
structures making these molecules unable to interact favorably
with the active site of the glycosidase. Work is now in progress to
determine the predominant conformation of these structures that
could explain the biological results.

Tetrahydroxylated azepanes 14-17 and 22-25 were also assayed
on several glycosidases. Unfortunately we were not able to test
these compounds against a-galactosidase from coffee beans which
was strongly inhibited by some of our previous compounds.
Again and as previously observed, compounds 14-17 with an R
configured hydroxymethyl group are better inhibitors than the
corresponding S configured compounds 22-25. While most of the
tetrahydroxylated compounds synthesized herein show only weak
inhibition on glycosidases, compound 14, a D-manno configured
azepane, does not inhibit the corresponding mannosidase but
displays a competitive inhibition towards bovine kidney o-L-
fucosidase (Ki 10 puM). Similar inhibition values have been
reported for this enzyme with other hydroxylated azepanes.'®*
Compound 16, the ring homologue of deoxynojirimycin, did not
show significant inhibition of glycosidases while its azocane ana-
logue was found to be a fairly good inhibitor of o-L-rhamnosidase
(ICs 110 uM).* Having now in hand many structures and
biological results, work is now in progress to establish a SAR
for this class of compounds towards glycosidases.

Conclusion

In conclusion, using a straightforward strategy based on nucle-
ophilic opening of previously reported epoxyazepanes, we have
obtained twelve new seven-membered ring iminoheptitols. Eight
tetrahydroxylated azepanes 14-17 and 22-25 were synthesized via
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Table 1 Inhibitory activity of compounds 14-17, 28 and 29 towards glycosidases”

HO H HO H HO H HO H HO H HO H
HO™ Ho™" OH HO™ HO"" O Ho?g_}wcm H(;§_>~OH
HO  OH HO HO  ©OH HO HO  OH Ho o
Compound/enzyme 14 15 16 17 28 29
o-L-Fucosidase
Bovine kidney 93% (10 uM) 30% NI NI 40% 31%
a-Galactosidase
Coffee bean ND ND ND ND 35% 29%
B-Galactosidase
Bovine liver 52% 56% 40% 29% 24% 22%
o-Glucosidase
Yeast NI NI NI NI NI NI
Rice NI NI NI NI 40%
Amyloglucosidase
Aspergillus niger NI 57% NI NI NI NI
Rhizopus mold 20% 55% NI NI ND ND
B-Glucosidase
Sweet almonds NI 40% NI NI NI 28%
o-Mannosidase
Jack bean NI NI 16% NI NI 38%
B-Mannosidase
Snail ND ND ND ND NI NI
B-Xylosidase
Aspergillus niger NI NI NI NI 27% 67%
B-N-Acetylglucosaminidase
Jack bean NI NI NI 20% 41% NI
Bovine kidney NI NI NI NI 38% NI

“% of inhibition at 1 mM concentration, optimal pH, 35 °C, ND = not determined, NI = no inhibition at | mM concentration of the inhibitor.

Table 2 Inhibitory activity of compounds 22-25, 32 and 33 towards glycosidases*

Ho— N Ho— N Ho— N Ho—_N Ho—. _N Ho— N
HO™ Q HO™ 'Q‘OH HO™ 'Q""OH HO“"Q HO“"Q""OH HO‘WQ‘OH
HO ©H HO HO HO  ©OH HO  ©OH HO  ©OH
Compound/enzyme 22 23 24 25 32 33
a-L-Fucosidase
Bovine kidney 51% NI NI NI 21% 24%
a-Galactosidase
Coffee bean ND ND ND ND NI NI
B-Galactosidase
Bovine liver 33% NI NI 24% 19% 30%
a-Glucosidase
Yeast NI NI NI NI NI 16%
Rice NI NI NI NI NI NI
Amyloglucosidase
Aspergillus niger NI NI NI NI NI NI
Rhizopus mold NI NI NI NI ND ND
B-Glucosidase
Sweet almonds NI NI NI NI NI NI
a-Mannosidase
Jack bean NI NI NI NI NI NI
B-Xylosidase
Aspergillus niger NI NI NI NI 17% NI
B-N-Acetylglucosaminidase
Jack bean NI NI NI NI NI NI

4% of inhibition at 1 mM concentration, optimal pH, 35 °C, ND = not determined, NI = no inhibition at 1 mM concentration of the inhibitor.
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Super-Hydride® oxirane opening and hydrogenolysis. Two of them
can be seen as ring homologues of classic DNJ (deoxynojirimycin)
and DMJ (deoxymannojirimycin), the latter displaying a good
and selective inhibition on a-L-fucosidase. Four pentahydroxylated
azepanes 28, 29, 32, 33 were also synthesized via sodium nitrite
oxirane opening and hydrogenolysis. These compounds, albeit
similar to previously reported pentahydroxylated azepanes and
only differing by the presence of a trans 1,2-diol on the ring, do
not show significant inhibition of glycosidases.

Experimental
General

Solvents were freshly distilled from Na/benzophenone (THF,
toluene), or P,Os; (CH,Cl,). Reactions were carried under Ar,
unless otherwise stated. Melting points were recorded on a Biichi
535 and are uncorrected. Optical rotations were measured on a
Perkin Elmer 241 digital polarimeter with a path length of 1 dm.
Mass spectra were recorded on a JMS-700 spectrometer, using
chemical ionisation with ammonia or methane. NMR spectra were
recorded on a Britkker DRX-400 (400 MHz and 100.6 MHz, for
'H and "C, respectively). TLC was performed on silica gel 60
F254 (Merck) and developed by charring with conc. H,SO,. Flash
column chromatography was performed using silica gel 60 (230
400 mesh, Merck).

NOTE: For compounds 4-7, 10-13, 18-20, 26-27, 30-31
bearing a benzyloxycarbonyl group on nitrogen, NMR spectra
are provided for the mixture of rotamers.

Typical procedure for epoxidation

Azacycloheptene (330 mg, 0.586 mmol) was dissolved in dry
CH,Cl, (10 mL) under argon and m-CPBA (560 mg, 3.256 mmol,
5.6 eq.) was added to the solution cooled at 0 °C. The reaction
mixture was stirred at RT for 48 h and then cooled to 0 °C and
quenched with Me,S (0.5 mL) stirring for 15 min at RT. The
reaction mixture was then diluted with AcOEt, washed with a
saturated aq. Na,CO; solution and brine. The organic layer was
dried over MgSO, and concentrated. Purification by flash column
chromatography (cyclohexane/AcOEt 4 : 1) afforded epoxide 4
(99 mg, 29% yield) as a colorless oil. Further elution afforded
epoxide 5 (181 mg, 53% yield) as a colorless oil.

Compound 4. [a], —63 (¢ = 1 in CHCL);'H NMR (CDCL,,
400 MHz): § 7.39-7.30 (m, 40H, 8 x Ph), 5.24-5.10 (m, 4H, 4 x
NCOOCHPh), 4.97-4.37 (12 x d, 12H, 12 x CHPh), 4.36 (dd,
1H, J = 6.3 Hz, J = 15.8 Hz, H-7a), 427 (m, 1H, H-5), 4.22
(dd, 1H, J = 6.8 Hz, J = 17.0 Hz, H-7a), 4.11 (m, 1H, H-5),
3.91-3.80 (m, SH, H-3, H-3, H-4, H-4, H-6'a), 3.78 (dd, 1H, J =
4.8 Hz, J = 9.9 Hz, H-6a), 3.62 (dd, 1H, J = 2.8 Hz, J = 10.0 Hz,
H-6'b), 3.58-3.52 (m, 2H, H-6b, H-1), 3.44-3.38 (m, 2H, H-7'b,
H-1%), 3.36 (dd, 1H, J = 3.8 Hz, J = 16.2 Hz, H-7b), 3.30 (dd,
1H, J = 0.7 Hz, J = 4.5 Hz, H-2), 3.23 (dd, 1H, J = 0.8 Hz,
J = 4.4 Hz, H-2); C NMR (CDClL, 100 MHz):  156.10, 155.79
(2 x C=0), 138.30, 138.24, 138.19, 138.02, 138.01, 137.90, 136.42,
136.25 (C,,,), 128.39-127.51 (40 x aromatic C), 80.01 (C-3, C-3),
75.26, 74.95 (2 x CH,Ph), 74.44, 74.41 (C-4, C-4'), 74.33, 74.18,
73.05, 72.99 (4 x CH,Ph), 69.47, 69.41 (C-6, C-6), 67.65, 67.47
(2 x NCOOCH,Ph), 57.21, 57.00 (C-5, C-5'), 56.10, 55.97 (C-2,

C-2)), 55.25, 55.22 (C-1', C-1), 43.17, 42.94 (C-7, C-7); m/z (CI,
NH,): 580 (M + H*, 100%), 597 (M + NH,*, 60%); HRMS (CI,
NHS,): Caled for CsHyxO N (M + H*): 580.2699, Found 580.2695.

Compound 5. [a]p, —43 (¢ = 1 in CHCL;);'H NMR (CDCl,,
400 MHz): 6 7.42-7.33 (m, 40H, 8 x Ph), 5.25-5.11 (m, 4H, 4 x
NCOOCHPH), 5.05-4.76 (m, 6H, 6 x CHPh), 4.62 (app. d, 1H,
J = 16.0 Hz, H-7'a), 4.55-4.34 (m, 8H, 6 x CHPh, H-5, H-7a),
4.25(ddd, 1H, J =2.5Hz, J = 4.7 Hz, J = 8.0 Hz, H-5), 3.88 (t,
1H, J = 9.8 Hz, H-4), 3.86-3.76 (m, SH, H-3, H-4, H-6a, H-6'a,
H-7b), 3.74 (dd, 1H, J = 1.9 Hz, J = 9.7 Hz, H-3'), 3.73 (d, 1H,
J =15.8 Hz, H-7'b), 3.64 (dd, 1H, J = 2.4 Hz, J = 10.2 Hz, H-6D),
3.58 (dd, 1H, J = 2.5 Hz, J = 10.0 Hz, H-6'b), 3.26 (dd, 1H, J =
1.9 Hz, J = 4.4 Hz, H-2'), 3.25(dd, 1H, J = 1.9 Hz, J = 4.4 Hz,
H-2), 3.13 (dd, 1H, J = 1.7 Hz, J = 4.3 Hz, H-1"), 3.07 (dd, 1H,
J = 1.7 Hz, J = 4.3 Hz, H-1); "C NMR (CDCl;, 100 MHz): ¢
156.69, 156.34 (2 x C=0), 138.25, 138.12, 137.97, 137.94, 137.81,
136.61 (C,,,), 128.41-127.58 (40 x aromatic C), 80.55, 80.43 (C-3,
C-3)), 76.06, 76.05 (C-4, C-4), 75.20, 74.89, 73.59, 73.12, 73.08,
73.04 (6 x CH,Ph), 69.76, 69.62 (C-6, C-6'), 67.65, 67.49 (2 x
NCOOCH,Ph), 57.66, 57.09 (C-5, C-5), 57.43 (C-2, C-2'), 53.88,
53.80 (C-1’, C-1), 40.69, 40.62 (C-7, C-7"); m/z (CI, NHj;): 580
M + H*, 30%), 597 (M + NH,*, 100%); HRMS (CI, NH;):
Calcd for C3sH3;OsN (M + H*): 580.2699, Found 580.2703.

Compound 6. [a], —1 (¢ = 1.1 in CHCL);'H NMR (CDCl,,
400 MHz): § 7.43-7.34 (m, 40H, 8 x Ph), 5.32-5.15 (m, 4H, 4 x
NCOOCHPh), 4.87-4.73 (m, 8H, 6 x CHPh, H-5, H-7'a), 4.65—
4.48 (m, 8H, 6 x CHPh, H-5, H-7a), 4.04 (dd, 1H, J = 2.4 Hz,
J = 8.9 Hz H-3), 4.00 (dd, 1H, J = 2.8 Hz, J = 8.6 Hz, H-3),
3.97 (dd, 1H, J = 3.9 Hz, J = 8.9 Hz, H-4), 3.86 (dd, 1H, J =
3.8 Hz, J = 8.3 Hz, H-4), 3.85 (dd, 1H, J = 4.9 Hz, J = 10.2 Hz,
H-6a), 3.78 (dd, 1H, J = 5.2 Hz, J = 10.2 Hz, H-6a), 3.71 (t,
1H, J = 9.5 Hz, H-6b), 3.61 (t, IH, J = 9.5 Hz, H-6'b), 3.54 (d,
1H, J = 16.2 Hz, H-7b), 3.48 (d, 1H, J = 15.9 Hz, H-7b), 3.23
(dd, 2H, J = 2.6 Hz, J = 42 Hz, H-2, H-2), 3.17 (t, 1H, J =
4.1 Hz, H-1"), 3.09 (t, 1H, J = 4.1 Hz, H-1); ®C NMR (CDCl,,
100 MHz): 0 156.29, 156.15 (2 x C=0), 138.30, 138.29, 138.17,
138.14, 137.66, 137.58, 136.58, 136.30 (C,,,,), 128.35-127.40 (40 x
aromatic C), 78.72, 78.23 (C-4, C-4), 77.13, 76.72 (C-3, C-3),
73.43,73.41, 72.95, 72.89, 72.86, 72.71 (6 x CH,Ph), 67.65, 67.31
(2 x NCOOCH,Ph), 64.74, 64.52 (C-6', C-6), 54.89, 54.24 (C-
2, C-2), 54.52, 54.15 (C-1’, C-1), 52.99, 52.66 (C-5, C-5), 38.91,
38.88 (C-7, C-7); m/z (CL, NH,): 580 (M + H*, 100%), 597 (M +
NH.*, 65%); HRMS (CI, NH,): Caled for CsHyO,N (M + H*):
580.2699, Found 580.2696.

Compound 7. [a]p, +56 (¢ = 1 in CHCL;);'H NMR (CDCl,,
400 MHz): 6 7.46-7.30 (m, 40H, 8 x Ph), 5.28-5.16 (m, 4H, 4 x
NCOOCHPhH), 5.06 (dt, 1H, J = 4.2 Hz, J = 8.1 Hz, H-5), 4.96—
4.43 (m, 14H, 12 x CHPh, H-5, H-7'a), 4.39 (dd, 1H, J = 5.5 Hz,
J =15.3Hz, H-7a), 3.91 (dd, 1H, J = 4.1 Hz, J = 10.7 Hz, H-6a),
3.90-3.75 (m, 6H, H-3, H-3, H-4, H-4, H-6'a, H-6b), 3.72 (dd,
1H,J=8.7Hz,J =10.2 Hz, H-6'b), 3.48 (dt, 1H, J = 5.6 Hz, J =
7.4 Hz, H-1), 3.35 (dt, 1H, J = 5.3 Hz, J = 8.2 Hz, H-1), 3.13 (t,
2H,J =4.4Hz, H-2,H-2),2.94(dd, 1H,J=8.2Hz,J =152 Hz,
H-7b), 2.93 (d, 1H, J = 7.4 Hz, J = 14.6 Hz, H-7'b); *C NMR
(CDCl;, 100 MHz): 6 155.99, 155.69 (2 x C=0), 138.14, 137.99,
137.90, 137.86, 137.82, 136.39, 136.23 (C,,), 128.50-127.38 (40 x
aromatic C), 78.59, 78.23 (C-3, C-3), 77.15, 76.79 (C-4, C-4),
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74.31, 74.05, 72.84, 72.78, 72.72 (6 x CH,Ph), 67.57, 67.44 (2 x
NCOOCH,Ph), 65.44, 65.22 (C-6, C-6'), 57.03, 56.86 (C-2, C-2'),
55.15,54.15(C-5, C-5), 51.77, 51.40 (C-1', C-1), 43.58, 43.36 (C-7,
C-7'); m/z (CL,NH,): 580 (M + H*, 100%), 597 (M + NH,*, 10%);
HRMS (CI, NH,): Caled for CyxHyON (M + H*): 580.2699,
Found 580.2698.

Compound 9. [a], —101 (¢ = 1 in CHCl;); mp 175-176 °C
(ethyl acetate/cyclohexane); '"H NMR (CDCl;, 400 MHz): 6 4.43—
4.37 (m, 3H, H-6a, H-6b, H-7a), 4.24-4.16 (m, 3H, H-3, H-4, H-5),
3.53(d, 1H, J = 4.5 Hz, H-2), 3.49 (ddd, 1H, J = 1.4 Hz, J =
4.5Hz,J = 5.8 Hz, H-1),3.29 (dd, IH, J = 1.4 Hz, J = 16.6 Hz,
H-7b), 1.50 (s, 3H, CHj;), 1.48 (s, 3H, CH;); *C NMR (CDCl;,
100 MHz): ¢ 157.57 (C=0), 111.25 (C(CH,),), 75.00 (C-3), 72.00
(C-4), 62.15(C-6), 54.79 (C-2), 53.45 (C-1), 52.48 (C-5), 41.99 (C-
7),26.84 (CHj;), 26.63 (CH;); m/z (CI, NH;): 242 (M + H*, 55%),
259 (M + NH,*, 100%); HRMS (CI, CH,): Calcd for C, H,;OsN
(M + H*): 242.1028, Found 242.1026.

Typical procedure for epoxide ring opening with Super-Hydride®

Epoxide 4 (50 mg, 0.086 mmol) was dissolved in dry THF
(0.4 mL) and the solution was cooled to 0 °C. Super-Hydride®
(0.6 mL, 0.6 mmol, 1M solution in THF) was added and the
reaction mixture was stirred at RT for 16 h by which time
TLC (cyclohexane/AcOEt 2:1) showed a complete reaction. The
reaction mixture was diluted with AcOEt and washed with 1 M
aq. HCI solution, water and brine. The organic layer was dried
over MgSO, and concentrated. Purification by flash column
chromatography (cyclohexane/AcOEt 4 : 1) afforded alcohol 10
(20 mg, 40% yield) as a colorless oil. Further elution afforded
alcohol 11 (15 mg, 30% yield) as a colorless oil.

Compound 10. [a], —27 (¢ = 1 in CHCL;);'H NMR (CDCl;,
400 MHz): 6 7.39-7.28 (m, 40H, 8 x Ph), 5.20-5.08 (m, 4H, 4 x
NCOOCHPh), 4.93-4.37 (m, 12H, 12 x CHPh), 4.29 (t, 1H, J =
9.4 Hz, H-4), 4.26 (t, 1H, J = 9.3 Hz, H-4), 4.25-4.18 (m, 3H,
H-2, H-2, H-5), 4.09 (dt, 1H, J = 3.5 Hz, J = 9.2 Hz, H-5), 3.85
(dd, 1H, J = 4.3 Hz, J = 9.8 Hz, H-6a), 3.79 (m, 1H, H-7'a), 3.76
(dd, 1H, J =4.3 Hz, / = 9.8 Hz, H-6'a), 3.68 (dd, 1H, J = 2.8 Hz,
J =9.8 Hz, H-6b), 3.65 (m, 1H, H-7a), 3.63 (dd, 1H, J = 1.5 Hz,
J = 8.6 Hz, H-3), 3.59 (dd, 1H, J = 2.8 Hz, J = 9.8 Hz, H-6'b),
3.58 (dd, 1H, J = 1.8 Hz, J/ = 9.8 Hz, H-3'), 3.35(ddd, 1H, J =
1.6 Hz, J = 11.5 Hz, J = 13.7 Hz, H-7b), 3.27 (ddd, 1H, J =
3.2 Hz, J = 10.7 Hz, J = 14.2 Hz, H-7'b), 2.51 (s, 2H, OH, OH),
1.92-1.71 (m, 4H, H-1a, H-1'a, H-1b, H-1'b); *C NMR (CDCl,,
100 MHz): 6 155.88, 155.67 (2 x C=0), 138.34, 138.25, 138.20,
138.11, 136.70, 136.58 (C,,,), 128.46-127.45 (40 x aromatic C),
84.05, 83.99 (C-3, C-3), 75.07, 74.72, 74.15, 74.04, 72.97, 72.92
(6 x CH,Ph), 73.71, 73.55 (C-4, C-4), 69.93, 69.69 (C-6, C-0),
69.58, 69.47 (C-2, C-2), 67.21, 67.10 (2 x NCOOCH,Ph), 58.01,
57.76 (C-5', C-5), 39.44, 39.24 (C-7, C-7'), 32.84, 32.04 (C-1, C-1');
m/z (CI, CH,): 582 (M + H*, 100%); HRMS (CI, CH,): Calcd for
C3HyOgN (M + H*): 582.2856, Found 582.2849.

Compound 11. [a], —20 (¢ = 1 in CHCL;);'H NMR (CDCl;,
400 MHz): 6 7.38-7.28 (m, 40H, 8 x Ph), 5.19-5.07 (m, 4H, 4 x
NCOOCHPhH), 4.86-4.37 (m, 12H, 12 x CHPh), 4.31 (m, 1H,
H-5), 4.23 (dt, 1H, J = 4.4 Hz, J = 8.1 Hz, H-5), 4.00-3.88 (m,
5H, H-1, H-1', H-4, H-6'a, H-7a), 3.85 (dd, 1H, J =4.7Hz, J =
14.6 Hz, H-7'a), 3.81-3.72 (m, 3H, H-3, H-3', H-6a), 3.68 (dd,

1H, J = 3.8 Hz, J = 9.8 Hz, H-6'b), 3.65 (m, 1H, H-4), 3.59 (dd,
1H, J = 3.7 Hz, J = 9.8 Hz, H-6b), 3.31 (dd, 1H, J = 8.7 Hz,
J = 14.5 Hz, H-7b), 3.13 (dd, 1H, J = 10.8 Hz, J = 15.0 Hz,
H-7b), 2.48 (s, 2H, OH, OH), 2.41 (m, 1H, H-2a), 2.30 (dd, 1H,
J =39 Hz, J = 14.1 Hz, H-2'a), 1.94 (ddd, 1H, J = 7.3 Hz,
J =8.7Hz, J = 14.1 Hz, H-2'b), 1.86 (dt, 1H, J = 9.0 Hz, J =
14.0 Hz, H-2b); *C NMR (CDClL, 100 MHz): § 156.15, 155.94
(2 x C=0), 138.19, 138.15, 138.04, 137.98, 137.95, 136.59, 136.35
(C,). 128.47-127.56 (40 x aromatic C), 79.84, 79.40 (C-3', C-
3), 78.93, 78.72 (C-4, C-4'), 74.34, 73.62, 73.13, 73.01, 72.97 (6 x
CH,Ph), 69.50, 69.12 (C-6/, C-6), 68.40, 66.82 (C-1, C-1'), 67.51,
67.20 (2 x NCOOCH,Ph), 58.70, 58.19 (C-5, C-5'), 50.88, 50.26
(C-7', C-7), 39.15, 37.56 (C-2, C-2'); m/z (CI, CH,): 582 (M +
H*, 100%); HRMS (CI, CH,): Caled for C;Hy0OGN (M + H*):
582.2856, Found 582.2853.

Compound 12. [a]p, —4 (¢ = 1 in CHCL;);'H NMR (CDCl,,
400 MHz): 7.43-7.31 (m, 40H, 8 x Ph), 5.27-5.16 (m, 4H, 4 x
NCOOCHPh), 5.14-4.35 (m, 12H, 12 x CHPh), 4.31 (dt, 1H, J =
2.6 Hz, J = 9.8 Hz, H-5),4.14 (dt, 1H, J = 2.6 Hz, J = 9.6 Hz, H-
5),4.04(dt, 1H,J =3.3Hz, J = 15.0 Hz, H-7'a), 3.91 (dt, IH, J =
3.3 Hz, J = 15.4 Hz, H-7a), 3.88-3.79 (m, 4H, H-4, H-4', H-6a,
H-6'a),3.75-3.67 (m, 2H, H-2, H-2'), 3.69 (dd, 1H, J = 2.6 Hz, J =
9.8 Hz, H-6b), 3.60 (dd, 1H, J = 2.5 Hz, J/ = 9.7 Hz, H-6'b), 3.50
(t, 1H,J =9.0 Hz, H-3), 3.44 (t, 1H, J = 9.0 Hz, H-3'), 3.24 (s, I H,
OH), 3.20-3.07 (m, 3H, H-7b, H-7'b, OH’), 2.12-2.05 (m, 2H, H-
la, H-1'a), 1.78-1.63 (m, 2H, H-1b, H-1'b); *C NMR (CDCl;, 100
MHz): 6 155.87, 155.42 (2 x C=0), 138.14, 138.10, 138.02, 137.98,
137.84, 136.55, 136.48 (C,,,), 128.58-127.49 (40 x aromatic C),
86.09, 85.91 (C-3, C-3), 77.50, 77.34 (C-4, C-4), 76.13, 76.07,
75.56, 75.31, 73.12, 73.06 (6 x CH,Ph), 73.29, 73.04 (C-2', C-2),
70.06, 69.83 (C-6/, C-6), 67.34, 67.33 (2 x NCOOCH,Ph), 57.82,
57.78 (C-5, C-5),40.10, 39.95 (C-7', C-7), 33.06, 32.44 (C-1, C-1);
m/z (CL, CH,): 582 (M + H*, 100%); HRMS (CI, CH,): Calcd for
CysH,ON (M + H*): 582.2856, Found 582.2850.

Compound 13. [a], —43 (¢ = 1 in CHCL);'H NMR (CDCl,,
400 MHz): § 7.39-7.28 (m, 40H, 8 x Ph), 5.24-5.06 (m, 4H, 4 x
NCOOCHPh), 4.88-4.36 (m, 12H, 12 x CHPh), 4.27 (m, 1H, H-
5'),4.25 (dt, 1H, J = 4.0 Hz, J = 7.8 Hz, H-5), 4.16-4.05 (m, 3H,
H-1,H-1", H-7a), 3.95(dd, 1H, J = 5.3 Hz, J = 9.9 Hz, H-6'a), 3.91
(dd, 1H, J = 1.9 Hz, J = 7.9 Hz, H-3), 3.87 (dd, 1H, J = 2.1 Hz,
J =6.9Hz, H-3),3.84-3.79 (m, 2H, H-4, H-7'a), 3.78 (dd, 1H, J =
4.4 Hz, J = 9.8 Hz, H-6a), 3.71 (dd, 1H, J = 4.5 Hz, J = 10.0 Hz,
H-6'b),3.70 (t, 1H, J = 7.8 Hz, H-4), 3.61 (dd, 1H, J = 3.6 Hz, J =
9.8 Hz, H-6b), 3.58 (dd, 1H, J = 2.8 Hz, J = 14.1 Hz, H-7b), 3.47
(s, IH, OH), 3.41 (dd, 1H, J = 2.6 Hz, J = 15.9 Hz, H-7b), 2.27
(ddd, 1H, J = 1.7 Hz, J = 6.2 Hz, J = 14.2 Hz, H-2a), 2.15 (ddd,
1H,J = 1.6 Hz, J = 6.5 Hz, J = 14.2 Hz, H-2'a), 2.06 (s, |H, OH"),
1.98 (ddd, 1H, J = 4.0 Hz, J = 8.6 Hz, J = 14.3 Hz, H-2'b), 1.92
(ddd, 1H, J = 4.1 Hz, J = 9.6 Hz, J = 14.1 Hz, H-2b); *C NMR
(CDCL, 100 MHz): 6 159.04 (2 x C=0), 138.52, 138.20, 138.11,
137.95, 136.15, 136.09 (C,,.,), 128.64-127.50 (40 x aromatic C),
80.43, 79.61 (C-4, C-4), 77.73, 77.46 (C-3, C-3'), 74.24, 73.76,
73.04, 73.01, 72.97, 72.63 (6 x CH,Ph), 69.42, 69.16 (C-6, C-6),
67.98, 67.53 (2 x NCOOCH,Ph), 67.68, 66.70 (C-1, C-1'), 58.79,
57.68 (C-5', C-5), 50.33,49.02 (C-7', C-7), 38.50, 38.00 (C-2, C-2');
m/z (CL, CH,): 582 (M + H*, 100%); HRMS (CI, CH,): Calcd for
CioHyOGN (M + H*): 582.2856, Found 582.2851.
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Compound 18. [a], +25 (¢ = 1 in CHCL);'"H NMR (CDCl,,
400 MHz): 6 7.38-7.29 (m, 40H, 8 x Ph), 5.29-5.03 (m, 4H, 4 x
NCOOCHPhH), 4.76 (dt, 1H, J = 5.2 Hz, / = 10.2 Hz, H-5), 4.71-
4.40 (m, 13H, 12 x CHPh, H-5), 4.25 (dd, IH, J =52 Hz, J =
7.4 Hz, H-4), 4.21 (m, 2H, H-2, H-2'), 4.17 (dd, 1H, J = 5.1 Hz,
J="7.4Hz,H-4),4.08 (dd, 1H, J = 2.7 Hz, J = 7.5 Hz, H-3), 4.05
(dd, 1H, J = 2.6 Hz, J = 7.4 Hz, H-3'), 3.83-3.76 (m, 1H, H-7a),
3.79 (t, IH, J = 9.0 Hz, H-6'a), 3.74 (t, |H, J = 9.2 Hz, H-6a),
3.69 (m, 1H, H-7'a), 3.59 (dd, 1H, J = 5.5 Hz, J = 8.9 Hz, H-6'D),
3.48 (dd, 1H, J = 5.5 Hz, J = 8.9 Hz, H-6b), 3.19-3.10 (m, 2H,
H-7b, H-7'b), 1.97-1.76 (m, 4H, H-1a, H-1'a, H-1b, H-1'b), 1.71
(s, 2H, OH, OH'); *C NMR (CDCl;, 100 MHz): 6 155.71, 155.49
(2 x C=0), 138.34, 138.18, 138.02, 137.98, 137.92, 137.84, 137.00,
136.88 (Cy,,), 128.48-127.49 (40 x aromatic C), 81.07, 80.96 (C-3,
C-3), 74.78, 74.62 (C-4, C-4), 74.16, 74.03, 73.85, 73.11, 73.06
(6 x CH,Ph), 69.66, 69.39 (C-2, C-2), 67.80, 67.38 (C-6, C-6),
67.03, 66.93 (2 x NCOOCH,Ph), 54.92, 54.84 (C-5, C-5), 39.51,
39.12 (C-7, C-7'), 34.10, 33.36 (C-1, C-1); m/z (CI, CH,): 582
(M + H*, 100%); HRMS (CI, CH,): Calcd for C;;Hy yOsN (M +
H*): 582.2856, Found 582.2853.

Compound 19. [a], +16 (¢ = 1 in CHCL,);'"H NMR (CDCl,
400 MHz): 8 7.39-7.27 (m, 40H, 8 x Ph), 5.25-5.06 (m, 4H, 4 x
NCOOCHPh), 4.81 (dt, 1H, J = 5.0 Hz, J = 9.9 Hz, H-5), 4.71
(dt, 1H, J = 5.4 Hz, J = 10.0 Hz, H-5), 4.78-4.43 (m, 12H, 12 x
CHPh), 4.29 (dd, 1H, J = 4.9 Hz, J = 7.0 Hz, H-4), 4.24 (m, 1H,
H-74a), 4.22 (dd, 1H, J = 5.1 Hz, J = 6.9 Hz, H-4), 4.18 (dd, 1H,
J=5.4Hz,J = 15.5Hz, H-Ta), 4.17-4.10 (m, 2H, H-1, H-3), 4.06
(ddd, 1H, J = 2.0 Hz, J = 5.0 Hz, J = 6.8 Hz, H-3), 4.00 (m, 1H,
H-1)), 3.87 (t, 1H, J = 8.8 Hz, H-6'a), 3.81 (t, 1H, J = 9.2 Hz,
H-6a), 3.73 (dd, 1H, J = 5.2 Hz, J = 8.7 Hz, H-6'b), 3.59 (dd, 1H,
J =5.6Hz, J = 8.9 Hz, H-6b), 3.51 (d, 1H, J = 6.7 Hz, OH), 3.42
(d, 1H, J = 13.8 Hz, H-7b), 3.38 (d, 1H, J = 14.1 Hz, H-7b), 3.08
(d, 1H, J = 9.9 Hz, OH'), 2.27 (m, 1H, H-2a), 2.13 (m, 1H, H-2'a),
2.07-1.98 (m, 2H, H-2b, H-2'b); *C NMR (CDCl,, 100 MHz): 6
157.82, 156.52 (2 x C=0), 138.36, 138.09, 138.08, 138.02, 137.91,
137.56, 136.92, 136.55 (C,,,,), 128.35-127.49 (40 x aromatic C),
77.16, 76.95 (C-3', C-3), 76.59, 76.09 (C-4, C-4'), 73.83, 73.72,
73.09, 73.06, 72.16, 71.61 (6 x CH,Ph), 70.35, 69.43 (C-1, C-1'),
67.52, 67.11 (2 x NCOOCH,Ph), 67.51, 67.01 (C-6, C-6'), 55.26,
55.18 (C-5, C-5'), 47.64, 47.51 (C-7', C-7), 33.21, 32.49 (C-2', C-2);
m/z (CI, CH,): 582 (M + H*, 100%); HRMS (CI, CH,): Calcd for
CHyO N (M + H*): 582.2856, Found 582.2861.

Compound 20. [a], —1 (¢ = 1 in CHCL);'H NMR (CDCl,,
400 MHz): 7.39-7.30 (m, 40H, 8 x Ph), 5.30-5.03 (m, 4H, 4 x
NCOOCHPh), 4.81 (dt, 1H, J = 5.5 Hz, J = 10.2 Hz, H-5), 4.66
4.40 (m, 13H, 12 x CHPh, H-5), 4.25 (dd, 1H, J = 5.4 Hz, J =
6.9 Hz, H-4'),4.19 (dd, 1H, J = 5.4 Hz, J = 6.8 Hz, H-4), 4.14 (m,
1H, H-1),4.05 (ddd, 1H, J = 1.6 Hz, J = 5.1 Hz, J = 6.8 Hz, H-3),
4.02 (m, 1H, H-1), 3.99 (ddd, 1H, J = 1.7 Hz, J = 5.0 Hz, J =
6.9 Hz, H-3'), 3.89-3.78 (m, 4H, H-6a, H-6'a, H-7a, H-7'a), 3.69
(dd, 1H, J = 5.8 Hz, J = 8.9 Hz, H-6'b), 3.58 (dd, 1H, J = 5.7 Hz,
J = 8.9 Hz, H-6b), 3.39 (dd, 1H, J = 9.2 Hz, J = 13.1 Hz, H-7b),
3.37(dd, 1H, J = 9.9 Hz, J = 13.8 Hz, H-7b'), 3.18 (s, 1H, OH),
2.34 (m, 1H, H-2a), 2.29-2.20 (m, 2H, H-2'a, OH'), 2.05-1.92 (m,
2H, H-2b, H-2'b); *C NMR (CDCl,, 100 MHz): 6 156.10, 155.63
(2 x C=0), 138.30, 138.25, 138.12, 138.06, 137.93, 136.87, 136.56
(C,). 128.35-127.09 (40 x aromatic C), 76.35, 76.21 (C-4', C-4),
73.94, 73.82 (C-3, C-3'), 73.75, 73.61, 73.00, 72.97, 71.28, 71.12

(6 x CH,Ph), 67.84, 67.39 (C-6, C-6'), 67.37, 66.23 (C-1, C-1),
67.16, 66.92 (2 x NCOOCH,Ph), 54.38, 54.31 (C-5, C-5), 50.18,
49.46 (C-7, C-7), 34.43, 33.29 (C-2/, C-2); m/z (CI, CH,): 582
(M + H*, 100%); HRMS (CI, CH,): Calcd for C;sH,)OsN (M +
H*): 582.2856, Found 582.2847.

Typical procedure for zrans diol formation

Epoxide opening with sodium nitrite. Epoxide 4 (90 mg,
0.155 mmol) and NaNO, (381 mg, 5.52 mmol) were suspended in
a DMF/water (1.3 mL/0.4 mL) solution and the suspension was
stirred at 90 °C for 48 h by which time TLC (cyclohexane/ AcOEt
1 : 1) showed a complete reaction. The reaction mixture was then
diluted with AcOEt, washed with water and brine. The organic
layer was dried over MgSO, and concentrated. Purification by
flash column chromatography (cyclohexane/AcOEt 3 : 2) afforded
diol 26 (19 mg, 16% yield) as a colorless oil. Further elution
afforded diol 27 (13 mg, 14% yield) as a colorless oil.

Epoxide opening with sulfuric acid. Epoxide 4 (9 mg,
0.015 mmol) was dissolved in 15% aq. H,SO,/DMF (0.08 mL,
0.5 mL) and the solution was stirred at RT for 48 h. The
reaction mixture was then diluted with AcOEt, washed with
aq. saturated NaHCO;, water and brine. The organic layer was
dried over MgSO, and concentrated. Purification by flash column
chromatography (cyclohexane/AcOEt 3 : 2) afforded diol 26
(3 mg, 28% yield) as a colorless oil. Further elution afforded diol
27 (traces) as a colorless oil.

Compound 26. [a], —39 (¢ =0.95in CHCI;);'"H NMR (CDCl,,
400 MHz): 6 7.39-7.22 (m, 40H, 8 x Ph), 5.22-5.01 (m, 4H, 4 x
CHPh), 4.82-4.36 (m, 12H, 12 x CHPh), 4.21 (dt, 1H, J = 4.3 Hz,
7.3 Hz, H-5), 4.16 (app. d, 1H, J = 3.8 Hz, H-2), 4.09 (m, 1H, H-
5, 4.07 (t, 1H, J = 7.8 Hz, H-4), 4.01 (app. dd, 1H, J = 3.0 Hz,
J =15.7Hz, H-7a), 4.01-3.89 (m, 6H, H-1, H-1', H-2’, H-3', H-4,
H-7a), 3.88 (dd, 1H, J = 1.3 Hz, J = 8.1 Hz, H-3), 3.77 (dd,
1H, J =4.7 Hz, J = 9.8 Hz, H-6a), 3.75 (s, |H, OH-1), 3.74-3.69
(m, 2H, H-6’'a, H-6'b), 3.63 (m, 1H, H-7'b), 3.60 (dd, 1H, J =
3.8 Hz, J = 9.8 Hz, H-6b), 3.54 (dd, 1H, J = 1.7Hz, J = 15.4 Hz,
H-7b), 2.66 (s, 1H, OH-2), 2.62 (s, 1H, OH-1"), 2.42 (d, I1H, J =
3.3 Hz, OH-2); B*CNMR (CDCl,, 100 MHz): 6 159.22 (2 x C=0),
138.20, 138.13, 137.93, 137.90, 135.96 (C,,,), 128.62-127.50 (40 x
aromatic C), 81.56, 81.40 (C-3, C-3'), 74.24, 73.94, 73.48, 72.93,
7291 (6 x CH,Ph), 73.82 (C-4, C-4), 73.61, 73.39 (C-2, C-2)),
72.41,70,77 (C-1, C-1'), 68.97, 68.89 (C-6, C-6'), 68.06, 67.50 (2 x
NCOOCH,Ph), 59.58, 57.71 (C-5, C-5'), 46.94, 4491 (C-7, C-7);
m/z (CI, NH;): 598 (M + H*, 100%); HRMS (CI, CH,): Calcd
for C;H,O,N (M + H*): 598.2805, Found 598.2798.

Compound 27. [a]p +3 (¢ = 1 in CHCLy);'H NMR (CDCl,,
400 MHz): § 7.42-7.30 (m, 40H, 8 x Ph), 5.27-5.12 (m, 4H, 4 x
NCOOCHPh), 5.11-4.32 (m, 12H, 12 x CHPh), 4.25 (dt, 1H, J =
2.5Hz, J = 9.8 Hz, H-5), 4.08 (dt, 1H, J = 2.5 Hz, J = 9.6 Hz,
H-5),4.03(dd, 1H, J = 3.7 Hz, J = 14.5 Hz, H-7a), 3.93 (dd, 1H,
J =3.6Hz,J = 14.9 Hz, H-7a), 3.87 (t, 1H, J = 9.5 Hz, H-4'), 3.84
(t, IH, J = 9.4 Hz, H-4), 3.79 (dd, 1H, J = 3.1 Hz, J = 9.9 Hz,
H-6a), 3.74 (dd, 1H, J = 3.3 Hz, J = 9.7 Hz, H-6'a), 3.68 (m, 1H,
H-1'), 3.64 (dd, 1H, J = 2.4 Hz, J = 9.8 Hz, H-6b), 3.62 (m, 1H,
H-1), 3.56 (dd, 1H, J = 2.5 Hz, J = 9.7 Hz, H-6'b), 3.51 (t, 1H,
J = 9.0 Hz, H-2)), 3.51-3.44 (m, 2H, H-2, H-3), 3.42 (t, 1H, J =
9.2 Hz, H-3), 3.25 (s, |H, OH-2), 3.22(dd, 1H, J = 10.3 Hz, J =
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14.8 Hz, H-7b), 3.21 (s, IH, OH-2), 3.16 (dd, 1H, J = 11.5 Hz,
J = 14.5 Hz, H-7b), 2.79 (d, 1H, J = 2.0 Hz, OH-1"), 2.69 (d,
1H, J = 1.5 Hz, OH-1); *C NMR (CDCl,, 100 MHz): 6 155.85,
155.64 (2 x C=0), 137.97, 137.95, 137.85, 137.83, 137.68, 136.33,
136.30 (C,.,), 128.63-127.56 (40 x aromatic C), 82.42, 82.24 (C-
3, C-3), 79.01, 78.94 (C-2, C-2), 77.34, 77.25 (C-4', C-4), 76.31,
76.22, 75.69, 75.44, 73.17, 73.11 (6 x CH,Ph), 71.80, 70.98 (C-1,
C-1), 69.72, 69.51 (C-6, C-6), 67.63, 67.50 (2 x NCOOCH,Ph),
58.14, 58.05 (C-5, C-5), 45.17, 44.90 (C-7', C-7); m/z (CI, CH,):
598 (M + H, 100%); HRMS (CI, CH,): Caled for Cy;H,O,N
(M + H*): 598.2805, Found 598.2797.

Compound 30. [a], +7 (¢ = 1 in CHCL;);'H NMR (CDCl;,
400 MHz): 6 7.38-7.28 (m, 40H, x Ph), 5.28-5.00 (m, 4H, 4 x
NCOOCHPh), 4.73-4.40 (m, 14H, H-5, H-5, 12 x CHPh), 4.25
(dd, 1H, J = 5.3 Hz, J = 7.3 Hz, H-4), 4.13 (m, 2H, H-3, H-4),
4,04 (dd, 1H,J =2.8 Hz, J = 7.3 Hz, H-3'), 3.99 (app. dd, 1H, J =
2.0 Hz, J = 8.0 Hz, H-2), 3.94-3.86 (m, 2H, H-1, H-2'), 3.84-3.70
(m, 5H, H-1', H-6a, H-6'a, H-7a, H-7'a), 3.61 (dd, 1H, J = 5.5 Hz,
J =8.8 Hz, H-6'b), 3.51 (dd, 1H, J = 5.5 Hz, J = 8.9 Hz, H-6b),
3.39 (s, 1H, OH-1), 3.28 (dd, 1H, J = 10.3 Hz, J = 13.8 Hz, H-
7'b), 3.27 (dd, 1H, J = 10.2 Hz, J = 13.9 Hz, H-7b), 2.72 (s, 2H,
OH-1',0H-2),2.44(d, 1H, J =9.1 Hz, OH-2'); *\C NMR (CDCl,,
100 MHz): ¢ 155.97, 155.61 (2 x C=0), 138.18, 138.09, 138.04,
137.69, 137.63, 137.57, 136.76, 136.47 (C,,,), 128.48-127.45 (40 x
aromatic C), 78.54, 78.26 (C-3, C-3), 74.93, 74.82 (C-2, C-2),
74.59, 74.33 (C-4, C-4), 74.16, 74.10, 73.91, 73.86, 73.11, 73.00
(6 x CH,Ph), 72.21, 71.02 (C-1, C-1'), 67.64, 67.19 (C-6, C-6),
67.33, 67.06 (2 x NCOOCH,Ph), 54.10, 53.84 (C-5, C-5), 44.58,
44.40 (C-7,C-7); m/z(CI, CH,): 598 (M + H*, 100%); HRMS (CI,
CH,): Calcd for C;;H, O,N (M + H*): 598.2805, Found 598.2800.

Compound 31. [a], +15 (¢ = 1 in CHCL;);'H NMR (CDCl,,
400 MHz): 6 7.39-7.26 (m, 40H, 8 x Ph), 5.26-5.13 (m, 4H, 4 x
NCOOCHPh), 4.75-4.48 (m, 14H, H-5, H-5, 12 x CHPh), 4.23
(app. t, 1H, J = 4.8 Hz, H-4), 4.15 (app. t, 1H, J = 4.6 Hz, H-4),
4.07 (m, 1H, H-7'a), 4.04 (m, 1H, H-7a), 3.93-3.73 (m, 10H, H-1,
H-1",H-2, H-2, H-3, H-3', H-6a, H-6'a, H-6'b, H-7b), 3.69 (m, 1 H,
H-7'b), 3.60 (m, 2H, H-6b, OH), 3.22 (s, IH, OH), 2.77(d, 1H, J =
6.1 Hz, OH), 1.85 (s, 1H, OH); *C NMR (CDCl;, 100 MHz): §
157.48, 156.18 (2 x C=0), 137.95, 137.76, 137.28, 136.91, 136.52,
136.27 (C,,), 128.54-127.57 (40 x aromatic C), 79.06, 78.94 (C-3,
C-3),77.99,77.89 (C-4,C-4'),75.14,74.18 (C-1, C-1"), 74.46,74.33
(2 x CH,Ph), 73.82, 72.88 (C-2, C-2'), 73.29, 73.12, 73.09, 72.95
(4 x CH,Ph), 67.75, 67.39 (2 x NCOOCH,Ph), 66.93, 66.37 (C-6,
C-6'), 54.73, 54.68 (C-5, C-5), 45.58, 44.62 (C-7, C-7'); m/z (CI,
NH;): 598 (M + H*, 100%), 615 (M + NH,*, 20%); HRMS (CI,
CH,): Calcd for C;H,O,N (M + H*): 598.2805, Found 598.2803.

Typical procedure for hydrogenolysis

Compound 10 (20 mg, 0.034 mmol) was dissolved in CH;OH
(2mL)and a 1 M HCl aq. solution (0.08 mL) was added followed
by 10% Pd/C (20 mg). The suspension was hydrogenated for 16 h,
filtered through a 0.45 uM rotilabo® filter eluted with CH;OH
and concentrated to afford the corresponding polyhydroxylated
azepane 14 as an oil.

Compound 14. [a], +4 (¢ = 0.6 in CH;0H);'H NMR (D,O,
400 MHz): 6 4.31 (ddd, 1H, J =2.0 Hz, J = 2.7 Hz, J = 9.3 Hz,
H-2), 4.02 (dd, 1H, J = 3.9 Hz, J = 12.2 Hz, H-6a), 3.93 (t, lH,

J = 7.5 Hz, H-4), 3.88 (dd, 1H, J = 2.0 Hz, J = 7.5 Hz, H-3),
3.84 (dd, 1H, J = 7.5 Hz, J = 12.2 Hz, H-6b), 3.53 (ddd, 1H,
J=53Hz J=77Hz J=13.5 Hz, H-7a), 3.35 (ddd, 1H, J =
3.9Hz, J =7.5Hz J = 7.5 Hz, H-5), 3.22 (ddd, 1H, J = 5.0 Hz,
J = 7.7 Hz, J = 13.5 Hz, H-7b), 2.24 (dddd, 1H, J = 5.3 Hz,
J=17.5Hz,J=93Hz, J = 15.5 Hz, H-1a), 2.07 (dddd, 1H, J =
28 Hz, J = 5.0 Hz, J = 7.7 Hz, J = 15.5 Hz, H-1b); *C NMR
(D,0, 100 MHz): § 77.04 (C-3), 68.41 (C-4), 68.30 (C-2), 62.24
(C-5), 60.27 (C-6), 42.35 (C-7), 26.45 (C-1); m/z (CI, NH,): 178
(M + H*, 100%); HRMS (CI, NH,): Calcd for C,H,;O,N (M +
H*): 178.1079, Found 178.1074.

Compound 15. [a], +5 (¢ = 0.45 in CH;OH);'H NMR (DO,
400 MHz): 6 4.36 (app. tt, 1H, J = 4.7 Hz, J = 9.3 Hz, H-1), 4.06
(dd, 1H, J =3.6 Hz, J = 12.3 Hz, H-6a), 3.86 (dd, 1H, J = 7.5 Hz,
J =12.3 Hz, H-6b), 3.84 (ddd, 1H, J =29 Hz,J =8.7Hz, J =
9.2 Hz, H-3), 3.71 (t, 1H, J = 8.7 Hz, H-4), 3.42 (dd, 1H, J =
4.7Hz,J = 14.3Hz, H-7a),3.37(dd, 1H, J =4.2Hz, J = 14.3 Hz,
H-7b), 3.26 (ddd, 1H, J = 3.6 Hz, J = 7.5 Hz, J = 8.8 Hz, H-
5), 2.37 (ddd, 1H, J = 2.9 Hz, J = 5.1 Hz, J = 14.8 Hz, H-2a),
1.94 (dt, IH, J = 9.3 Hz, J = 14.8 Hz, H-2b); *C NMR (D,O0,
100 MHz): 6 72.39 (C-4), 70.49 (C-3), 63.35 (C-1), 62.76 (C-5),
59.96 (C-6), 51.84 (C-7), 37.08 (C-2); m/z (CI, NH,): 178 (M +
H*, 100%); HRMS (CI, NH;): Caled for C;H,;O,N (M + H*):
178.1079, Found 178.1082.

Compound 16. [a], +20 (c = 1 in CH,OH);'H NMR (D,O,
400 MHz): 8 3.99 (dd, 1H, J = 3.8 Hz, J = 12.5 Hz, H-6a), 3.93
(dd, 1H, J = 6.3 Hz, J = 12.5 Hz, H-6b), 3.80 (ddd, 1H, J =
34Hz J=7.6Hz J =93 Hz, H-2), 3.75 (dd, 1H, J = 8.4 Hz,
J =9.4Hz, H-4),3.58 (t, 1H, J = 8.1 Hz, H-3), 3.50 (ddd, 1H, J =
3.8 Hz, J = 6.3 Hz, J = 9.4 Hz, H-5), 3.42 (ddd, 1H, J = 3.7 Hz,
J = 6.6 Hz, J = 13.9 Hz, H-7a), 3.31 (ddd, 1H, J = 3.6 Hz, J =
9.6 Hz, J = 13.9 Hz, H-7b), 2.14 (ddt, 1H, J = 3.6 Hz, J = 6.6 Hz,
J = 15.8 Hz, H-1a), 2.06 (dddd, 1H, J = 3.7Hz,J = 9.5 Hz, J =
9.5 Hz, J = 15.8 Hz, H-1b); "C NMR (D,0, 100 MHz): § 78.87
(C-3), 71.33 (C-2), 69.28 (C-4), 59.15 (C-6), 58.56 (C-5), 40.76 (C-
7), 27.86 (C-1); m/z (CI, NH,): 178 (M + H*, 100%); HRMS (CI,
NH,): Caled for C;H,0,N (M + H*): 178.1079, Found 178.1074.

Compound 17. [a], +17 (¢ = 0.6 in CH;OH);'H NMR (DO,
400 MHz): 6 4.37 (app. tt, lH, J = 3.4 Hz, J/ = 6.5 Hz, H-1), 4.06
(ddd, 1H, J = 2.6 Hz, J = 8.5 Hz, J = 9.9 Hz, 1H, H-3), 4.04 (dd,
1H,J =3.6 Hz, J = 12.5 Hz, H-6a), 3.89 (dd, 1H, J =7.6 Hz, J =
12.5 Hz, H-6b), 3.67 (t, IH, J = 8.3 Hz, H-4), 3.51 (dd, IH, J =
3.5Hz,J =13.9 Hz, H-7a), 3.41 (ddd, 1H,J =3.7Hz, J = 7.8 Hz,
J =7.8 Hz, H-5), 3.19 (dd, 1H, J = 6.6 Hz, J = 13.9 Hz, H-7Db),
2.27(ddd, 1H, J = 2.7 Hz, J = 6.3 Hz, J = 14.9 Hz, H-2a), 1.98
(ddd, 1H, J = 3.2 Hz, J = 9.9 Hz, J = 14.9 Hz, H-2b); *C NMR
(D,0, 100 MHz): 6 71.66 (C-4), 68.24 (C-3), 62.46 (C-1), 61.87
(C-5), 59.61 (C-6), 49.21 (C-7), 37.71 (C-2); m/z (CI, NH,): 178
(M + H*, 100%); HRMS (CI, NHj;): Calcd for C;H;,O,N (M +
H*): 178.1079, Found 178.1076.

Compound 22. [a], —1 (¢ = 0.65 in CH;OH);'H NMR (DO,
400 MHz): 6 4.09-4.05 (m, 2H, H-2, H-3), 3.97 (d, 1H, J = 4.9 Hz,
H-4),3.87-3.71 (m, 3H, H-5, H-6a, H-6b), 3.40 (dt, 1H, J=4.6 Hz,
J =13.6 Hz, H-7a), 3.33 (ddd, 1H, J = 3.6 Hz, J = 10.8§ Hz, J =
13.6 Hz, H-7b), 2.30 (dddd, 1H, J = 4.4 Hz, J = 10.8 Hz, J =
10.8 Hz, J = 15.4 Hz, H-1a), 1.87 (m, 1H, H-1b); *C NMR (D,O0,
100 MHz): 6 72.58 (C-3), 69.46 (C-2), 67.92 (C-4), 60.97 (C-6),
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54.78 (C-5), 41.81 (C-7), 25.56 (C-1); m/z (CI, NH,): 178 (M +
H*, 100%); HRMS (CI, NH,): Caled for C,H,;O,N (M + H*):
178.1079, Found 178.1077.

Compound 23. [a]p —13 (¢ = | in CH;OH);'"H NMR (DO,
400 MHz): 6 4.34 (tt, 1H, J = 3.0 Hz, J = 8.7 Hz, H-1), 4.12
(ddd, 1H, J = 4.4 Hz, J = 5.5 Hz, J = 6.7 Hz, H-3), 4.01 (d, 1H,
J =4.4Hz, H-4),3.88 (dd, 1H, J = 8.9 Hz, J = 15.6 Hz, H-6a),
3.79 (dd, 1H, J = 8.7 Hz, J = 15.6 Hz, H-6b), 3.78 (ddd, 1H,
J =0.6 Hz, J = 8.8 Hz, J = 8.8 Hz, H-5), 3.50 (ddd, 1H, J =
1.1 Hz,J =3.0Hz, J =13.2 Hz, H-7a), 3.18 (dd, 1H, J = 8.7 Hz,
J = 13.2 Hz, H-7b), 2.38 (dddd, 1H, J = 1.1 Hz, J = 3.0 Hz,
J =5.5Hz, J = 15.0 Hz, H-2a), 2.00 (ddd, 1H, J = 6.8 Hz, J =
8.7 Hz, J = 15.0 Hz, H-2b); *C NMR (D,0, 100 MHz): § 70.80
(C-4), 69.83 (C-3), 64.05 (C-1), 60.80 (C-6), 58.34 (C-5), 51.57 (C-
7), 38.91 (C-2); m/z (CI, NH;): 178 (M + H*, 100%); HRMS (CI,
NH,): Calcd for C;H,,O,N (M + H*): 178.1079, Found 178.1074.

Compound 24. [a], +4 (¢ = 1 in CH;0H);'H NMR (D,O,
400 MHz): 6 4.37 (m, 1H, H-1), 4.11 (ddd, 1H, J = 3.0 Hz, J =
5.3 Hz,J =5.3 Hz, H-3),3.97 (d, 1H, J = 4.9 Hz, H-4), 3.84 (dd,
IH,J=5.3Hz,J =11.9 Hz, H-6a),3.79 (dd, 1H, J =8.8 Hz, J =
11.9 Hz, H-6b), 3.62 (ddd, 1H, J =0.6 Hz, J = 5.3 Hz, J/ = 8.8 Hz,
H-5),3.47 (dd, 1H, J =4.2 Hz, J = 13.3 Hz, H-7a), 3.28 (dd, 1H,
J ="7.8Hz, J =13.3 Hz, H-7b), 2.22 (ddd, 1H, J =29 Hz, J =
9.4Hz,J =15.0Hz, H-2a),2.13(ddd, 1H, J =3.0 Hz, J = 5.6 Hz,
J = 15.0 Hz, H-2b); *C NMR (D,0, 100 MHz): 6 69.74 (C-4),
68.00 (C-3), 61.91 (C-1), 60.77 (C-6), 57.98 (C-5), 51.47 (C-7),
37.27 (C-2); m/z (CI, NH;): 178 (M + H*, 100%); HRMS (CI,
NH,;): Calcd for C;H,;O,N (M + H*): 178.1079, Found 178.1081.

Compound 25. [a], —18 (¢ = 0.5 in CH,OH);'H NMR (DO,
400 MHz): 6 3.89 (d, 1H, J = 2.8 Hz, H-4), 3.88 (ddd, 1H, J =
1.8 Hz, J = 6.5 Hz, J = 10.1 Hz, H-2), 3.82 (dd, 1H, J = 5.3 Hz,
J = 11.8 Hz, H-6a), 3.79 (dd, 1H, J = 2.8 Hz, J = 6.5 Hz, H-3),
3.73 (dd, 1H, J = 8.9 Hz, J = 11.8 Hz, H-6b), 3.53 (ddd, 1H,
J =2.6Hz, J=64Hz, J = 13.6 Hz, H-7a), 3.50 (dd, 1H, J =
5.3Hz, J = 8.9 Hz, H-5), 3.18 (ddd, 1H, J = 2.2 Hz, J = 11.1 Hz,
J = 13.6 Hz, H-7b), 2.17 (dddd, 1H, J = 2.5 Hz, J = 10.8 Hz,
J =10.8 Hz, J = 15.6 Hz, H-1a), 1.90 (ddt, I1H, J = 2.1 Hz, J =
6.4 Hz, J = 15.6 Hz, H-1b); *C NMR (D,0, 100 MHz): 6 77.80
(C-3), 74.57 (C-2), 69.79 (C-4), 61.15 (C-6), 57.84 (C-5), 44.12 (C-
7), 28.47 (C-1); m/z (CI, NH,): 178 (M + H*, 100%); HRMS (CI,
NH,): Caled for C;H,0,N (M + H*): 178.1079, Found 178.1077.

Compound 28. [a]p +15 (¢ = 1 in CH;OH);'H NMR (D0,
400 MHz): 6 4.16 (ddd, 1H, J =3.6 Hz, / = 7.2 Hz, J = 7.2 Hz,
H-1), 4.09 (dd, 1H, J = 1.7 Hz, J = 7.2 Hz, H-2), 4.07 (dd, 1H,
J =17 Hz, J = 8.6 Hz, H-3), 3.98 (dd, 1H, J = 4.0 Hz, J =
12.4 Hz, H-6a), 3.96 (t, 1H, J = 7.5 Hz, H-4), 3.81 (dd, 1H, J =
8.2Hz,J =12.4 Hz, H-6b), 3.54 (dd, IH, J =3.6 Hz, J = 14.1 Hz,
H-7a), 3.37 (ddd, 1H, J = 4.0 Hz, J = 6.8 Hz, J = 8.2 Hz, H-5),
3.15(dd, 1H, J = 7.2 Hz, J = 14.1 Hz, H-7b); "C NMR (D,O,
100 MHz): § 72.48 (C-2), 72.23 (C-3), 66.76 (C-1), 66.56 (C-4),
62.89 (C-5), 60.16 (C-6), 45.96 (C-7); m/z (CI, NH;): 194 (M +
H*, 100%); HRMS (CI, NHj;): Calcd for C;H;;OsN (M + H*):
194.1028, Found 194.1026.

Compound 29. [a], +17 (¢ =0.62 in CH;OH);'"H NMR (D,O,
400 MHz): 6 4.09 (ddd, 1H, J =3.2Hz, J =62 Hz, J = 6.2 Hz,
H-1),4.04 (dd, 1H, J = 3.7 Hz, J = 12.5 Hz, H-6a), 3.89 (dd, 1H,

J=7.3Hz, J=12.5Hz, H-6b),3.87 (t, 1H, J =9.1 Hz, H-4), 3.74
(t, 1H, J = 6.9 Hz, H-2), 3.67 (dd, 1H, J = 6.9 Hz, J = 8.8 Hz,
H-3),3.43(dd, 1H, J = 3.2 Hz, J = 14.1 Hz, H-7a), 3.39 (dd, 1H,
J =62Hz, J=14.1 Hz, H-7b), 3.37 (ddd, 1H, J =3.7Hz, J =
7.3 Hz, J = 9.4 Hz, H-5); ®*C NMR (D,0, 100 MHz): § 76.04 (C-
3), 75.57 (C-2), 68.81 (C-4), 67.95 (C-1), 60.93 (C-5), 59.36 (C-6),
46.34 (C-7); m/z (CI, NH;): 194 (M + H*, 100%); HRMS (CI,
NH;): Calcd for C;H,;,OsN (M + H*): 194.1028, Found 194.1029.

Compound 32. [a]p +1 (¢ =1in CH;0OH);'H NMR (D,0, 400
MHz): 6 4.16 (dd, 1H, J = 2.3 Hz, J = 6.2 Hz, H-3), 4.10 (ddd,
1H,J =3.6 Hz, J = 6.5 Hz, J = 8.2 Hz, H-1), 4.07 (dd, 1H, J =
1.8 Hz, J = 6.2 Hz, H-4), 3.98 (dd, 1H, J = 2.3 Hz, J = 8.2 Hz,
H-2), 3.84 (dd, IH, J = 5.3 Hz, J = 12.1 Hz, H-6a), 3.79 (dd, 1H,
J =8.6 Hz, J = 12.1 Hz, H-6b), 3.64 (ddd, 1H, J = 1.8 Hz, J =
5.3 Hz, J = 8.6 Hz, H-5), 3.45(dd, 1H, J = 3.6 Hz, / = 13.9 Hz,
H-7a), 3.35 (dd, 1H, J = 6.5 Hz, J = 13.9 Hz, H-7b); *C NMR
(D,0, 100 MHz): § 73.03 (C-2), 72.30 (C-3), 68.02 (C-4), 66.55
(C-1), 60.36 (C-6), 58.59 (C-5), 48.79 (C-7); m/z (CI, NH,): 194
(M + H*, 100%); HRMS (CI, NHj;): Calcd for C;H,,OsN (M +
H*): 194.1028, Found 194.1030.

Compound 33. [a], —19 (c = 1 in CH,OH);'H NMR (D,O,
400 MHz): 6 4.18 (ddd, 1H, J = 2.4 Hz, J = 8.7 Hz, J = 10.0 Hz,
H-1), 3.99 (d, 1H, J = 4.6 Hz, H-4), 3.93 (app. t, 1H, J = 4.6 Hz,
H-3), 3.82 (dd, 1H, J = 5.2 Hz, J = 11.9 Hz, H-6a), 3.75 (dd,
1H, J = 8.8 Hz, J = 11.9 Hz, H-6b), 3.68 (dd, 1H, J = 4.6 Hz,
J = 8.7 Hz, H-2), 3.58 (dd, 1H, J = 5.2 Hz, J = 8.8 Hz, H-5),
3.46 (dd, 1H, J = 2.4 Hz, J = 13.6 Hz, H-7a), 3.16 (dd, 1H, J =
10.0 Hz, J = 13.6 Hz, H-7b); *C NMR (D,0, 100 MHz): 6 79.09
(C-2), 75.58 (C-3), 69.00 (C-4), 67.61 (C-1), 60.75 (C-6), 57.78 (C-
5), 48.14 (C-7); m/z (CI, NH,): 194 (M + H*, 100%); HRMS (CI,
NH,): Caled for C;H,OsN (M + H*): 194.1028, Found 194.1026.

Acknowledgements

We thank Patrick Herson from the Centre de Résolution des
Structures (Université Pierre et Marie Curie, Paris) for solving the
X-ray structure of compound 9. Hongqing Li gratefully acknowl-
edges the China Scholarship Council and Guizhou University for
financial support.

References and notes

1 R. Wolfenden, X. Lu and G. Young, J. Am. Chem. Soc., 1998, 120,
6814-6815.

2 V. H. Lillelund, H. H. Jensen, X. Liang and M. Bols, Chem. Rev., 2002,
102, 515-553; O. R. Martin and P. Compain, Curr. Top. Med. Chem.,
2003, 3, i-iv.

3 A. Mitrakou, N. Tountas, A. E. Raptis, R. J. Bauer, H. Schulzand S. A.
Raptis, Diabetic Med., 1998, 15, 657.

4 T. D. Butters, R. A. Dwek and F. M. Platt, Curr. Top. Med. Chem.,
2003, 3, 561-574.

5 J. E. Groopman, Rev. Infect. Dis., 1990, 12, 908-911; 1. Robina, A. J.
Moreno-Vargas, A. T. Carmona and P. Vogel, Curr. Drug Metab., 2004,
5, 329-361.

6 W. G. Laver, N. Bischofberger and R. G. Webster, Sci. Am., 1999, 280,
78-87; P. Greimel, J. Spreitz, A. E. Stiitz and T. M. Wrodnigg, Curr.
Top. Med. Chem., 2003, 3, 513-523.

7 N. Zitzmann, A. S. Mehta, S. Carrouée, T. D. Butters, F. M. Platt, J.
McCauley, B. S. Blumberg, R. A. Dwek and T. M. Block, Proc. Natl.
Acad. Sci. USA, 1999, 96, 11878-11882.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1653-1662 | 1661





8 A. C. van der Spoel, M. Jeyakumar, T. D. Butters, H. M. Charlton,
H. D. Moore, R. A. Dwek and F. M. Platt, Proc. Natl. Acad. Sci. USA,
2002, 99, 17173-17178; N. Asano, Glycobiology, 2003, 13, 93R-104R.

9 A. Stiitz, Iminosugars as glycosidase inhibitors: Nojirimycin and Beyond,
Wiley-VCH, Weinheim, 1999; for recent reviews on six-membered
azasugars see: M. S. M. Pearson, M. Mathé-Allainmat, V. Fargeas and
J. Lebreton, Eur. J. Org. Chem., 2005, 2159-2191; K. Afarinkia and A.
Bahar, Tetrahedron: Asymmetry, 2005, 16, 1239-1287; for recent work
on five-membered azasugars see: A. J. Moreno-Vargas, A. T. Carmona,
F. Mora, P. Vogel and 1. Robina, Chem. Commun., 2005, 39, 4949-4951.

10 X. Qian, F. Moris-Varas, M. C. Fitzgerald and C.-H. Wong, Bioorg.
Med. Chem., 1996, 4,2055-2069; F. Moris-Varas, X.-H. Qian and C.-H.
Wong, J. Am. Chem. Soc., 1996, 118, 7647-7652.

11 A. Vasella, G. J. Davies and M. Bohm, Curr. Opin. Chem. Biol., 2002,
6, 619-629.

12 For deoxynojirimycin homologues see: (¢) H. Li, Y. Blériot, C.
Chantereau, J.-M. Mallet, M. Sollogoub, Y. Zhang, E. Rodriguez-
Garcia, P. Vogel, J. Jimenez-Barbero and P. Sinay, Org. Biomol. Chem.,
2004, 2, 1492-1499; (b) H. Li, Y. Blériot, J.-M. Mallet, Y. Zhang,
E. Rodriguez-Garcia, P. Vogel, S. Mari, J. Jimenez-Barbero and P.
Sinay, Heterocycles, 2004, 64, 65-74; (¢) D. D. Dhivale, S. D. Markad,
N. S. Karanjule and J. Prakasha Reddy, J. Org. Chem., 2004, 69,
4760-4766; (d) O. M. Saavedra and O. R. Martin, Ph.D. Thesis,
Universitée d’Orléans, 1998; (e) for nojiritetrazole homologues see: K.
Tetzuka, P. Compain and O. R. Martin, Synlett, 2000, 1837-1839;
(f) for swainsonine homologues see: K. B. Lindsay and S. G. Pyne,
Tetrahedron, 2004, 60, 4173-4176; (g) for imidazolosugar homologues
see: K. Weinberg, S. Jankowski, D. Le Nouen and A. Frankowski,
Tetrahedron Lett., 2002, 43, 1089-1092.

13 H. Li, Y. Blériot, J.-M. Mallet, E. Rodriguez-Garcia, P. Vogel, Y. Zhang
and P. Sinay, Tetrahedron: Asymmetry, 2005, 16, 313-319.

14 A. Miiller, D. K. Takyar, S. Witt and W. A. Konig, Liebigs Ann. Chem.,
1993, 651-655.

15 R. W. Marquis, Y. Ru, S. M. LoCastro, J. Zeng, D. S. Yamashita, H.-J.
Oh, K. F. Erhard, L. D. Davis, T. A. Tomaszek, D. Tew, K. Salyers,
J. Proksch, K. Ward, B. Smith, M. Levy, M. D. Cummings, R. C.
Haltiwanger, G. Trescher, B. Wang, M. E. Hemling, C. J. Quinn, H.-Y.
Cheng, F. Lin, W. W. Smith, C. A. Janson, B. Zhao, M. S. McQueney,
K. D’Alessio, C.-P. Lee, A. Marzulli, R. A. Dodds, S. Blake, S.-M.
Hwang, 1. E. James, C. J. Gress, B. R. Bradley, M. W. Lark, M. Gowen
and D. F. Veber, J. Med. Chem., 2001, 44, 1380-1395.

16 S. Barluenga, K. B. Simonsen, E. S. Littlefield, B. K. Ayida, D.
Vourloumis, G. C. Winters, M. Takahashi, S. Shandrick, Q. Zhao, Q.
Han and T. Hermann, Bioorg. Med. Chem. Lett., 2004, 14, 713-718.

17 D. Tanner, A. Almario and T. Hégberg, Tetrahedron, 1995, 51, 6061—
6070.

18 Selected crystal structure data for compound 9 (C, H;sNOs; M
241.24); crystal system orthorhombic; space group P2,2,2,; Z = 4;
cell parameters: a = 6.0153(5), b = 12.4888(9), ¢ = 15.2629(10) A,
a =90, =90,y =90° V = 1146.60(13) A®, T = 250 K; radiation
(MoKa)A=0.71073 A,u =1.11cm™!; 156 variables for 1911 reflections;
final R = 0.0595, Ry = 0.0531. CCDC reference number 279321.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b518117h.

19 S. Inouye, T. Tsuruoka, T. Ito and T. Niida, Tetrahedron, 1968, 24, 2125;
M. Yagi, T. Kouno, Y. Aoyagi and H. Murai, Nippon Nogei Kagaku
Kaishi, 1976, 50, 571-572; S. Murao and S. Miyata, Agric. Biol. Chem.,
1980, 44, 219-221.

20 L. E. Fellows, E. A. Bell, D. G. Lynn, F. Pikiewicz, I. Miura and

K. Nakanishi, J. Chem. Soc., Chem. Commun., 1979, 977-979; D. I.

Hardick, D. W. Hutchinson, S. J. Trew and E. M. H. Wellington,

Tetrahedron, 1992, 48, 6285-6296; T. Furumoto, N. Asano, Y. Kameda

and K. Matsui, J. Antibiot., 1989, 42, 1302-1303.

Y. Banba, C. Abe, H. Nemoto, A. Kato, I. Adachi and H. Takahata,

Tetrahedron: Asymmetry, 2001, 12, 817-819.

22 The regioselectivity of the epoxide opening was deduced from the
chemical shift and multiplicity of the "H-NMR signals for H-1 and
H-2.

23 D. Tanner, L. Tedenborg, A. Almario, I. Pettersson, I. Cséregh, N. M.
Kelly, P. G. Andersson and T. Hogberg, Tetrahedron, 1997, 53, 4857—
4868.

24 Alcohol 21 was obtained in a satisfying yield via a hydroboration—
oxidation sequence starting from the corresponding azacycloheptene,
unpublished results.

25 C.-C. Lin, Y. S. Pan, L. N. Patkar, H.-M. Lin, D.-L. M. Tzou, T.
Subramanian and C.-C. Lin, Bioorg. Med. Chem., 2004, 12, 3259
3267.

26 M. Podeschwa, O. Plettenburg, J. vom Brocke, O. Block, S. Adelt and
H.-J. Altenbach, Eur. J. Org. Chem., 2003, 10, 1958-1972.

27 A. Defoin, H. Sarazin and J. Streith, Tetrahedron, 1997, 53, 13783~
13796.

28 A known protocol was applied: R. Saul, J. P. Chambers, R. J. Molyneux
and A. D. Elbein, Arch. Biochem. Biophys., 1983, 221, 593; A. Brandi,
S. Cicchi, F. M. Cordero, R. Frignoli, A. Goti, S. Picasso and P. Vogel,
J. Org. Chem., 1995, 60, 6806-6812. We verified that the delay of in-
hibitor/enzyme incubation did not affect the inhibition measurements.
Under standard conditions, optimal inhibitory activities were measured
after five minutes of incubation.

29 S. Moutel, M. Shipman, O. R. Martin, K. Ikeda and N. Asano,
Tetrahedron: Asymmetry, 2005, 16, 487-491.

30 G. Godin, E. Garnier, P. Compain, O. R. Martin, K. Ikeda and N.
Asano, Tetrahedron Lett., 2004, 45, 579-581.

2

—_

1662 | Org. Biomol. Chem., 2006, 4, 1653-1662

This journal is © The Royal Society of Chemistry 2006






PAPER

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

Formulation of photocleavable liposomes and the mechanism of their

content releaset

Binita Chandra,” Rajesh Subramaniam,” Sanku Mallik** and D. K. Srivastava*®

Received 4th January 2006, Accepted 22nd February 2006
First published as an Advance Article on the web 29th March 2006
DOI: 10.1039/b518359f

In pursuit of designing photocleavable liposomes as drug delivery vehicles, we synthesized several
amphiphilic lipids by connecting stearyl amine (as the non-polar tail) and charged amino acids (as
polar heads) via the o-nitrobenzyl derivatives. The lipids containing Glu, Asp, and Lys amino acids
were subjected to photocleavage reaction by UV light, and the overall spectral changes of the
chromophoric o-nitrobenzyl conjugates were determined as a function of time. The experimental data
revealed that the feasibility of the cleavage reaction, nature and magnitude of the spectral changes
during the course of the cleavage reaction, and their overall kinetic profiles were dictated by the type of
amino acid constituting the polar head groups. The cleavage reactions of the Asp and Glu containing
lipids were found to be more facile than that of the lysine-containing lipid. Using these lipids, we
formulated photocleavable liposomes, and investigated the photo-triggered release of an encapsulated
(within the liposomal lumen) dye as a function of time. The kinetic data revealed that the release of the
liposomal content conformed to a two-step mechanism, of which the first (fast) step involved the
photocleavage of lipids followed by the slow release of the liposomal content during the second step.
The overall mechanistic features intrinsic to the photocleavage of Asp, Glu and Lys containing
o-nitrobenzyl conjugated lipids, and their potential applications in formulating liposomes (whose
contents can be “unloaded” by the UV light) as drug delivery vehicles are discussed.

Introduction

Among drug carriers, liposomes have been considered to be an
efficient drug delivery vehicle. Presently, there are 13 liposome-
mediated drug delivery systems approved for the treatment of
a variety of human diseases (e.g., breast cancer, ovarian cancer,
meningitis, fungal infections, leukemia, efc.).! In addition, the
liposome-mediated delivery of about 30 other small molecule
drugs, DNA fragments, and diagnostic compounds are currently
at different stages of clinical trials.!

In liposome-mediated target-specific drug delivery systems,
three features need to be taken into consideration: (i) appropriate
coating of liposomes to circumvent their clearance by the reticu-
loendothelial system (RES), (ii) attachment of the target-specific
recognition moiety (e.g., antibodies, receptor agonist/antagonist),
and (iii) incorporation of the triggering mechanism. Polyethylene
glycol coating of liposomes precludes their recognition by the
RES,* and attachment of receptor specific ligands ensures their
adhesion to the target cell surface.® At the target sites, passive
release of the liposome contents can take place by the fusion
of liposomes with cell membranes.* But this process is too slow

“Department of Pharmaceutical Sciences, North Dakota State Univer-
sity, Fargo, North Dakota, 58105, USA. E-mail: sanku.mallik@ndsu.edu;
Fax: 701-231-8333; Tel: 701-231-7661

*Department of Chemistry, Biochemistry and Molecular Biology, North
Dakota State University, Fargo, North Dakota, 58105. E-mail:
dk.srivastava@ndsu.edu, Fax: 701-231-7884; Tel: 701-231-7831

T Electronic supplementary information (ESI) available: spectra for the
liposomal release studies incorporating the photocleavable lipids. See DOI:
10.1039/b518359¢f

for effective drug release. In addition, the liposomal contents
(e.g., easily degradable drug molecules, nucleic acids, enzymes,
etc.), entrapped by endosomes and subsequently exposed to the
lysosomal system, are destroyed prior to eliciting their effects.
These constraints could be circumvented by developing “triggered
release methodology” of the liposomal contents. The triggering
agents commonly employed are pH,’ mechanical stress,® metal
ions,” temperature,® light,” and enzymes."

We recently demonstrated the triggered release of liposomal
contents by a matrix metalloproteinase, MMP-9.!" Since MMP-9
is overexpressed in a variety of cancerous tissues,”? the overall
methodology is likely to find applications in drug delivery.
However, if the cancerous tissues do not overexpress MMP-9,
this method cannot be used for triggering the release of liposomal
contents. In order to develop a more general “triggered” release
methodology, we noted that o-nitrobenzyl substituted compounds
are easily cleaved by near-UV radiation.”® This group is widely
used in organic synthesis as a photolabile protecting group™ and
as a photocleavable linker in solid phase synthesis'® because of its
high photocleavage efficiency in the near-UV range (wavelength
>320 nm). The above group has also been used for “caging”
a variety of biologically important molecules such as ATP'*
cAMP,"” cGMP," and neurotransmitters," as well as in designing
photo-prodrugs.?® With these applications in mind, we recently
synthesized a few o-nitrobenzyl group-containing lipids (with
acidic amino acids as the polar head groups), and investigated
their cleavage reactions in a preliminary manner.?!

It should be mentioned that photolabile liposomes have
been frequently formulated, in recent years, using various
dithiane-based photocleavable lipids.® In these formulations,

1730 | Org. Biomol. Chem., 2006, 4, 1730-1740

This journal is © The Royal Society of Chemistry 2006





photocleavable amphiphilic lipids are synthesized by interfac-
ing a dithiane group between phosphocholine as the polar
“head” groups and fatty acids as the non-polar “tails”. Photo-
polymerization induced destabilization of liposomes and subse-
quent release of liposomal contents are also reported.” Although
these lipids are well suited for formulating photocleavable li-
posomes, their synthetic schemes are rather elaborate and time
consuming. In contrast, our syntheses of o-nitrobenzyl containing
photocleavable lipids are fairly simple, and several variants of the
head and tail groups could be easily incorporated to produce
liposomes with diverse photo-triggered “unloading” features.
Herein, we elaborate on the syntheses of selected o-nitrobenzyl
group containing lipids, and investigate the influence of the
oppositely charged polar head groups (contributed by Asp, Glu
and Lys amino acids) on the spectral and kinetic features of the
overall photocleavage reaction. We further demonstrate that these
lipids are ideally suited for formulating photocleavable liposomes,
and discuss the underlying mechanism of their content release.

Results

The amphiphilic lipids were synthesized by incorporating
“charged” amino acids (viz., Asp, Glu and Lys) as “head” groups
and the alkyl chain of stearyl amine as the “tail” group. These
groups were conjugated to the photocleavable o-nitrobenzyl moi-
ety, such that the cleavage releases the polar head groups, resulting
in the “unloading” of the liposomal content due to destabilization
of the lipid domains. The structures of the synthesized lipids are
shown in Fig. 1.

Scheme 1 summarizes the synthetic details of the lipids in Fig. 1.
To synthesize these lipids, commercially available p-aminomethyl
benzoic acid was trifluoroacetylated with trifluoroacetic anhydride
to give the protected amine in 88% yield. This protected amine was
subjected to regiospecific nitration at —10 °C with fuming nitric
acid to give 2 in 92% yield. In the following two steps, the trifluo-
roacetyl group was efficiently replaced by a #-butyloxycarbonyl
(Boc) group (3). Conjugation of the hydrophobic tail to the
carboxylic acid moiety of 3 was performed by reaction with
stearyl amine in presence of the peptide coupling reagents
O-(benzotriazol-1-yl)-N,N,N',N' tetramethyluronium hexafluo-
rophosphate (HBTU), and 1-hydroxybenzotriazole (HOBT). The
Boc group was removed with 4 M HCl in dioxane. The resultant
free amine 4 was then coupled to the acid groups of appropriately

NH;

Hooc_ I N

Y

0 NO,

CONH(CH,)17CH3

n

Fig. 1

protected amino acids (aspartic acid, glutamic acid and lysine). In
the final step, the acid-sensitive protecting groups were removed
by treatment with trifluoroacetic acid to provide the lipids. The
overall yields for all the steps were very good and the synthetic
scheme is a significant improvement over that used by Nagasaki
et al. in their synthesis of a similar lysine derivative.?*

To ensure that our synthesized lipids underwent photolysis,
and the overall process produced the expected intermediates,
we determined the time course of the spectral changes upon
irradiation of the individual lipid at appropriate wavelengths.
In a typical experiment, an ethanolic solution of a lipid was
irradiated for different time intervals, and the absorption spectra
were immediately recorded. It was observed that the Asp-lipid and
the Glu-lipid were cleaved upon irradiation at 365 nm, but the Lys-
lipid required irradiation at 254 nm for efficient cleavage. Besides,
there was a marked difference in the spectral and kinetic profiles
of these lipids during the course of the photocleavage reaction.

Fig. 2 shows the time dependent spectral changes upon ir-
radiation of Glu-lipid at 365 nm. Initially, Glu-lipid showed a
pronounced spectral band around 245 nm and a shoulder band
around 300 nm. Upon irradiation at 365 nm, the original shoulder
peak appeared to split into two predominant peaks at 290 and
320 nm, with a “valley” at 304 nm. These peaks are apparent in
the difference spectra (bottom left panel of Fig. 2), which were
generated by subtracting the first spectrum (i.e., the spectrum of
Glu-lipid prior to irradiation). The difference spectral data reveal
that as the irradiation time increases, the absorption bands at
all the above wavelengths (i.e., 290, 304, and 320 nm) increase
and the overall spectral transition conforms to common isosbestic
points. These spectral features led to the suggestion that no
stable intermediary species (with distinct spectral characteristics)
populated during the course of the photocleavage reaction. To
further ascertain whether the spectral transitions of Fig. 2 involved
kinetically predictable (metastable) intermediates, we analyzed the
time dependent increase in absorptions at 290 nm, 304 nm, and
320 nm, respectively. The right panels of Fig. 2 show the time
slices of the spectral data at the above wavelengths. These kinetic
data were best fitted by the single exponential rate equation, with
rate constants at 290, 304, and 320 nm of 0.36 + 0.014, 0.32 +
0.009, and 0.33 £ 0.015 min~!, respectively. The solid smooth
lines on the right hand (different wavelength) panels of Fig. 2 are
the calculated lines for the above rate constants. Note a marked
similarity in the above rate constants, attesting to the fact that

0 NO,

CONH(CH,)17CH3

n = 4: Lys-lipid

Structures of the synthesized photocleavable lipids.
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(1) (CF3C0),0, 0 °C (88%)

(2) Fuming HNO3, -10 °C (92%)

NHCOCF3

NO,
(1) K2CO3, MeOH/H,0

(2) (Boc),0, dioxane-Hy0

(97% overall)

COOH Coo
2
NH-Boc
NH,
NO,
(1) CH3(CH2)47NH2, HBTU, NO,
HOBT, CHCl3, EtsN (79%)‘ Protected Amino acid-OH,
(2) 4 N HCl in dioxane (91%) HBTU, HOBT, NMM, DMF
COOH
CONH(CH2)17CH3
3
4
NH—X

NO,
CF3COOH, anisole
—

CONH(CHy)17CH3

5: X= -CO-Asp(O'Bu)-NH-Boc (98%)
6: X= -CO—GIu(O‘Bu)—NH-Boc (80%)
7: X=-CO-Lys(Boc)-NH-Boc (87%)

Asp-lipid (85%)

Glu-lipid (99%)
Lys-lipid (99%)

Scheme 1 The syntheses of the photocleavable lipids.

the spectral transition during the course of the photocleavage of
Glu-lipid proceeded without the formation of any spectral distinct
intermediary species.

To ascertain whether the spectral and/or kinetic profiles for
the photocleavage of Asp-lipid are similar or different than
those of Glu-lipid, we performed the photocleavage reaction of
the former lipid exactly under the experimental conditions of
Fig. 2. Tt was observed that the spectral changes during the
course of photocleavage of Asp-lipid were remarkably the same
as those observed with Glu-lipid. The only slight difference was
the magnitude of the rate constants, derived from the spectral
changes at 290, 304, and 320 nm, during the course of the
photocleavage of Asp-lipid. The values for the photocleavage of
Asp-lipid were determined to be 0.45 4 0.024, 0.40 £ 0.026, and
0.43 £ 0.030 min~" at 290, 304, and 320 nm, respectively. Since
these kinetic parameters are not significantly different than those
derived from the photocleavage of Glu-lipid, we conclude that the
difference in the side chains of polar head groups (contributed
by Glu versus Asp amino acids) has practically no influence on
the spectral profiles and their associated rate constants during the
photocleavage reaction. To avoid repetition of similar spectral and
kinetic profiles, we provide the photocleavage data of Asp-lipid as
Electronic Supplementary Information (Fig. S1)f of this journal.

Unlike the marked similarities in the spectral and kinetic profiles
during the course of the photocleavage of Glu- and Asp-lipids,
Lys-lipid exhibited quite different behavior. We first noted that

Lys-lipid was not being readily photocleaved upon exposure
to 365 nm UV light, the source which was adequate for the
photocleavage of both Glu- and Asp-lipids. The photocleavage
of Lys-lipid required exposure of the sample to a 254 nm (a higher
energy) UV light source. Apparently, the presence of the “basic”
head group (contributed by the g-amino group of lysine) in Lys-
lipid, somehow, thermodynamically and/or kinetically impairs the
photocleavage reaction. The question arose whether or not the
presence of the basic head group of Lys in Lys-lipid would yield
relatively different types of spectral and kinetic profiles vis a vis
those observed with Glu- and Asp-lipids. To ascertain this, we
performed the photocleavage reaction of Lys-lipid exactly under
the experimental conditions of Glu-lipid and Asp-lipid, except for
using a 254 (instead of 365) nm UV light source. Fig. 3 (top left
and bottom left panels) shows the time dependent spectral data
during the course of the photocleavage of Lys-lipid. These spectral
data appear significantly different than those obtained during the
course of cleavage of Glu- (Fig. 2) and Asp-(ESI Figure S17) lipids.
The spectral data of Fig. 3 reveal that even prior to the onset of the
cleavage process, the spectrum of Lys-lipid is significantly different
those of Glu- and Asp-lipids. Although the major absorption peak
of Lys-lipid at 245 nm is qualitatively similar to those observed
with Glu- and Asp-lipids, the broad, less-resolved shoulder peak
around 300 nm is unique for this lipid. A further difference is a
spectral feature that started to emerge during the time dependent
photocleavage reaction of Lys-lipid vis a vis Glu- and Asp-lipids.
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Fig.2 Time dependent spectral changes upon photocleavage of Glu-lipid.
The difference spectra (i.e., spectra at different time intervals minus the zero
time spectrum) are shown just below the main spectra. The time slices of
the spectral changes at 290, 304 and 320 nm are shown on the right, and
the solid smooth lines are the best fit of the data according to the single
exponential rate equation with rate constants of 0.36 £+ 0.014, 0.32 £ 0.009,
and 0.33 £ 0.015 min~" at 290, 304, and 320 nm, respectively.

In the case of Lys-lipid, the 290 nm band is slightly blue shifted
to 285 nm, but the 314 nm band is significantly red shifted to
343 nm, with emergence of another shoulder band at 367 nm. In
addition, neither the peak around 245 nm nor the negative peak
around 252 nm were evident in the difference spectra of Fig. 3.
To our further interest, unlike Glu- and Asp-lipids, the spectral
changes in the 280-400 nm region of Lys-lipid (during the course
of photocleavage) were significantly broad and asymmetrical. A
close inspection of the difference spectra (i.e., the spectra of Lys-
lipid at different times of photocleavage minus the uncleaved first
spectrum; bottom left panel of Fig. 3) led us to select the spectral
peaks at 285, 343, and 367 nm for undertaking kinetic analyses of
the photocleavage reaction. The right hand panels of Fig. 3 show
the time slices of spectral changes at the above wavelengths during
the course of photocleavage of Lys-lipid. As observed with Glu-
and Asp-lipids, the photocleavage data of Lys-lipid were also fitted
by the single exponential rate equation. The solid smooth lines
on the right hand panels of Fig. 3 are the nonlinear regression
analysis of the experimental data for the rate constants 0.06 +
0.0011, 0.05 £ 0.0010, and 0.08 + 0.0012 min~" at 285, 343, and
367 nm, respectively. Note that these values are about one order
of magnitude smaller than those observed for the photocleavage
of the Glu- and Asp-lipids. Hence, even upon exposure to a high-
energy source (i.e., irradiation with a 254 nm UV lamp), Lys-lipid is
resistant (compared to Glu- and Asp-lipids) to the photocleavage
reaction.

The ultimate goal of synthesizing these photocleavable lipids
was to utilize them for formulating liposomes for the triggered
release of their contents upon exposure to light. Hence, having
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Fig.3 Time dependent spectral changes upon photocleavage of Lys-lipid.
The difference spectra (i.e., spectra at different time intervals minus the zero
time spectrum of each panel) are shown just below the main spectra. The
time slices of the spectral changes at 285, 343 and 367 nm are shown on
the right, and the solid smooth lines are the best fit of the data according
to the single exponential rate equation with rate constants of 0.06 +
0.0011, 0.05 £ 0.0010, and 0.08 £ 0.0012 min~" at 285, 343, and 367 nm,
respectively.

characterized the feasibility of photocleavage of acidic (viz., Glu
and Asp) and basic (Lys) amino acid head groups containing
o-nitrobenzyl conjugated lipids, we incorporated them into lipo-
somes. The liposomes were prepared in 25 mM HEPES buffer,
pH = 7.0, using 1,2-disteroylglycero-3-phosphocholine (DSPC)
as a major component (95 mol%) and individual photocleavable
lipids as minor components (5 mol%), encapsulating carboxyfluo-
rescein as the self-quenching® reporter dye in the liposomal lumen.
The excess (unincorporated) dye was removed by gel filtration to
yield liposomes, which were only loaded with the reporter dye
(see the experimental section). A representative TEM picture of a
liposome formulated by using Glu-lipid is shown as Figure S2 in
the ESL.¥

We determined the fluorescence excitation and emission maxima
of liposome-encapsulated carboxyfluorescein as being equal to 495
and 527 nm, respectively (data not shown). It is known that upon
release from liposomal lumen, the fluorescence emission intensity
of carboxyfluorescein increases,'*' due to dilution induced de-
quenching of the excited state of the dye*® Fig. 4A shows a
representative set of fluorescence emission spectra (4., = 495 nm)
for the release of carboxyfluorescein upon irradiating liposomes
containing the Glu-lipid at 365 nm for different time intervals. A
control experiment was performed in which the liposome solution
was not irradiated, but the fluorescence spectra were recorded at
corresponding time intervals (data not shown). From the spectral
data of Fig. 4A, we extracted the time dependent increase in the
fluorescence emission intensity (due to release of the liposome
encapsulated carboxyfluorescein to the exterior media) at 518 nm.
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Fig. 4 Spectral and kinetic profiles for the release of carboxyfluorescein
upon irradiation of Glu-lipid. A: Fluorescence emission spectra (1, =
480 nm) as a function of irradiation time at 365 nm. B: The change in
fluorescence intensity (AFss/nm) as a function of time (open circle). The
control experiment (solid triangle) was performed without irradiating the
liposomes. The inset shows an expansion of the data at the initial time
scale to show the lag phase. The solid smooth line is the best fit of the data
for the photorelease of the liposomal content according to eqn. 2 with k,
and k, values of 0.25 £ 0.018 and 0.04 £ 0.0024 min~!, respectively.

These along with the control (in which the liposomes were not
irradiated) data are shown as open circles and filled triangles,
respectively, in Fig. 4B. Note that the fluorescence emission
intensity of the reporter dye increases only when the liposomes
are irradiated at 365 nm, and not when they are kept in the dark.
Clearly, the irradiation of the carboxyfluorescein loaded liposomes
at 365 nm results in the release of the dye due to the photocleavage
of the resident Glu-lipid.

On examination of the time course for the release of carboxyflu-
orescein upon photocleavage of liposomes, it became evident
that the overall kinetic profile involved an initial lag phase. The
existence of such a lag phase is clear upon expanding the kinetic
data for the initial time scale (see the inset of Fig. 4B), and it is more
so in the case of photocleavage of Lys-lipid formulated liposomes
(see Fig. 5). As will be discussed subsequently, the lag phase is

associated with the photocleavage of liposomal lipids, resulting in
the destabilization of lipid domains and leakiness of the liposomes.
This is followed by the slow release of the encapsulated dye during
the second (nearly a single exponential) phase. The experimental
data could be best fitted by a two step sequential model (see
Discussion), with fast (k,) and slow (k,) rate constants of 0.25 £+
0.018 and 0.040 + 0.0024 min~!, respectively. Of these, the fast rate
constant (k) corresponds to the single exponential rate constant
for the photocleavage of free Glu-lipid (0.32-0.36 min~'; Fig. 2).
The slow rate constant (k,) is ascribed to be the measure of
the release of the encapsulated (carboxyfluorescein) dye upon
destabilization of the liposome. This rate is about one order of
magnitude lower than the rate of the preceding photocleavage
step. The fluorescence signal obtained during these experiments is
due to the release of carboxyfluorescein. The photocleavage of the
lipids and the destabilization of liposomal domains do not yield
any fluorescence signal, and thus are manifested in the lag phase.
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Fig. 5 Kinetic profiles for the release of carboxyfluorescein upon
irradiation of liposomes containing Lys-lipid. The increase in fluorescence
intensity (AFs;s/nm; A,. = 495 nm) as a function of time upon irradiation
of liposomes (open circles) and when they are kept in the dark (control
experiment; filled triangles) are shown. The inset shows an expansion of
the data at the initial time scale to show the initial lag phase. The solid
smooth line is the best fit of the data for a two-step release of the liposomal
content according to eqn. 2, with &k, and k, values of 0.026 & 0.0037 and
0.025 4 0.0033 min~', respectively.

We performed a control experiment to determine the extent
to which carboxyfluorescein is bleached during the course of
photocleavage of liposomes and their content release. This was
important since the amplitude of the fluorescence signal (due to
release of the dye from the liposomal lumen) would be affected by
the rate as well as the magnitude of photobleaching of the reporter
dye. However, when we performed such an experiment under the
experimental conditions of Fig. 4, we did not observe any sig-
nificant photobleaching of carboxyfluorescein (data not shown),
which could be envisaged to interfere in assessing the amplitude
of fluorescence changes during the course of the photocleavage of
Glu-lipid and unloading of the liposome encapsulated dye. Hence,
our overall mechanistic conclusion for the release of the liposomal
content via a “two-step” pathway is not affected by a potential
artifact due to photobleaching of the reporter dye.
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Since the photocleavage of Lys-lipid was not as efficient as that
of Glu- and Asp-lipids (see Figs. 2 and 3), it was of interest to
investigate as to how the liposomes formulated by the former lipid
would photorelease their encapsulated contents. Toward this goal,
we formulated Lys-lipid containing liposomes and encapsulated
carboxyfluorescein as a reporter dye as described earlier. As
observed with Glu-lipid-containing liposomes, upon irradiation of
these liposomes (albeit at 254 nm, since Lys-lipid is not easily pho-
tocleaved at 365 nm), there was a time dependent increase in fluo-
rescence at 520 nm (A = 495 nm). Fig. 5 shows the kinetic profile
for the release of carboxyfluorescein as a function of the irradiation
time of the liposomes (open circles). We also performed a control
experiment in which liposomes were not irradiated (filled trian-
gles). Since the control experiment did not produce any increase in
fluorescence, it implied (also as observed in the case of Glu-lipid
formulated liposomes) that the unloading of carboxyfluorescein
was as a consequence of irradiation of the liposomes, which
resulted in the photocleavage of the liposome resident Lys-lipid.

An explicit feature of the kinetic data of Fig. 5 has been the pre-
ponderance of the “lag phase”, and the latter is more pronounced
upon magnifying the initial time scale data points (see the inset of
Fig. 5). This is presumably due to the fact that the rate of photo-
cleavage of Lys-lipid (k = 0.05-0.08 min~") is considerably slower
than that of Glu- and Asp-lipids (kK = 0.32 to 0.45 min™"). On
assumption that the mechanistic pathway for the photocleavage
of liposomes and their content release remains unaffected by the
nature of the photocleavable lipids, we analyzed the data of Fig. 5
by a two-step mechanism of eqn. 2. The solid smooth line is the best
fit of the data for the k, and k, values 0of 0.026 - 0.0037 and 0.025 &
0.0033 min~', respectively. Note that, unlike the photocleavage of
Glu- and Asp-lipid formulated liposomes and their content release,
the magnitudes of k, and k, are nearly identical. However, it should
be pointed out that these values have been derived from the two
distinct kinetic features, i.e., lag and exponential phases, and thus
they are not due to apparent artifacts encountered in fitting the
kinetic data (comprised of either increasing or decreasing signals)
by single exponential versus biphasic rate equations.

Irrespectively, it is noteworthy that the magnitude of k
(0.026 min™"), derived from the photocleavage of Lys-lipid con-
taining liposomes (Fig. 5), is comparable to the rate constant for
the photocleavage of Lys-lipid (k = 0.05-0.08 min~"). These values

are about one order of magnitude lower than those obtained with
Glu-lipid and its associated liposomes. On the other hand, the
magnitude of k, is similar irrespective of whether the liposome
is formulated with Glu-lipid (k, = 0.04 min~") or Lys-lipid (k, =
0.025 min"). Given these observations, it is tempting to propose
that the photocleavage of the o-nitrobenzyl conjugated (acidic
as well as basic) lipids occur during the lag phase. Since the
photocleavage reaction is more facile with Glu-lipid than Lys-
lipid, the magnitude of &, is about one order of magnitude higher
with liposomes formulated with Glu-lipid than with Lys-lipid.
But once the liposomes are photocleaved, the release of their
content (i.e., carboxyfluorescein as reporter dye) is not dependent
(as reflected in similar k, values) on the type of amino acid head
group utilized to formulate the liposomes.

Discussion

The o-nitrobenzyl group-containing lipids exhibited a major
absorption peak (predominantly contributed by the aromatic ring)
around 250 nm, and a trailing shoulder peak at 300 nm. Although
it has been known that substitution at the o-nitrobenzyl ring alters
its spectral profile, there has been no precedence (to the best of
our knowledge) of the distal (side chain) groups of the amino
acids influencing the spectral profiles of the chromophore. This is
important since all amino acids differ only with respect to their
side chain groups, and those groups are far removed from the
aromatic ring to exhibit any inductive and/or resonance effects.
The question arises how acidic (Glu/Asp) and basic (Lys) amino
acid containing photocleavable lipids exhibit different spectral and
rate profiles during the course of the cleavage reaction. However,
before attempting to answer this question, let us consider a general
sequence of steps intrinsic to the photocleavage of o-nitrobenzyl
group-containing lipids (Scheme 2).

Based on the literature data,” it is surmised that upon ab-
sorption of the UV light, anionic radical species are generated
on the excited nitro group (compound 8, Scheme 2), which
abstracts a benzylic proton and isomerizes to a metastable aci-
nitro intermediate (compound 9)." The latter is rearranged to yield
the nitroso aminol derivative (compound 10). This is followed by
the hydrolysis of the aminol intermediate as the slowest step in the
overall photocleavage process.”® Since the absorption spectra
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Scheme 2 The proposed sequence of steps during the photocleavage of o-nitrobenzyl conjugated lipids.
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during the photocleavage of Asp/Glu-lipid are markedly different
than those of Lys-lipid, it follows that the side chain groups of
the amino acids are responsible for influencing the electronic
structures of either the corresponding precursors (compound 8) or
the intermediates (compounds 9 and 10), but not the final product
(compound 11), as the latter is already devoid of amino acids. Of
these, the electronic structural effect is most likely to be manifested
at the level of compound 10 or its subsequent derivative(s) (see
Scheme 3). At a neutral pH, the side chain groups of Asp/Glu and
Lys would predominate as—COO™~ and -NH;* species, respectively.
Of these, the -NH;* group of Lys has the potential to interact with
either nitroso oxygen (panel A of Scheme 3) or the amide oxygen
(panel B of Scheme 3) of compound 10. Such interactions are
expected to facilitate the deprotonation (due to a decrease in the
pK, value) of the aminol carbon atom, resulting in the formation
of compounds 12 and 13, respectively (Scheme 3).

Due to their conjugated nature, both compounds 12 and 13 can
yield the red-shifted absorption spectra, albeit they are expected
to be more pronounced with compound 13 than with compound
12. To differentiate which of the above compounds would be more
energetically stable, we performed the energy minimizations (ref.
24, employing the semiempirical force field PM3) of intermediates
12 and 13. This endeavour led to the suggestion that compound
13 was more stable than compound 12. Hence, the absorption
spectra during the course of the photocleavage of Lys-lipid is
likely to be dominated at least by the partial accumulation of
the intermediate 13. Therefore, we propose that, although the
photocleavage of both Asp/Glu and Lys-lipids predominantly
removes the corresponding amino acids (Scheme 2), a minor
fraction of the intermediate (particularly in the case of Lys-lipid) is
transformed into 13, and this process is responsible for red shifted
spectral profiles during the course of photocleavage of Lys-lipid.
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0 NH
\ —_—
}(-)TNH OH
HsC 10

HsC

Based on the above discussion, it should not be envisaged
that the observed spectral changes Figs. 2 and 3 are primarily
dominated by the precursor “nitro” and the product “nitroso”
derivatives.’*'>* Although other chromophoric intermediates are
likely to form during the photocleavage of o-nitrobenzyl conju-
gates, they are not detectable due to their shorter lifetimes.

Another interesting aspect of photocleavage is the fact that the
rate constant for the cleavage of Glu/Asp-lipid is about one order
of magnitude higher that of the Lys-lipid (Figs. 2 and 3). This
is besides the fact that the photocleavage of Lys-lipid requires
a higher energy (254 nm) UV source than Glu/Asp-lipid; the
latter lipids are cleaved even upon irradiation with a 365 nm UV
source. We think that the origin of both these features lays in
the preferential stabilization of the “precursor” ground state of
the Lys-lipid as compared to that of the Glu/Asp lipid. This can
occur due to the interaction of the —-NH;* group of Lys with
the amide oxygen of the precursor (compound 8, Scheme 2),
essentially via the same mechanism involved in yielding the red-
shifted absorption spectra during the photocleavage of Lys-lipid
(Scheme 2). Hence, although the overall microscopic pathways for
the photocleavage of different amino acid containing lipids can
be the same, their spectral and kinetic profiles can be significantly
different. Therefore, detailed mechanistic studies for the overall
photocleavage reaction of o-nitrobenzyl group-containing amino-
lipid conjugates are essential for designing liposomes as efficient
drug delivery vehicles.

The release of the liposome-encapsulated carboxyfluorescein
upon irradiation can be envisaged to be the product of two
microscopic events: the first involving the photocleavage of
liposome resident o-nitrobenzyl conjugated lipids followed by the
destabilization of liposomes and release of the encapsulated dye
during the second step. These microscopic events are corroborated

(|)H
N
YV NHCOR
OH
HaC 12
NO
HO NHCOR

}/‘)TNH ” OH

Scheme 3  Alternative modes of binding of the side chain group of Lys of compound 10, and generation of conjugated reaction products.
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by the emergence of a “lag” followed by an “exponential” kinetic
phase (Figs. 4 and 5) during the course of photocleavage and
“unloading” of the liposomal content. The prevalence of the “lag”
phase is more explicit on examining the kinetic data at shorter time
scales (insets of Figs. 4 and 5). Since the increase in the fluorescence
signal of carboxyfluorescein is due to the release of the dye from
photocleaved liposomes, and not due to the photocleavage event
per se, the latter process can be easily manifested in the “lag” phase
in the experimental conditions of Figs. 4 and 5. A cumulative
account of the experimental data leads us to propose a “two-step”
minimal model for the photocleavage of liposomes and unloading
of their contents (eqn. 1).

L-F—Y 5 1*-F—2,1*4F (1)

Here, L and F represent liposomes and carboxyfluorescein,
respectively. The first step involves the photocleavage of the
o-nitrobenzyl conjugated lipids, incorporated in the liposomes,
leading to destabilization of the liposomes. The intermediary
species L*-F is representative of the photocleaved liposomes,
with fluorescence dye still entrapped in their lumen. The second
step is the release of the fluorescence dye with a concomitant
increase in the fluorescence emission intensity at 520 nm. For this
irreversible two step model, the time course of formation of free
carboxyfluorescein (F) can be given by equation 2.

1
T Jleexpok) —k exp—knn | @)

F=[L- F][1+(

It should be mentioned that eqn. 2 has been explicitly derived
by Frost and Pearson,” and has been utilized extensively for
analyzing the kinetic data of “two-step” irreversible reactions
such as that given by eqn. 1. The kinetic data of Figs. 4 and 5
could be easily analyzed by eqn. 2, yielding the k, and k, values
intrinsic to the photocleavage of differently formulated liposomes
and releasing their contents. Of derived kinetic parameters (from
the best fit of the experimental data), it is apparent that the k, value
matches the single exponential rate constant for the photocleavage
of the corresponding lipid. For example, &, is about one order of
magnitude higher for Glu-lipid (k, = 0.25 min~") than for Lys-lipid
(k, = 0.026 min~") since the rate of photocleavage of the former
lipid (k = 0.32-0.36 min™'; Fig. 2) is about one order of magnitude
faster than that of the latter lipid (k = 0.05-0.08 min~'; Fig. 3).
On the other hand, the magnitude of k, is not affected by the type
of lipid utilized to formulate liposomes. For example, the k, values
derived from photocleavage and unloading of encapsulated dye
are similar for Glu-lipid (0.04 min™"') and Lys-lipid (0.025 min™").
Clearly, once the liposome resident lipids are cleaved, the release
of encapsulated dye is dominated by some common molecular
mechanism, and that mechanism is likely to be the organization of
the liposomal domains (after the photocleavage of the polar head
group). We surmise that the organization of the lipid domains
serves as the rate-limiting step for unloading its contents to exterior
media. We are currently in the process of testing this hypothesis by
formulating different types of liposomes, and we will report these
findings subsequently.

Conclusions

The experimental data presented herein lead to the following
conclusions: (1) Photocleavable lipids can be easily synthesized
by bridging a Cj3 chain fatty acid (non-polar group) and Glu,
Asp, and Lys as charged amino acids (as polar groups) with an o-
nitrobenzyl moiety. (2) Although all the charged amino acid head
groups can be utilized to formulate liposomes, the Glu/Asp-lipid-
harboring liposomes are more easily cleaved than Lys-lipid lipid-
harboring liposomes. (3) The photocleavage of liposomes and the
release of their contents proceed via a two-step mechanism, of
which the feasibility of the first (photocleavage) step is dependent
on whether the amino acid (forming the head group) is acidic or
basic in nature. The second (rate limiting) step is dictated by the
organization of the lipid domains following the separation of the
amino acid head groups. The insight gained from these studies will
serve as the prototype for formulating photocleavable liposomes
and using them as drug delivery vehicles for treating different types
of diseases.

Experimental

Commercial reagents were purchased from either Aldrich or Acros
Chemical Co. The protected amino acids were purchased from
Nova Biochem. Nitric acid (90%) was from Alfa Aesar. All
solvents used for reactions were analytical grade and were used
without further purification. Melting points were determined on
a micro melting point apparatus. 'H and *C NMR spectra were
recorded using 300, 400 or 500 MHz spectrometers.

Solvents used for NMR were one of the following: CDCl;,
CD;OD or DMSO-d, with TMS as the internal standard.
Elemental analyses were obtained from facilities at Desert
Analytics (Tucson, AZ). TLC was performed with Adsorbosil
plus IP, 20 x 20 cm plate, 0.25 mm (Altech Associates, Inc.).
Chromatography plates were visualized by either UV light
or in an iodine chamber. For drying water-wet compounds,
lyophilization (Freeze Dry system/Freezone 4.5; Labconco) was
used. Reactions were performed either under an N, atmosphere
or using a guard tube. For extractive workups, the organic
layer was dried over anhydrous Na,SO,, and concentrated
in vacuo.

3-Nitro-4-(trifluoroacetylaminomethyl)benzoic acid (2)

Trifluoroacetic anhydride (5.9 mL, 41.3 mmol) was added in small
portions to solid 4-(aminomethyl) benzoic acid (2.5 g, 16.5 mmol)
at 4 °C. Upon completion of addition, the reaction mixture was
homogeneous. Stirring was continued at 25 °C for 2 h, and then
ice-water was added to precipitate the product. The white solid
was collected by filtration, washed with water and dried. Yield:
3.63 g (88%), mp: 199-203 °C; 'H NMR d, (300 MHz; CDCl;;
293 K; Me,Si) 7.91 (d, J 7.8, 2H, ArH), 7.37 (d, J 7.8, 2H, ArH),
4.44 (s, 2H, ArCH,).

The above compound (3.63 g, 14.7 mmol) was added over 1 h
to 90% nitric acid (20 mL) at —10 °C. The mixture was stirred
further for 1.5 h at 0 °C and then poured onto ice to precipitate the
product. The precipitated solid was filtered, washed with plenty of
water to neutral pH, and lyophilized to provide an off-white solid
(3.95 g, 92%), mp: 210-211 °C; 'H NMR dy (300 MHz; CDCl;;
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298 K; Me,Si) 8.61 (d, J 1.6, 1H, ArH), 8.17 (dd, J 1.6, 8.1, 1H,
ArH), 7.51 (d, J 8.1 Hz, 1H, ArH), 4.74 (s, 2H, ArCH,).

4-(Boc-aminomethyl)-3-nitrobenzoic acid (3)

According to a general procedure,” a solution of compound 2
(0.68 g, 2.3 mmol) and K,CO; (0.81 g, 5.8 mmol) in MeOH-
H,O (1 : 1, 16 mL) was maintained at 25 °C for 10 h. The dark
yellow solution was concentrated under reduced pressure, and the
resultant solid was dissolved in dioxane-H,O (1 : 1, 10 mL). Di-
tert-butyl dicarbonate (0.77 g, 3.5 mmol) was added, and after
2.5 h, the reaction mixture was concentrated in vacuo. Ether and
water were added, and the aqueous phase was washed with ether,
the pH was adjusted to 3.0 with 10% aqueous citric acid, and
extracted with ethyl acetate. The combined ethyl acetate phases
were washed with brine, dried over Na,SO,, and concentrated
in vacuo to give the title product as a yellow solid (0.67 g, 97%),
mp 124-126 °C; '"H NMR Jy (300 MHz; CDCl;; 298 K; Me,Si)
8.74(d, J 1.6, 1H, ArH), 8.30 (dd, J 1.6, 8.0, 1H, ArH), 7.77 (d, J
8.0, IH, ArH), 4.65 (s, 2H, ArCH,), 1.44 (s, 9H, t-butyl CHj;).

N-Stearyl-4-(aminomethyl)-3-nitrobenzamide (4)

Compound 3 (0.8 g, 2.7 mmol) was dissolved in CHCI; (20 mL)
and stearic acid (0.71 g, 2.7 mmol), HOBT (0.364 g, 2.7 mmol),
HBTU (1.024 g, 2.7 mmol) and Et;N (0.75 mL, 5.4 mmol) were
added to the solution. The mixture was stirred at room tempera-
ture for 10 h. The reaction mixture was then washed with water; the
organic phase dried and solvent was removed in vacuo. The residue
was purified by column chromatography (eluant: 5% methanol in
chloroform, R; = 0.3) to obtain the pure product as a yellow solid
(1.19 g, 81%), mp: 84-86 °C; 'H NMR oy (300 MHz; CDCl;;
298 K, Me,Si) 8.41 (d, J 1.8, 1H, ArH), 8.00 (dd, J 1.8, 8.1, 1H,
ArH), 7.68 (d, J 8.1, 1H, ArH), 6.41 (br s, IH, CONH), 5.30 (brs,
2H, NH,), 4.59 (s, 2H, ArCH,), 3.45 (q, J 6.9, 2H, CONHCH,),
1.65-1.57 (m, 2H, CONHCH,CH,), 1.42 (s, 9H, t-butyl CHj),
1.24-1.33 (m, 30H, stearyl CH,), 0.87 (t, J 6.9, 3H, stearyl CHj;).

To the above compound (1.16 g, 2.12 mmol), was added, 4 M
HCI in dioxane (8 mL) and the reaction mixture was stirred at
room temperature for 3 h. The solvent was then removed under
vacuum and water added to the residue. The insoluble white
solid was filtered, washed with plenty of water and dried to give
compound 4 (0.89 g, 94%) as a yellow solid. The compound was
carried on to the next step without further purification. '"H NMR
Jx (300 MHz; CDCl;; 298 K, Me,Si) 8.54 (d, J 1.8, 1H, ArH),
8.03 (dd, J 1.8, 7.5, 1H, ArH), 7.75 (d, J 7.5, IH, ArH), 4.31 (s,
2H, ArCH,), 3.31 (q, J 6.9, 2H, CONHCH,), 1.53-1.49 (m, 2H,
CONHCH,CH,), 1.40-1.12 (m, 30H, stearyl CH,), 0.78 (t, J 7,
3H, stearyl CH;).

3-t-Butoxycarbonylamino-/NV-(2-nitro-4-
octadecylcarbamoylbenzyl)succinamic acid z-butyl ester (5)

Compound 4 (0.3 g, 0.67 mmol), Boc-Asp(O'Bu)-OH dicyclo-
hexylamine salt (0.32 g, 0.67 mmol), HOBT (0.091 g, 0.67 mmol)
and HBTU (0.25 g, 0.67 mmol) were taken up in DMF (15 mL)
and N-methylmorpholine (0.15 mL, 1.34 mmol) was added. The
reaction mixture was stirred at room temperature overnight. The
solvent was removed in vacuo. Water was added to the residue
and extracted with ethyl acetate. The ethyl acetate layer was dried

(Na,SO,) and solvent was removed by rotary evaporation. The
crude product was purified by silica gel chromatography (eluant:
CHCI;, R; = 0.2) to yield compound 5 as a white solid (0.480 g,
99%), mp: 90-92 °C; '"H NMR Jy (300 MHz; CDCl;; 298 K,
Me,Si) 8.41 (d, J 1.6, 1H, ArH), 7.98 (dd, J 1.6, 8.0, 1H, ArH),
7.70 (d, J 8.0, 1H, ArH), 4.82-4.70 (m, 2H, ArCH,), 4.51-4.44
(m, 1H, COCH), 3.47 (q, J 7, 2H, CONHCH,), 2.96-2.88 (m,
1H, CH,CO,Bu"), 2.62-2.58 (m, 1H, CH,CO,Bu'), 1.66-1.58 (m,
2H, CONHCH,CH,), 1.45 (s, 9H, ester t-butyl CH;), 1.42 (s, 9H,
carbamate t-butyl CHj;), 1.40-1.20 (m, 30H, stearyl CH,), 0.88 (t,
J 7.0, 3H, stearyl CHs).

4-t-Butoxycarbonylamino-4-(2-nitro-4-
octadecylcarbamoylbenzylcarbamoyl)butyric acid #-butyl ester (6)

Compound 4 (0.3 g, 0.67 mmol), Boc-Glu(O'Bu)-OH (0.2 g,
0.67 mmol), HOBT (0.09 g, 0.67 mmol) and HBTU (0.25 g,
0.67 mmol) were taken up in DMF (15 mL) and N-
methylmorpholine (0.15 mL, 1.34 mmol) was added. The reaction
mixture was stirred at room temperature overnight. The work-up
procedure was the same as described for compound 5. The crude
product was then purified by silica gel chromatography (eluant:
CHCI;, R; = 0.3) to provide the glutamic acid derivative 6 as a
yellow solid. Yield: 0.34 g (70%); '"H NMR dy (300 MHz; CDCl;;
298 K, Me,Si) 8.42 (d, J 1.6, 1H, ArH), 8.98 (dd, J 1.6, 8.0, 1H,
ArH),7.71(d,J 8.0, 1H, ArH),4.75(d, J 6,2H, ArCH,), 4.15-4.08
(m, 1H, COCH), 3.47 (q, J 7, 2H, NHCH,), 2.43-2.37 (m, 1H,
CH,CH,CO,Bu"), 2.31-2.25 (m, 1H, CH,CH,CO,Bu'), 2.11-2.02
(m, 1H, CH,CH,CO,Bu"), 1.95-1.87 (m, 1H, CH,CH,CO,Bu"),
1.65-1.6 (m, 2H, NHCH,CH,), 1.45 (s, 9H, ester t-butyl CHs),
1.42 (s, 9H, carbamate t-butyl CH;), 1.40-1.20 (m, 30H, stearyl
CH,), 0.88 (t, J 7.0, 3H, stearyl CHj;).

[S-t-Butoxycarbonylamino-1-(2-nitro-4-
ocatdecylcarbamoylbenzylcarbamoyl)pentyl]carbamic
acid z-butyl ester (7)

Compound 4 (0.3 g, 0.67 mmol), Boc-Lys(Boc)-OH (0.22 g,
0.67 mmol), HOBT (0.09 g, 0.67 mmol) and HBTU (0.25 g,
0.67 mmol) were taken up in DMF (15 mL) and N-
methylmorpholine (0.15 mL, 1.34 mmol) was added. The work-up
procedure was the same as described for compound 5. The crude
product was purified by silica gel chromatography (eluant: 2%
MeOH in CHCI;, R; = 0.2) to yield the lysine derivative 7 as a
white foamy solid. Yield: 0.45 g (87%); "H NMR 4, (500 MHz;
CDCl;;298 K, Me,Si) 8.38(d, J 1.6, 1H, ArH), 7.96 (dd, J 1.6, 8.0,
IH, ArH), 7.62 (d, J 8.0, 1H, ArH), 4.76-4.64 (m, 2H, ArCH,),
4.66-4.63 (m, 1H, COCH), 3.43 (q, J 7, 2H, NHCH,), 3.02-2.95
(m, 2H, CH,NHBoc), 1.82-1.72 (m, 2H, lysine CH,) 1.66-1.58
(m, 2H, NHCH,CH,), 1.43 (s, 9H, t-butyl CH;), 1.40 (s, 9H, t-
butyl CHj;), 1.39-1.35 (m, 4H, lysine CH,), 1.35-1.15 (m, 30H,
stearyl CH,), 0.87 (t, J 7.2, 3H, stearyl CH;).

3-Amino-/N-(2-nitro-4-octadecylcarbamoyl-benzyl)-succinamic
acid (Asp-lipid)

To the Boc-Asp(O'Bu) derivative 5 (0.40 g, 0.56 mmol), was
added 4 mL of trifluoroacetic acid and a drop of anisole. The
reaction mixture was stirred at room temperature for two hours.
It was then slowly added to water and aqueous NaOH solution
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(1 M) was slowly added to neutralize the TFA. The precipitate
was collected by filtration, washed with plenty of water and
dried to give Asp-lipid as a off-white solid (0.27 g, 85%); mp:
154-157 °C; '"H NMR dy (400 MHz; d,-DMSO; 298 K, Me,Si,
without exchangeable protons) 8.43 (d, J 1.6, 1H, ArH), 8.10
(dd, J 1.6, 8.0, 1H, ArH), 7.62 (d, J 8.0, 1H, ArH), 4.66—
4.56 (m, 2H, ArCH,), 3.96-3.92 (m, 1H, COCH), 3.24 (q, J 7,
2H, NHCH,), 2.75-2.58 (m, 2H, CH,CO,H), 1.60-1.40 (m, 2H,
NHCH,CH,), 1.35-1.17 (m, 30H, stearyl CH,), 0.82 (t, J 7.0, 3H,
stearyl CH;); “C NMR J. (100 MHz; d,-DMSO; 298 K) 176.05,
171.99, 64.42, 148.52, 136.77, 135.50, 132.54, 130.66, 123.81,
50.71, 37.19, 31.87, 30.38, 29.58-29.23, 27.10, 22.64, 14.45. Anal.
Calcd. for C; Hs,N,O4.3CF;COONa.4H,0: C, 41.46; H, 5.61; N,
5.37. Found: C, 41.25; H, 5.92; N, 5.43%.

4-Amino-4-(2-nitro-4-
octadecylcarbamoylbenzylcarbamoyl)butyric acid (Glu-Lipid)

To the Boc-Glu(O'Bu) derivative 6 (0.26 g, 0.36 mmol), was added
4 mL of trifluoroacetic acid and a drop of anisole. The reaction
mixture was stirred at room temperature for 2 h. The work-up
procedure was the same as described for Asp-lipid. Glu-lipid was
isolated as a white solid (0.2 g, 99%); mp: 150-152 °C; '"H NMR
ou (400 MHz; d,-DMSO; 298 K, Me,Si, exchangeable protons not
reported) 8.49 (d, J 1.6, 1H, ArH), 8.14 (dd, J 1.6, 8.0, 1H, ArH),
7.64 (d, J 8.0, IH, ArH), 4.70-4.62 (m, 2H, ArCH,), 3.92-3.84
(m, 1H, COCH), 3.24 (q, J 7, 2H, NHCH,), 2.36-2.22 (m, 2H,
CH,CH,CO,H), 1.99-1.90 (m, 2H, CH,CH,CO,H), 1.58-1.40
(m, 2H, NHCH,CH,), 1.35-1.10 (m, 30H, stearyl CH,), 0.82 (t, J
7.0, 3H, stearyl CH;); “C NMR J. (100 MHz; d,-DMSO; 298 K)
176.02, 169.43, 165.68, 147.94, 135.73, 135.38, 132.15, 130.50,
124.08, 52.69,40.97,40.47, 31.96, 30.38, 29.73-29.38, 27.13, 26.72,
22.70, 14.03. Anal. Calcd. for C;;H;,N,O,.CF;COONa.H,O0: C,
55.61; H, 7.85; N, 7.86. Found: C, 55.27; H, 8.07; N, 8.02%.

4-[(2,6-Diaminohexanoylamino)methyl]-3-nitro-/N-octadecyl
benzamide (Lys-lipid)

To the di-Boc-lysine derivative 7 (0.38 g, 0.49 mmol), were added
4 mL of trifluoroacetic acid and a drop of anisole. The reaction
mixture was stirred at room temperature for 2 h. The work-up
procedure was the same as described for Asp-lipid. Lys-lipid
was obtained as a light yellow solid (0.28 g, quantitative); mp:
130-134 °C; '"H NMR dy (400 MHz; d,-DMSO; 298 K, Me,Si,
exchangeable protons not reported) 8.35 (d, J 1.6, 1H, ArH), 7.89
(dd, J 1.6, 8.0, 1H, ArH), 7.48 (d, J 8.0, 1H, ArH), 4.58-4.48 (m,
3H, ArCH2 and COCH), 3.25(q, 7.2,2H, NHCH,), 3.21-3.18 (m,
2H, lysine CH,NH,), 2.50 (t, J 6.8, 2H, lysine CH,), 1.62-1.54 (m,
2H, NHCH,CH,), 1.50-1.42 (m, 2H, lysine CH,), 1.41-1.15 (m,
2H, lysine CH,), 1.15-1.07 (m, 30H, stearyl CH,), 0.73 (t, J 7.2,
3H, stearyl CH;); *C NMR . (100 MHz; d,-DMSO; 298 K)
176.63, 164.37, 148.39, 137.97, 135.02, 132.51, 130.30, 123.85,
55.48,42.01, 35.60, 31.94, 29.66-29.35, 27.11, 23.35, 22.74, 14.58.
Anal. Calcd. for C;,H;,N;0,.2CF;COOH. H,0: C, 52.61; H, 7.48;
N, 8.52. Found: C, 52.37; H, 7.08; N, 8.37%.

Preparation of carboxyfluorescein-encapsulated liposomes

The photocleavable lipid (0.45 pmoles, 5 mol%) and solid 1,2-
distearoyl-sn-glycero-3-phosphocholine (6.716 mg, 8.55 umoles,

95 mol%) were dissolved in 5 mL of anhydrous chloroform and
500 uL of anhydrous methanol in a 25 mL clean, oven-dried
round bottomed flask. The organic solvents were then removed
in a rotary evaporator under reduced pressure maintaining the
bath temperature at 40 °C until a thin and uniform lipid film was
formed on the walls of the round-bottomed flask. The flask was
left on the rotary evaporator for an additional 15 minutes and then
allowed to dry in vacuo for 20 hours.

In another clean dry glass vial, 56 mg (150 umoles) of 6-
carboxyfluorescein was taken up in 3 mL of HEPES buffer
(25 mM, pH = 7.0). The dye was dissolved by first bath-sonicating
(to reduce the particle size of the solid granules of the dye) to
form a dark brown transparent solution. The thin dry lipid film
was then hydrated with the dye solution (3 mL) by rotating slowly
in the rotary evaporator bath at 60 °C for 1 hour. The result-
ing suspension was then subjected to probe sonication (power:
50 W) at 60 °C for 1 hour with constant nitrogen bubbling, to get
a clear dark red liposome solution. The total lipid concentration
was 9 mM. The osmolarity of the liposome solution was measured
with a standard micro osmometer.

Sephadex G-50 resin (particle size 50-150 um) was mixed with
an excess of water to form a gel and the gel was hydrated overnight
at 40 °C in the water bath of a regular rotary evaporator. A
chromatography column was packed with the gel after cooling to
room temperature and equilibrated with 200 mL of water whose
osmolarity was made equal to that of the liposome solution by
the addition of solid sodium chloride. The liposome solution
was then loaded on top of the column and slowly eluted. The
liposomes came out first as a yellow non-fluorescent solution and
were collected.

Uncorking of liposomes and their content release

The fluorescence emission spectrum of the dye-encapsulated
liposomes was recorded with excitation at 580 nm. The quartz
cuvet was then placed under a UV lamp (100 W lamp for the
365 nm irradiation for liposomes incorporating Asp-lipid and
Glu-lipid; 10 W lamp for 254 nm irradiation for liposomes
incorporating Lys-lipid; distance from the lamp: 5 cm; area of
illumination: 1 cm x 1 cm). Every 5 minutes, the cuvet was
transferred to the fluorimeter and the emission spectrum was
recorded. The intensity of the emission maximum (518 nm) was
plotted as a function of time to generate the release curves for the
dye-encapsulated liposomes.
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The molecular details of antigen processing, including the identity of the enzymes involved, their
intracellular location and their substrate specificity, are still incompletely understood. Selective
inhibition of proteolytic antigen processing enzymes such as cathepsins D and E, using small molecular
inhibitors such as pepstatin, has proven to be a valuable tool in investigating these pathways. However,
pepstatin is poorly soluble in water and has limited access to the antigen processing compartment in
antigen presenting cells. We have synthesised mannose—pepstatin conjugates, and neomannosylated
BSA-pepstatin conjugates, as tools for the in vivo study of the antigen processing pathway. Conjugation
to mannose and to neomannosylated BSA substantially improved the solubility of the conjugates
relative to pepstatin. The mannose—pepstatin conjugates showed no reduction in inhibition of cathepsin
E, whereas the neomannosylated BSA—pepstatin conjugates showed some loss of inhibition, probably
due to steric factors. However, a neomannosylated BSA—pepstatin conjugate incorporating a cleavable
disulfide linkage between the pepstatin and the BSA showed the best uptake to dendritic cells and the

best inhibition of antigen processing.

Introduction

Uptake, proteolytic degradation, and display of foreign antigens
by professional antigen-presenting cells such as dendritic cells
are essential steps in the immune response to antigens. Under-
standing how foreign antigens, once internalised, are proteolysed
is therefore key to understanding both the normal function of
the immune system' and the abnormal antigen processing which
occurs in autoimmune diseases.> One approach to the study of
the role of proteolysis in antigen processing and presentation
is to use proteolytic inhibitors, such as pepstatin, to block the
processing enzymes, such as cathepsins D and E.> However, there
are several major problems with this approach. Aspartic protease
inhibitors such as pepstatin are only sparingly soluble in water,
and are inefficiently transported across membranes. Moreover, in
the absence of any tissue or cell targeting specificity, it is also
difficult to carry out reliable in vivo studies. We therefore sought to
develop a system for the solubilisation, cell-specific delivery and
receptor-mediated uptake of pepstatin.

Antigen uptake by dendritic cells and macrophages is mediated
by the mannose receptor, a membrane-associated protein bearing
eight carbohydrate recognition domains. The mannose receptor
binds to mannosylated polysaccharides and glycoproteins and
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internalises such ligands;* mannosylation of peptide and protein
antigens has been shown to result in a significant increase in T-
cell response.® High affinity synthetic ligands for the mannose
receptor have recently been developed, based on multivalent
cluster mannosides which can simultaneously bind to the mul-
tiple carbohydrate recognition domains. In particular, lysine-
based cluster mannosides bearing up to six terminal mannose
groups, connected to the lysine residues by flexible spacers, have
been studied and shown to have subnanomolar affinity for the
mannose receptor.® These and similar cluster mannosides have
been used to block mannose receptors’ and for the efficient, cell-
specific delivery of antigens,? fluorophores® and PNA.* Mannose-
targeted liposomes have also been synthesised for gene''>'* and
antigen'" delivery to dendritic cells, and other scaffolds, such
as mannosylated cyclodextrins'® and mannosylated bovine serum
albumin'” have also been used to target the mannose receptor
and deliver therapeutic agents to macrophages. In spite of the
advantages of such an approach, targeted delivery of pepstatin
has seldom been explored,’®" and receptor-mediated uptake to
macrophages and dendritic cells via the mannose receptor has not
previously been disclosed.

In this paper we report the design, synthesis and biological
characterisation of four mannose-pepstatin bioconjugates, de-
signed for receptor-mediated uptake of pepstatin to dendritic
cells. We have studied the enzyme inhibition properties of
these bioconjugates and their uptake into dendritic cells, and
report their utility as tools for studying the antigen processing
pathway.

Results and discussion
Design of mannose—pepstatin conjugates

We considered several factors for the design of the mannose-
pepstatin conjugates. Although many studies have indicated the
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importance of polyvalent mannose clusters for successful receptor
binding and uptake,® it is clear that for some receptors a single
glycosidic unit is sufficient,' and we therefore sought to compare
the delivery of pepstatin bearing a single mannose unit to pepstatin
conjugated to a polymannose cluster. The optimal spacer length
between individual mannoses in mannose clusters, and between
the cluster mannoside and the antigen or inhibitor being delivered,
has not been determined for all systems: however, studies of the
interaction of mannosylated liposomes with human phagocytes
indicated that longer spacer lengths such as PEG 6, PEG 8 led
to good uptake by the mannose receptor.! It had previously
been reported that the conjugation of pepstatin to PEG, whilst
increasing the solubility, seriously decreased the aspartic protease
inhibition, probably due to steric hinderance between the inhibitor
and the conjugated PEG.*! In order to reduce the possibility
of steric hinderance between the polymannose cluster and the
proteolytic enzymes under study, we also designed probes where
the pepstatin and mannose units were conjugated via a disulfide
bond. Recent studies have shown that specific redox enzymes,
as well as reducing agents, are prevalent in endosomes and
lysosomes, and that therefore targeted drug delivery strategies can
be enhanced by the use of cleavable disulfide linkages between the
receptor targeting moiety and the drug® allowing the drug to be
released from the targeting moiety by reductive cleavage in the
endosome. We hypothesised that mannose—pepstatin conjugates
with a disulfide bond in the linker could also be internalised via

0 .~

h

receptor-mediated endocytosis and would subsequently be cleaved
in the endosome to release the pepstatin.

We therefore designed mannose-pepstatin conjugates 1-4
(Fig. 1). Conjugates 1 and 2 bear a single mannose unit, in contrast
to 3 and 4, in which the pepstatin is attached to neomannosylated
bovine serum albumin (BSA). In addition, conjugates 2 and 4 have
a cleavable disulfide bond between the pepstatin and the targeting
moiety, whereas 1 and 3 are not cleavable. We envisaged that these
four conjugates would enable us to explore the effects of polyvalent
and cleavable mannose targeting moieties on pepstatin delivery.

Synthesis of mannose—pepstatin conjugates 1 and 2

A convergent route to the monomannosylated conjugates 1 and 2
was used that would allow incorporation of either a cleavable or
a non-cleavable linker at a late stage. The mannose was attached
to the linker via a flexible spacer group using standard methods,
as follows. Mannose was converted to the known 2,3,4,6-tetra-O-
acetyl-a-D-mannopyranosyl trichloroimidate 5 and was reacted
with benzyl 4-hydroxybutanoate 6** to afford 7 (Scheme 1). The
benzyl ester was then deprotected to give 8 and converted to the
N-hydroxysuccinimide 9.

For the synthesis of mannose—pepstatin conjugate 1, 9 was
then reacted with the non-cleavable linker N-(z-butyloxycarbonyl)
propane-1,3-diamine®® 10 to give 11 (Scheme 2). Deprotection with
TFA was followed by coupling to pepstatin-N-hydroxysuccinimide
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Fig. 1 Structure of the mannose—pepstatin conjugates 1 (non-cleavable) and 2 (cleavable) and of the neomannosylated BSA—pepstatin conjugates 3

(non-cleavable) and 4 (cleavable).
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Scheme 1 Synthesis of mannose-linker 9: a) Ac,O0, Et;N (99%);
b) H,NNH,.AcOH, DMF (77%); ¢) K,CO;, CI;CCN, CH,Cl, (96%); d)
6, BF;OEt, (55%); e) H,, Pd/C (85%); f) EDCI, NHS (quant.).

12 to give 13. Removal of the acetate groups then afforded 1. Simi-
larly, 9 was reacted with the cleavable linker N-(z-butoxycarbonyl)
cystamine 14 to give 15; deprotection with TFA and coupling to
pepstatin-N-hydroxysuccinimide 12 gave 16, which was likewise
deprotected to afford 2.

Synthesis of neomannosylated BSA—pepstatin conjugates 3 and 4

BSA is an inexpensive and readily available protein, soluble in
many different aqueous buffers,”® with a large number of Lys
residues and a single Cys residue that is not involved in a disulfide
bridge. We planned to use this inherent orthogonality of functional
groups to form the desired conjugates 3 and 4. It was envisaged
that the mannose moieties could be selectively conjugated to the
Lys-NH, groups, leaving the Cys-SH available for chemoselective
coupling to a suitable linker—pepstatin moiety. As we wished to
avoid a final deacetylation step in the synthesis of the neomanno-
sylated BSA—pepstatin conjugates, it was also necessary to alter
the strategy for mannosylation of BSA. Conjugation of oligovalent
amines with unprotected NCS-functionalised mannose derivatives

to give thiourea-bridged glycodendrimers has previously been
reported,” and we therefore elected to use this approach in
our synthesis. Thus, 4-isothiocyanatophenyl a-D-mannopyranose
was reacted with BSA in 0.15 M NaCl? to give mannose-BSA
conjugates 17 (Scheme 3). Three methods were used to determine
the average amount of conjugation of isothiocyanomannosyl
sugar derivatives: mass spectroscopy (MALDI-TOF); biochemical
analysis for total mannose content;*® and analysis of free amino
groups.”? These methods indicated that the mannose-BSA con-
jugates 17 had, on average, between 22 and 24 mannosyl units
attached.

In order to chemoselectively attach a pepstatin—non-cleavable
linker moiety, pepstatin-N-hydroxysuccinimide 12 was reacted
with N-(z-butyloxycarbonyl) propane-1,3-diamine 10, the Boc
group removed and the resulting amine conjugated to iodoacetic
anhydride to give the iodoacetamide 18. Similarly, pepstatin-/N-
hydroxysuccinimide 12 was reacted with N-(z-butyloxycarbonyl)
cystamine 14, the Boc group removed and the resulting amine
conjugated to iodoacetic anhydride to give the iodoacetamide
19. The inherent insolubility of pepstatin in many solvents
ensured that 18 and 19, and the intermediates in their synthesis,
could be readily purified prior to coupling with the mannose—
BSA conjugate. Thus, reaction of 18 with 17 gave the non-
cleavable neomannosylated BSA—pepstatin conjugate 3 directly,
and reaction of 19 with 17 afforded the cleavable neomannosylated
BSA-pepstatin conjugate 4.

Biochemical evaluation of the mannose—pepstatin and
neomannosylated BSA—pepstatin conjugates

It was evident during synthesis that both monomannosylated
conjugates 1 and 2 and the neomannosylated BSA—pepstatin
conjugates 3 and 4 had much improved solubility compared to
pepstatin A alone. The monomannosylated conjugates 1 and 2 had
excellent solubility in organic solvents, especially methanol, and
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their solubility in water was much higher than that of pepstatin.
At high concentrations in water (>0.5 mM) a slight cloudiness was
visible, but at the lower concentrations used in biological assays
(<54 uM, see below) the compounds appeared to be completely
water soluble. The neomannosylated BSA-pepstatin conjugates
were highly soluble in water (greater than 1 mM).

The inhibitory activity of the conjugates was tested against
cathepsin E using a fluorogenic assay.*® Fig. 2 shows representative
plots of this data for monomannosylated conjugate 2 and neoman-
nosylated BSA—pepstatin conjugate 4. Similar data were obtained
for conjugates 1 and 3 (not shown). The best fit curve for the
data allowed estimates for ICs, values. ICs, for monomannosylated
conjugates 1 and 2 are in the picomolar range (conjugate 1 ICs, =
133 £+ 23 pM, n = 3; conjugate 2 ICs, = 86 £+ 47 pM, n = 4)
similar to that of pepstatin (not shown). ICs, for neomannosylated
BSA-pepstatin conjugate 3 and 4 are in the low nanomolar range
(conjugate 3 1C5, = 1.3 0.4 nM, n = 3; conjugate 4 IC5, = 3.5 &
0.4 nM, n = 3. In contrast, the neomannosylated BSA conjugate
17 without the addition of pepstatin had little inhibitory activity
(ICs > 1 uM).

Attachment of a small linker and sugar unit does not therefore
cause any significant reduction in the inhibitory effects of pepstatin
A, while attachment of the larger neomannosylated BSA causes
a reduction in IC, of approximately 10 fold, perhaps because the
large carrier reduces the accessibility of the pepstatin.

Effect of the mannose—pepstatin and neomannosylated
BSA-—pepstatin conjugates on antigen processing in A20 cells and
dendritic cells

In order to test the activity of the pepstatin conjugates on antigen
processing, we made use of a well-established assay*** in which
ovalbumin is processed and presented to an antigen-specific T cell
hybridoma, DO11-10, which recognizes ovalbumin amino acids
323-339. Co-culture of antigen presenting cells, antigen and the
T cell hybridoma DO11-10 induces the release of the cytokine
interleukin 2 (IL-2). We explored the activity of the inhibitors
using two types of antigen presenting cell types, A20 a B cell
lymphoma which does not express the mannose receptor®® but is
known to use the aspartic protease cathepsin E for processing,
or mouse bone marrow-derived dendritic cells which do express
mannose receptor(s).’*3*

Pepstatin inhibited processing of ovalbumin by A20 cells as
described previously,*’ and did not inhibit presentation of the
“preprocessed” ovalbumin peptide 323-339 (Fig. 3, lower panels),
demonstrating that inhibition was at the level of processing and not
presentation, or T cell activation. High concentrations of inhibitor
were required (around 10° higher than the IC,;, measured in
enzymatic assays), and some toxicity (reflected in the inhibition of
ovalbumin peptide presentation (lower right panel) was observed
at the highest concentration.
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Fig. 2 Inhibitory activity of mannose—pepstatin and neomannosylated
BSA-—pepstatin conjugates against cathepsin E. Inhibitors were incubated
at the concentrations shown in the presence of fluorogenic peptide
substrate (5 pM) and purified rat cathepsin E (50 ng ml™") as described
in Experimental procedures. Results for each inhibitor are representative
of at least three experiments and expressed as % activity relative to the
activity in the absence of inhibitor.

Preliminary experiments showed that although the monoman-
nosylated conjugates were soluble in water at the uM concentra-

tions used, they precipitated out of solution in the cell culture
media required for these assays. Addition of DMSO to the stock
solution (to a final concentration of  that required for pepstatin
A) restored solubility. The monomannosylated conjugates 1 and 2
also inhibited processing of ovalbumin, showing a dose response
rather similar to pepstatin. No toxicity or inhibition of peptide
presentation was observed at any concentration tested, perhaps
because the solutions contained only ! the concentration of
DMSO as solvent. These conjugates therefore both retain the
inhibitory activity of pepstatin, albeit with improved solubility
properties.

In contrast, neither neomannosylated conjugates 3 or 4 showed
consistent inhibition of ovalbumin processing/presentation by
A20 cells (Fig. 4). Although some slight inhibition was observed
with conjugate 4 this did not exceed that shown by the mannose—
BSA conjugate 17 which did not carry pepstatin, and was pre-
sumably due to non-specific effects. For reasons which remained
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Fig. 4 Antigen processing by A20 cells in the presence of neomannosylated
BSA-pepstatin conjugates 3 and 4, or the mannose-BSA conjugate 17. The
results are expressed as % inhibition of the IL-2 responses in the presence
of 54 uM inhibitor. The figure shows the average of four independent
experiments. Other experimental details as for Fig 3.
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of DMSO in culture medium. IL-2 was collected and measured by ELISA as described in Experimental procedures and results are expressed as % of
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The result shows one representative of four experiments.
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10%. The result shows one representative of eight experiments.

unclear, conjugate 3 actually appeared to enhance IL-2 release, but
this phenomenon was not explored further. The lack of inhibition
by the mannosylated BSA—pepstatin conjugates may reflect either
the increased ICs, of these compounds demonstrated in Fig 2,
and/or a decreased ability of these much larger molecules to enter
the A20 cells, and reach the target enzyme.

A20 cells, although efficient at processing via fluid phase
uptake,® do not carry the mannose receptor, and cannot therefore
take up the mannosylated conjugates via receptor mediated
uptake. We therefore used dendritic cells, which show extremely
efficient receptor mediated uptake via the mannose receptor to
present ovalbumin to the DO11-10 T cells. Neither pepstatin (not
shown) nor the monomannosylated conjugates 1 and 2 inhibited
ovalbumin presentation above the level of the DMSO solvent, up
to concentrations of 18 uM (Fig. 5). Higher concentrations were
toxic to the dendritic cells.

Initial experiments using the neomannosylated-BSA conjugates
were carried out at the same concentration ranges. Although
conjugates 3 and 4 inhibited processing of ovalbumin at these
concentrations, there was no difference between those conjugates
carrying pepstatin (i.e. 3 and 4) and the mannose-BSA conjugate
17. Inhibition was presumed to be due to non-specific effects
of the high concentrations of mannose BSA conjugates, and
these experiments were therefore not pursued further. However,

conjugate 4 showed consistent inhibition of ovalbumin, but not
ovalbumin peptide presentation, at concentrations of around 1 x
107 uM. A representative experiment is shown in Fig. 6, and
an average inhibition of 71% =+ 8 was obtained at 2 puM in
8 different dendritic cell preparations. Preliminary experiments
suggested that the neomannosylated conjugate 3 (without the
cleavable disulfide bond linker) was much less active, suggesting
the presence of a cleavable disulfide bond within the linker was an
essential feature of the design.

Conclusion

Our objective in synthesising the mannose derivatives of pepstatin
was to increase solubility, and at the same time target this
inhibitor to the endocytic pathway of antigen presenting cells thus
enhancing bio-availability. All the conjugates synthesised showed
the expected increase in solubility in aqueous solution, although
for the monomannosylated derivatives, this increase was limited,
and the compounds still required significant concentrations of
DMSO to remain in solution in physiological media, which
contain salts and serum proteins. Nevertheless, synthesis of these
compounds was useful, since it demonstrated that the synthetic
strategy of linking a pepstatin to the mannose via a linker did not
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interfere with the inhibitory activity of the pepstatin, measured
either enzymatically or in the A20 antigen processing bioassay.

The monomannosylated derivatives and pepstatin itself were
not able to inhibit processing by dendritic cells. Although the
molecular reasons for this are not known, it is likely to reflect
the greatly enhanced efficiency of processing/presentation by
dendritic cells, which provides a much more stringent test of
inhibitors of processing enzymes. Indeed it is notable that few
previous studies have published data showing inhibition of antigen
processing in dendritic cells by small molecular weight protease
inhibitors.*

However, inhibition of processing by dendritic cells could be
achieved by the use of the neomannosylated BSA-pepstatin
conjugate 4. Since the inhibitory activity of this conjugate against
purified enzyme was actually less than free pepstatin (see Fig. 2),
this increased bioactivity presumably reflects the much higher
avidity of binding and uptake via the mannose receptor by
the conjugate carrying multiple mannose residues, over that of
a monomannosylate.*'”? Once inside the cell, the intracellular
environment is likely to favour reduction of the disulfide linker,
releasing pepstatin to interact efficiently with its target.

In summary, we have demonstrated that conjugation of pep-
statin to single, or multiple, mannose units constitutes a pow-
erful method for solubilising such small molecule inhibitors, for
targeting them to the desired cells and facilitating their uptake.
Such conjugates constitute important new tools for investigating
the antigen processing pathway, in vitro and in vivo. Inhibition
of processing by pepstatin conjugates clearly implicates aspartic
proteinases in the antigen processing pathway of dendritic cells.
At least two aspartic proteinases, cathepsins D and E, are known
to be expressed in the immune system, and we have extended
this work, using neomannosylated conjugate 4 in conjunction
with genetic approaches, to further dissect which enzyme is
actually functionally the most important.®” Further studies, using
fluoresceinated derivatives of the conjugate to track uptake and
intracellular distribution, are planned.

Experimental
General experimental procedures

Unless specified, all reagents were purchased from commercial
suppliers and were used without further purification. Pepstatin
was obtained from Calbiochem and Bachem. BSA was purchased
from Sigma-Aldrich. Isothiocyanato-phenyl o-D-mannopyranose
is available from Sigma-Aldrich, or was synthesised from 4-
nitrophenyl-o-D-mannopyranose (Acros) via hydrogenation of the
nitro group followed by reaction with CSC1,.?” '"H and "*C spectra
were recorded on Bruker AC 300, 400 and 500 instruments. The
chemical shift data for each signal is given in units of J relative to
tetramethylsilane (TMS) where 6 (TMS) = 0. Coupling constants
(J) are quoted in Hz. CI and FAB mass spectra were recorded
using a VG ZAB SE mass spectrometer. APCI and ES mass spectra
were recorded on a Micromass Quattro mass spectrometer. Optical
rotation was recorded using an AA-10 automatic polarimeter
(Optical Activity Ltd, UK) and a 5 cm length, 1.5 ml cell (4 = 0.5).
Melting points were measured using a Gallenkamp melting point
apparatus and are uncorrected. Infra-red (IR) spectroscopy was

carried out using a Shimadzu FTIR-8700 Fourier transform infra-
red spectrometer and analysed with Shimadzu FT IRS software.

Analytical HPLC (flow rate 1 ml min™") was carried out using
a Millipore Waters 600E system controller and pump system, Pye
Unicam PU4025 UV detector, Shimadzu C-R6A chromatopac
and a Vydac 218TP54 protein & peptide C18 column, 4.6 mm x
25 cm. Preparative HPLC (flow rate 15 ml min~') was carried out
using a Millipore Waters 600E system controller and pump system,
Gilson Holochrome UV detector, Millipore Waters 745B data
module and a Vydac 218TP1022 protein & peptide C18 column,
21.4mm x 25 cm. tlc was carried out on pre-coated 0.25 mm thick
Merck 60 F,, silica plates. Reverse phase silica plates used were
Merck RP-8 F,,S. Silica for chromatography was obtained from
BDH.

Dialysis was performed using standard 12 000 molecular weight
cut-off (MWCO) dialysis tubing. Before use, the tubing was
prepared by first boiling for 10 min in a large volume of 2% (w/v)
sodium bicarbonate and 1 mM EDTA (pH 8.0), then rinsing the
tubing thoroughly in 1 mM EDTA (pH 8.0), before boiling again
for 10 minutes in 1 mM EDTA (pH 8.0). The tubing was allowed
to cool before use, and was stored in solution (water or buffer)
at 4 °C. Centrifugal filtration devices used were either Millipore
centriplus YM-30 (Millipore (UK) Ltd) with a maximum 15 ml
capacity and used within a Beckman J2-21 swing bucket centrifuge,
or Millipore ultrafree-4 filtration unit (5 ml maximum capacity)
using a fixed 35° angle centrifuge (Jouan MR 1812, Jouan S. A,
France).

Tetrahydrofuran (THF) was dried by distillation from a sus-
pension of THF with sodium and benzophenone. Dimethyl
formamide (DMF) was dried by distillation from a suspension of
DMF and calcium hydride. CH,Cl,, Et;N and EtOH were dried
over CaH powder and stored over molecular sieves when needed.
With all reactions that used dry solvents, an inert atmosphere of
N, or Ar was used.

(3’-Benzyloxycarbonylpropyl)-2,3,4,6-tetra-O-acetyl-a-D-
mannopyranoside 7

Benzyl 4-hydroxybutanoate 6* (2.68 g, 5.4 mmol) and
2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyl trichloroacetimidate
5% (2.11 g, 10.8 mmol, 2 eq.) were added to a flask. Water
was azeotropically removed from the mixture with anhydrous
toluene (4 x 10 ml). Anhydrous CH,Cl, (30 ml) was added and
the mixture stirred vigorously and cooled to —40 °C using an
MeCN-CO, s, bath. BF;-Et,0 (1.4 ml, 10.9 mmol, 2 eq.) was
added slowly to this reaction mixture over 10 min during which
time the reaction mixture turned yellow. The disappearance of the
acetimidate 5 was monitored by tlc with maximum conversion to 7
by 4 h. The reaction mixture was washed with ice-cold 50% sodium
bicarbonate solution (3 x 60 ml) and then with ice-cold 50% brine
solution (3 x 60 ml). The organic layer was dried over MgSO,
and filtered. Removal of the CH,Cl, in vacuo gave a yellow oil,
which was purified by reverse phase chromatography (gradient:
100% water to 80% MeOH-water: R; 0.35 (3 : 1 MeOH-water;
reverse-phase tlc plates)). The column fractions containing 7 were
pooled and the MeOH removed in vacuo. The remaining aqueous
solution was extracted with CH,Cl, (50 ml). The CH,Cl, layer was
dried (MgSO,) and the solvent removed in vacuo to give the titled
product as a yellow wax (1.57 g, 3.0 mmol, 55%); [a]p>' + 38.0°
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(c 1, CHCL); Vina (CHCLL) 3024-3014 (w), 1751-1740 (s), 1454—
1429 (w), 1369 (m), 1240 (s) cm™'; '"H NMR Jy (500 MHz, CDCl;)
1.94 (2H, m, CH,CH,CH,0), 1.96 (3H, s), 2.01 (3H, s), 2.07 (3H,
s),2.13(3H,s),2.45(2H, t,J 8.5, CH,CH,CH,0), 3.37 (1H, ddd, J
5.7,6.6 and 9.8, CH,CH,CH,0), 3.72 (1H, ddd, J 5.7, 6.9 and 9.8,
CH,CH,CH,0), 4.05 (1H, ddd, J 2.4, 5.3 and 9.7, H-5), 4.08 (1H,
dd, J 2.4 and 12.3, H-6), 4.25 (1H, dd, J 5.3 and 12.3, H-6), 4.76
(1H,d, J 1.8, H-1), 5.12 (2H, s, PhCH,), 5.21 (1H, dd, J 1.8, and
3.4, H-2),5.24(1H, t,J 9.7, H-4), 5.29 (1H, dd, J 3.4 and 9.7, H-
3), 7.34 (5H, s, Ph); *C NMR ¢ (100 MHz, CDCl;) 20.58, 20.59,
20.62, 20.8, 24.5, 30.8, 62.3, 66.0, 66.3, 67.1, 68.4, 69.0, 69.4, 97.3,
128.2, 128.5, 135.8, 169.6, 169.8, 169.9, 170.5, 172.7; m/z (FAB)
547.1796 (M + Na*. C,sH;,0,, requires 547.1792), m/z (APCI*)
169 (100%), 331 (29%) and 547 (16%). NOESY experiments were
used to determine which anomer had been produced during the
coupling reaction: NOE correlations were observed between H-3
and H-5, but not H-1, implying that H-1 is equatorial and that
the a-anomer had been produced. The relevant portion of the
spectrum is shown in the ESL.{

(3’-Oxycarbonylpropyl)-2,3,4,6-tetra-O-acetyl-a-p-
mannopyranoside 8

To a flask containing 3-benzyloxycarbonylpropyl-2,3,4,6-tetra-
O-acetyl-a-D-mannopyranoside 7 (1.16 g, 2.2 mmol) was added
anhydrous EtOH (30 ml) and 10% Pd/C (0.1 g). This was
hydrogenated at room temperature and 1 atm with continuous
stirring in the presence of an excess of H, over 4 h, monitoring
by tlc. Filtration through Celite and removal of the ethanol in
vacuo yielded the title compound as an opaque viscous yellow oil
(0.82 g, 1.89 mmol, 85%); R; 0.6 (1 : 4 ethanol-CH,Cl,); [a],* +
36.0° (¢ 1, CHCL,); Vo (CHCLy) 3024-3014 (w), 1757-1730 (s),
1429 (w), 1369 (m), 1252 (s) cm™"; "H NMR Jy (300 MHz, CDCl;)
1.94-2.02 (2H, m, CH,CH,CH,0) 1.98 (3H, s), 2.03 (3H, s), 2.08
(3H, ), 2.13(3H, s), 2.44 (2H, t, J 6.9, CH,CH,CH,0), 3.49 (1H,
dt, J 5.9 and 9.6, CH,CH,CH,0), 3.68 (1H, dt, J 5.9 and 9.6,
CH,CH,CH,0), 3.93-3.99 (1H, m, H-5), 4.07 (1H, dd, J 2.3 and
12.3, H-6), 4.25 (1H, dd, J 5.3 and 12.3, H-6), 4.79 (1H, d, J 1.6,
H-1),5.21 (1H,dd, J 1.6 and 3.0, H-2), 5.25-5.31 (2H, m, H-3 and
H-4), 7.98 (1H, br s, -COOH); *C NMR Jy (100 MHz, CDCl;)
20.6, 20.7, 20.8, 24.4, 30.7, 62.4, 66.0, 67.0, 67.2, 68.5, 69.1, 69.4,
97.5,169.8, 170.1, 170.8, 176.7, 177.9; m/z (FAB) 557.1316 (M +
Na*. C,3sHyO,, requires 557.1322), m/z (ES*) 169 (8%), 331 (5%)
and 457 (100%)

3-Succinimidoxycarbonylpropyl-2,3,4,6-tetra-O-acetyl-a-D-
mannopyranoside 9

3-Oxycarbonylpropyl-2,3,4,6-tetra- O-acetyl-o-D-mannopyrano-
side 8 (1.4 g, 2.7 mmol) was dissolved in anhydrous CH,Cl,
(30 ml), and the flask cooled in an ice-water bath. To the reac-
tion was added 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDCI, 1 g, 5.4 mmol, 2 eq.) and N-hydroxy-
succinimide (NHS) (0.62 g, 5.4 mmol, 2 eq.). The reaction was
stirred for 18 h and allowed to reach room temperature. The
reaction mixture was washed with 20% brine (3 x 50 ml), dried over
Na,SO,, filtered and the solvent removed in vacuo to obtain 9 as a
pale yellow oil (1.55 g, 2.9 mmol) which was used without further
purification; v,,,, (CHCl;) 3024-3014 (w), 1741 (s), 1431 (w), 1369

(w), 1229 (s) and 1203 (s) cm™'; 'H NMR 8, (300 MHz, CDCL,)
2.01-2.12 (2H, m, CH,CH,CH,0) 1.97 (3H, s), 2.02 (3H, s), 2.08
(3H, ), 2.13 (3H, 5), 2.73 (2H, t, J 7.0, CH,CH,CH,0), 2.80-2.82
(4H, m, NHS), 3.52 (1H, dt, J 5.9 and 10.0, CH,CH,CH,0), 3.81
(1H, dt, J 6.1 and 10.0, CH,CH,CH,0), 3.92-3.96 (1H, m, H-5),
4.07(1H, dd, J 2.4 and 12.3, H-6),4.27 (1H, dd, J 5.1 and 12.3, H-
6),4.81 (1H, d, J 1.4, H-1), 5.22-5.31 (3H, m, H-2, H-3 and H-4);
3CNMR 6, (100 MHz, CDCl,) 13.9, 13.94, 20.7, 20.9, 24.5, 25 4,
30.8, 62.5, 66.0, 67.3, 68.6, 69.3, 69.4, 97.5, 169.8, 170.2, 170.3,
170.9, 172.2, 177.1; m/z (ES*) 331 (8%) and 554 (100%).

N-(t-Butyloxycarbonyl)propane-1,3-diamine 10

Anhydrous THF (20 ml) was added to a flask containing diamino-
propane (4 ml, 47.4 mmol, 4 eq.) and stirred vigorously. Di-z-
butyl dicarbonate (2.56 g, 11.8 mmol) was dissolved in anhydrous
THF (2 ml) and slowly added to the flask. The mixture was
stirred vigorously for 3 h, by which time the starting di-z-butyl
dicarbonate had completely reacted (tlc 20% MeOH-CHCI; +
1% Et;N, di-z-butyl dicarbonate R; 0.9, 10 R; 0.2). The THF was
removed in vacuo and the crude product redissolved in 100 ml
ether. The ethereal layer was washed with water (1 x 100 ml),
water—1% brine—1% 0.2 M sodium acetate buffer (2 x 100 ml) and
then with brine (1 x 100 ml). The aqueous layers were combined,
and brine (40 ml) and saturated sodium bicarbonate (40 ml) added.
This was then extracted with CHCI; (200 ml, then 3 x 50 ml). The
combined CHCI; layers were dried over MgSO, and the solvent
removed in vacuo to give 10 (1.175 g, 6.73 mmol, 57%) as a yellow
oil identical by NMR to the literature.'

N-(3-(2,3,4,6-Tetra-O-acetyl-a-D-mannopyranosyloxy )-
propylcarbonyl)-N -(t-butyloxycarbonyl) propane-1,3-diamine 11

3-Succinimidoxycarbonylpropyl-2,3,4,6-tetra- O-acetyl-a-D-man-
nopyranoside 9 (1 g, 1.9 mmol, 1.2 eq.) was dissolved in
anhydrous CH,Cl, (10 ml) in a round-bottomed flask. N-(¢-
Butyloxycarbonyl)propane-1,3-diamine 10 (279 mg, 1.6 mmol)
was dissolved in anhydrous CH,Cl, (2 ml) and added to the
reaction at room temperature with stirring. A further 8 ml of
anhydrous CH,Cl, was added to the reaction along with three
drops of anhydrous Et;N. The reaction was stirred overnight, then
washed with 20% brine (3 x 50 ml) and the organic layer dried over
MgSO,. Removal of the solvent in vacuo gave an oil, which was
purified by flash chromatography (EtOAc: R; 0.35 (1 : 19 EtOH-
CH,Cl,)) to give 11 as an 0il (0.78 g, 1.31 mmol, 82%) that partially
crystallised overnight at 4 °C; [a]p®' + 23.2° (¢ 2.5, CHCL); Vi
(CHCI;) 3024-3014 (w), 1745 (s), 1700, 1662 (m), 1512 (m), 1440—
1433 (br w), 1367 (w), 1230 (s) cm™'; 'H NMR Jy (300 MHz,
CDCl,) 1.33 (9H, s), 1.52 (2H, quin, J 5.9, NCH,CH,CH,N),
1.79-1.92 (2H, m, CH,CH,CH,0), 1.89 (3H, s), 1.94 (3H, s), 2.0
(3H, s), 2.05 (3H, s), 2.20 (2H, t, J 7.3, CH,CH,CH,0), 3.05 (2H,
q, J 6.1 Hz, NCH,CH,CH,N or NCH,CH,CH,N), 3.18 (2H, m,
NCH,CH,CH,N or NCH,CH,CH,N), 3.39 (1H, dt, J 6.2 and
9.8, CH,CH,CH,O0), 3.66 (1H, dt, J 6.0 and 9.8, CH,CH,CH,0),
3.86-3.91 (1H, m, H-5),3.974.02 (2H, m, H-6 and NH), 4.18 (1H,
dd, J 5.2 and 12.2, H-6), 4.70 (1H, d, J 1.4, H-1), 5.11-5.22 (3H,
m, H-2, H-3 and H-4), 6.44 (1H, m, NH); *C NMR J, (100 MHz,
CDCl;) 20.7, 20.71, 20.8, 25.1, 28.3, 30.1, 32.8, 62.4, 66.1, 67.5,
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68.5, 69.1, 69.5, 97.5, 169.7, 170.0, 170.1, 170.7, 172.5; m/z (ES*)
331 (24%), 629 (100%, [M + Na]*).

Pepstatin N-hydroxysuccinimide 12

Pepstatin A (176 mg, 260 umol), EDCI (493 mg, 2.6 mmol, 10 eq.)
and NHS (296 mg, 2.6 mmol, 10 eq.) were placed in a flask. To
this was added anhydrous DMF (5 ml) and the reaction stirred
overnight. The DMF was removed in high vacuo. The solid was
loosened from the vessel walls, washed with water (20 ml) and
collected by filtration. The solid was further washed with water
(180 ml) and then with diethyl ether (50 ml). The wet solid was
then dried for 24 h under vacuum over anhydrous P,O;. This gave
187 mg (239 umol, 93%) of the titled product as a white solid;
mp 227-229 °C; vy (KBr) 3500-3200 (s), 2959-2871 (m), 1818
(w), 1785 (w), 1740 (s), 1650-1617 (s), 1534 (s) cm™'; "H NMR J
(d¢-DMSO, 300 MHz) 0.50-0.70 (30H, m, CH), 0.98 (3H, d, J
6.81), 0.95-1.25 (4H, m), 1.25-1.40 (2H, m), 1.70-1.85 (3H, m),
1.85-1.95(2H, m), 2.25-2.33 (4H, m), 2.60 (4H, s), 3.55-3.77 (4H,
m), 3.90-4.10 3H, m), 4.58 (1H, d, J 4.4, OH), 5.04 (1H, d, J 9.6,
OH), 7.42 (2H, m, NH), 7.73 (1H,d, J9.6,NH), 7.78 (1H,d, J 9.1,
NH), 7.87 (1H, d, J 6.7, NH); *C NMR 6y (d,-DMSO, 75.4 MHz)
18.1, 18.2, 18.3, 18.38, 18.4, 18.41, 19.28, 19.33, 21.6, 21.8, 22.3,
23.3,23.5,24.2,24.8,25.5,25.7, 30.1, 30.2, 30.3, 44.4, 48.3, 50.5,
57.8, 169.2, 169.3, 169.7, 170.2, 170.5, 170.6, 171.6, 172.4; m/z
(ES) 805.4194 (M + Na*. CxHgNgO,, requires 805.4687), m/z
(APCIY) 215.4 (83%), 283.4 (33%), 511.6 (67%), 668.7 (100%),
783.7 (33%).

N-(3-(2,3,4,6-Tetra-O-acetyl-a-D-mannopyranosyloxy )-
propylcarbonyl)-N -(pepstatinyl) propane-1,3-diamine 13

N-(3-(2,3,4,6-Tetra-O-acetyl-a-D-mannopyranosyloxy)propylcar-
bonyl)-N'-(¢-butyloxycarbonyl)propane-1,3-diamine 11 (650 mg,
1.1 mmol) was added to a flask and dissolved in anhydrous CH,Cl,
(20 ml). TFA (2 ml) was added slowly to the flask while stirring.
After 30 min the reaction was stopped and 10 ml of CH,Cl,
was added. The reaction mixture turned greenish. The solvent
and TFA were removed in vacuo during which time the colour
gradually disappeared to obtain N-(3-(2,3,4,6-tetra-O-acetyl-
a -D-mannopyranosyloxy)propylcarbonyl)propane- 1,3 - diamine
trifluoroacetate as a viscous oil (0.7 g) which was used without
further purification.

Pepstatin  N-hydroxysuccinimide 12 (30 mg, 38 pmol) and
N-(3-(2,3,4,6-tetra-O-acetyl-a-D-mannopyranosyloxy)propylcar-
bonyl)propane-1,3-diamine trifluoroacetate (83 mg, 137 pumol,
5.6 eq.) were both dissolved in anhydrous DMF (5 ml) in a flask.
Anhydrous Et;N (1 ml) was added with stirring and the reaction
was stirred at room temperature for 18 h. The DMF and Et;N
were removed in vacuo, and the crude product was dissolved in
MeOH and filtered through cotton wool to remove pepstatin
dimethylamine (insoluble in MeOH). Purification by preparative
HPLC (gradient, 60% MeOH-water to 95% MeOH-water
over 25 min), and removal of the MeOH in vacuo followed by
lyophilisation, gave the titled product (RT 11 min, R; 0.2 (1 : 9
MeOH-CH,Cl,)) (20 mg, 17.3 pmol, 45%) as a white powder,
mp 180 °C (dec.) vy, (CHCL;) 3400-3200 (w, amide), 3024-2855
(m), 2401 (w), 1747 (s), 1647 (s), 1537 (m), 14661435 (br m),
1371 (w), 1227-1213 (s) cm™'; 'H NMR J (CD;0D, 500 MHz)

0.84-0.98 (30H, m, CH;), 1.30-1.36 (2H, m), 1.37 (3H, d, J 7.2),
1.54-1.65 (4H, m), 1.69 (2H, quin, J 6.8), 1.93-1.95 (2H, m), 1.95
(3H, s), 2.03 (3H, s), 2.05 (3H, s), 2.13 (3H, s), 2.02-2.10 (3H,
m), 2.11-2.14 (2H, m), 2.27 2H, d, J 6.7), 2.31 (2H, t, J 7.4),
2.34-2.36 (2H, m), 3.17-3.26 (4H, m), 3.51 (1H, ddd, J 5.9, 6.4,
9.8), 3.75 (1H, ddd, J 6.0, 6.6, 9.8), 3.90-3.96 (2H, m), 3.98-4.03
(3H, m), 4.09 (1H, dd, J 2.5, 12.2), 4.13 (1H, d, J 7.8 Hz), 4.15
(1H, d, J 8.1), 4.23-4.28 (2H, m), 4.82 (1H, d, J 1.4), 4.88 (1H, s,
OH), 5.20-5.24 (3H, m); "C NMR ¢, (CD;0D, 125.7 MHz) 18.1
(C-16), 18.9, 19.1, 19.9, 20.0, 20.6, 20.64, 20.7, 22.39, 22.4, 22.77,
22.8,23.7, 23.8, 25.8 & 25.9, 26.6, 27.5, 30.1, 31.4 & 31.5, 33.7,
37.8(2C),41.3,41.4,41.6 &42.0 (4C), 46.0,51.4,52.3 & 52.8, 60.7
& 60.9, 63.6, 67.8, 68.6, 69.8, 70.7, 70.8, 71.1, 71.5, 98.9, 171.5,
171.52, 171.6, 172.4, 173.8, 173.9, 174.1, 174.2, 175.4, 175.5,
174.8; m/z (ES*) 1180.6886 (M + Na*. CssHysN,O,, requires
1180.6580), m/z (APCI*) 169.0 (100%), 331.2 (14%), 810.7 (5%,
[M — mannopyranose]*), 1158.9 (7% [M + HJ*). Full 'H and *C
NMR analysis was carried out on 13 (COSY, TOCSY) and the
chemical shifts fully assigned: these assignments were then used
to evaluate other pepstatin conjugates. Details of the '"H and "*C
assignments are given in the ESI.{

N-(3-(a-p-Mannopyranosyloxy ) propylcarbonyl)-N -
(pepstatinyl) propane-1,3-diamine 1

N-(3-(2,3,4,6-Tetra-O-acetyl-o-D-mannopyranosyloxy)propylcar-

bonyl)-N'-(pepstatinyl)propane-1,3-diamine 13 (20 mg, 17.3
umol), was dissolved in MeOH (5 ml) in a 25 ml round-bottomed
flask. LiOH (1 M, aq) solution was added dropwise with stirring
until pH 11 was reached. Stirring was continued for 6 h before
removal of the solvents in vacuo. The crude product was purified
by preparative HPLC (gradient, 20% MeCN-water to 60%
MeCN-water over 25 min, RT = 13 min). Removal of the MeCN
in vacuo and lyophilisation gave the titled product as a white
powder (12 mg, 70%, 12 pmol); mp 180 °C (dec.); Vm. (KBr)
3400-3200 (br s), 2960-2880 (s), 2500-2380 (w), 1685-1632 (s),
1560-1542 (m), 1468-1437 (m), 1206-1187 (s), 1138 (s) cm™';
'"H NMR 4y (CD;OD, 400 MHz) 0.86-0.99 (30H, m, CHj;),
1.28-1.34 (2H, m), 1.38 (3H, d, J 7.2), 1.53-1.64 (4H, m), 1.68
(2H, m), 1.85-1.92 (2H, m), 2.02-2.10 (3H, m), 2.12 (2H, d, J
6.5), 2.26-2.36 (6H, m), 3.20-3.23 (4H, m), 3.42-3.52 (2H, m),
3.59 (1H, t, J 9.5), 3.66-3.75 (3H, m), 3.78 (1H, dd, J 1.7 and
3.3), 3.82 (1H, dd, J 2.2 and 11.7), 3.93-4.03 (4H, m), 4.11-4.15
(2H, m), 4.26 (1H, q, J 7.1), 4.72 (1H, d, J 1.5), 4.85 (1H, s,
OH), 7.47 (1H, d, J 9.4 NH), 7.70 (1H, d, J 9.3, NH), 7.99 (2H,
m, NH); “C NMR ¢y (CD,OD, 125.7 MHz) 18.1, 18.9, 19.2,
20.0, 20.1, 22.4, 22.5,22.8, 22.9, 23.8, 23.9, 25.9, 26.0, 26.9, 27.5,
30.1, 31.5, 31.6, 34.0, 37.9 (2C), 41.3, 41.5, 41.7, 42.0, 46.0, 51.4,
52.4,52.8, 60.8, 60.9, 63.0, 67.8, 68.7, 71.2, 71.5, 72.2, 72.7, 74.7,
101.7, 173.8, 174.0, 174.1, 174.2, 175.5, 175.7, 175.8; m/z (ES*)
1012.6140 (M + Na*. C,;Hg;N,0O,5Na requires 1012.6157), m/z
(ES*) 828.6 (32%, [M — mannopyranose]*), 990.7 (100%, [M +
H]J*), 1012.8 (44%, [M + Nal*).

N-(t-Butyloxycarbonyl) cystamine 14

To a flask containing water (5 ml) and dioxane (4 ml) were added
cystamine dihydrochloride (1.29 g, 5.7 mmol, 4 eq.) and sodium
bicarbonate (0.48 g, 5.7 mmol, 4 eq.) with vigorous stirring.
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Di-z-butyl dicarbonate (313 mg, 1.43 mmol) was dissolved in dio-
xane (1 ml) and slowly added to the flask. The mixture was stirred
vigorously. By 2 h a residue had formed which was re-dissolved by
the addition of MeCN (5 ml). After 4 h the organic solvents were
removed in vacuo to give an aqueous suspension. A few drops of
acetate buffer (0.2 M) were added, resulting in the precipitation
of a solid; this was filtered and washed several times with 10%
brine and 10% bicarbonate solution (50 ml total). The filtrate was
extracted with CH,Cl, (4 x 50 ml) and the combined organic layers
dried over MgSO,. Removal of the solvent in vacuo gave 11 as a
viscous yellow oil (154 mg, 0.61 mmol, 43%); v,... (CHCl;) 3454
(w), 3000-2900 (w), 1720-1680 (s), 1506 (s) cm~'; 'H NMR oy
(CDCl;, 400 MHz) 1.39 (9H, s, t-Bu), 1.78 (2H, s, NH,), 2.72 (2H,
t,J 6.2, NCH,CH,S), 2.73 (2H, t, J 6.3, NCH,CH,S), 2.96 (2H, t,
J 6.1, BocNHCH,CH,S), 3.38-3.44 (2H, m, SCH,CH,NH,), 5.03
(1H, br's, NH); *C NMR J; (CDCl;, 100.6 MHz) 28.3, 38.4, 39.3,
40.4, 42.5, 155.7; m/z (FAB) 253.1010 (M + H*. C;H,N,O,S,
requires 253.1044), m/z (APCI*) 252.9 (56%).

N-(3-(2,3,4,6-Tetra- O-acetyl-a-D-mannopyranosyloxy )-
propylcarbonyl-N - (tert-butyloxycarbonyl) cystamine 15

3-Succinimidoxycarbonylpropyl - 2,3,4,6 - tetra - O - acetyl - a - D-
mannopyranoside 9 (500 mg, 0.94 mmol, 1.7 eq.) was dissolved
in anhydrous CH,Cl, (10 ml) in a round-bottomed flask. N-
(¢-Butyloxycarbonyl)cystamine 14 (140 mg, 0.55 mmol) was
dissolved in anhydrous CH,Cl, (2 ml) and added to the reaction
while stirring at room temperature. A further 8 ml of anhydrous
CH,Cl, was added to the reaction along with three drops of
anhydrous Et;N. The reaction was stirred overnight, then washed
with 20% brine (3 x 50 ml) and the organiclayer dried over MgSO,.
Removal of the solvent in vacuo gave an oil, which was purified by
flash chromatography (4 cm, gradient, 50% hexane—ethyl acetate
to 10% hexane—ethyl acetate, change in 10% hexane every 50 ml;
R; 0.3 (1:9 hexane—ethyl acetate)) to give 15 as an oil (244 mg, 363
pumol, 66%); [a]p? + 22.4° (¢ 2.5, CHCL,); vy, (film) 3400-3100 (s),
2980-2900 (s), 1760-1650 (s), 1550-1504 (m), 1435 (w), 1367 (w),
1280-1220 (m) cm™'; '"H NMR dy (400 MHz, CDCl;) 1.38 (9H, s),
1.88-1.94 (2H, m, CH,CH,CH,0) 1.94 (3H, s), 2.0 (3H, s), 2.05
(3H, ), 2.10 (3H, s), 2.27 (2H, t, J 7.2, CH,CH,CH,0), 2.73 (2H,
t, J 6.7, NHCH,CH,S), 2.79 (2H, t, J 5.9, NHCH,CH,S), 3.38
(2H, q, J 6.4, NHCH,CH,S), 3.41-3.47 (1H, m, CH,CH,CH,0),
3.51 (2H, q, J 6.0, NHCH,CH,S), 3.70 (1H, dt, J 5.9 and 9.8,
CH,CH,CH,0), 3.90-3.95 (1H, m, H-5), 4.02-4.07 (1H, m, H-6),
4.27 (1H, dd, J 5.2 and 12.2, H-6), 4.75 (1H, d, J 1.5, H-1), 5.11
(1H, br d, NH), 5.16-5.27 (3H, m, H-2, H-3 and H-4), 6.53 (1H,
br d, NH); *C NMR dy (100 MHz, CDCl;) 20.6, 20.7, 20.8, 25.0,
28.3, 32.5, 37.7, 38.1, 38.2, 39.4, 62.4, 66.0, 67.4, 68.4, 69.0, 69.4,
97.4,155.9, 169.6, 169.9, 170.1, 170.6, 172.4; m/z (FAB) 669.2371
(M*. C;;H,NO,;S, requires 669.2363), m/z (FAB*) 169 (80%),
331 (100%), 669 (50%, [M + HJ*).

N-(3-(2,3,4,6-Tetra-O-acetyl-a-D-mannopyranosyloxy )-
propylcarbonyl)-N -(pepstatinyl) cystamine 16

N-(3-(2,3,4,6-Tetra-O-acetyl-o-D-mannopyranosyloxy)propylcar-
bonyl-N'-(tert-butyloxycarbonyl)cystamine 15 (183 mg, 270 pmol)
was dissolved in anhydrous CH,Cl, (5 ml) in a round-bottomed
flask. TFA (0.5 ml) was added slowly to the flask while stirring.

The reaction was monitored by tlc. After 4 h the solvent was
removed in vacuo and purified by flash chromatography (4 cm,
isocratic, 10% EtOH-CH,Cl,) to obtain N-(3-(2,3,4,6-tetra-
O-acetyl-a-D-mannopyranosyloxy)propylcarbonylcystamine
trifluoroacetate as a yellow/orange oil (141 mg, 202 umol, 75%;
R: 0.3 (1:9 EtOH-CH,Cl,)).

Pepstatin  N-hydroxysuccinimide 12 (36 mg, 46 pmol) and
N-(3-(2,3.,4,6-tetra-O-acetyl-a-D-mannopyranosyloxy)propylcar-
bonylcystamine trifluoroacetate (33 mg, 48 umol, > 1 eq.) were
dissolved in anhydrous DMF (4 ml) in a round-bottomed flask.
Anhydrous Et;N (1 ml) was added with stirring and the reaction
was stirred for 18 h at room temperature. The DMF and Et;N
were removed in vacuo, and the crude product dissolved into
MeOH and filtered through cotton wool to remove pepstatin
dimethylamine (insoluble in MeOH). Purification by preparative
HPLC (gradient, 60% MeOH-water to 95% MeOH-water
over 25 min) gave the titled product (RT 11 min, R; 0.2 (1 : 9
MeOH-CH,Cl,)). Removal of the MeOH in vacuo, and removal
of the water by lyophilisation gave the titled product as a white
powder (28.5 mg, 23 umol, 55%); mp 180 °C (dec.); vumx (CHCL;)
3400-3200 (m), 2962-2850 (m), 1746 (s), 1652 (s), 1540 (m),
1466-1438 (br m), 1370 (w), 1231-1225 (s) cm™'; 'H NMR dy
(CD;0OD, 500 MHz) 0.87-0.98 (30H, m, CH;), 1.28-1.35 (2H,
m), 1.38 (3H, d, J 7.2), 1.54-1.64 (4H, m), 1.92-1.97 (2H, m),
1.95 (3H, s), 2.03 (3H, s), 2.06 (3H, s), 2.13 (3H, s), 2.02-2.12
(3H, m), 2.12-2.14 (2H, m), 2.30-2.37 (6H, m), 2.82 (2H, t, J
6.8), 2.83 (2H, t, J 6.6), 3.40-3.55 (5H, m), 3.73-3.78 (1H, m),
3.90-4.03 (5H, m), 4.10 (1H, dd, J 2.6 and 12.3), 4.12-4.16 (2H,
m), 4.23-4.29 (2H, m), 4.82 (1H, d, J 1.0), 4.89 (1H, s, OH),
5.20-5.26 (3H, m), 7.45 (1H, d, J 9.4, NH), 7.67 (1H, d, J 9.1,
NH), 7.96 (1H, d, J 8.4, NH), 8.01 (1H, d, J 7.9, NH), 8.06 (1H,
t,J 5.6, NH), 8.17 (1H, t, J 5.6, NH), 8.20 (1H, d, J 5.7, NH); “C
NMR éy (CD,OD, 125.7 MHz) 18.1, 18.9, 19.1, 20.0, 20.1, 20.6,
20.64, 20.66, 20.7, 22.4 (2 C), 22.7, 22.8, 23.7, 23.8, 25.85, 25.9,
26.5,27.5,31.4, 31.5, 33.6, 38.3, 38.6, 39.6, 39.7, 41.3, 41.4, 41.6,
41.9, 46.0, 51.4, 52.3, 52.7, 60.8, 60.9, 63.6, 67.3, 68.5, 69.8, 70.7,
70.8, 71.1, 71.5, 98.9, 171.5, 171.55, 171.6, 172.4, 173.7, 173.9,
174.1,174.2,175.4, 175.6, 175.8; m/z (ES*) 1258.6237 (M + Na*.
CssHoy;N;0S;,Na requires 1258.6178), m/z (ES*) 1236.6 (30%,
[M + HJ*), 1258.6 (100%, [M — H 4 Na]*).

N-(3-(a-p-Mannopyranosyloxy ) propylcarbonyl)-N -
(pepstatinyl) cystamine 2

N-(3-(2,3,4,6-Tetra-O-acetyl-o-D-mannopyranosyloxy)propylcar-
bonyl)-N'-(pepstatinyl)cystamine 16 (25 mg, 20.2 umol), was
dissolved in MeOH (5 ml) in a 25 ml round-bottomed flask
and stirred. LiOH (1 M, aq) solution was added dropwise with
stirring until pH 11 was reached. Stirring was continued for
6 h before removal of the solvents in vacuo. The crude product
was purified by preparative HPLC (gradient, 20% MeCN-water
to 60% MeCN-water over 25 min, RT = 12.8 min). Removal
of the MeCN in vacuo and lyophilisation gave 2 as a white
powder (14.3 mg, 13.4 umol, 66%); mp 180 °C (dec.); V. (KBr)
3600-3200 (br s), 2965-2930 (w), 1690-1630 (s), 1565-1534 (m),
1455-1430 (m), 1208 (s), 1146 (s) cm™'; '"H NMR d (CD,0D,
500 MHz) 0.87-0.99 (30H, m, CH;), 1.28-1.36 (2H, m), 1.39
(3H, d, J 8.0), 1.58-1.63 (4H, m), 1.85-1.92 (2H, m), 2.04-2.11
(3H, m), 2.14 2H, d, J 6.7), 2.29-2.38 (6H, m), 2.83 (4H, t,
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J 6.7), 3.47-3.53 (6H, m), 3.61 (1H, t, J 9.6), 3.64-3.72 (3H,
m), 3.79 (1H, dd, J 1.7 and 3.3), 3.88 (1H, dd, J 2.5 and 11.5),
3.94-4.02 (4H, m), 4.12-4.17 (2H, m), 4.27 (1H, m), 4.74 (1H,
d, J 1.7), 492 (1H, s, OH); *C NMR J,, (CD;OD, 125.7 MHz)
18.1, 19.0, 19.2, 20.0, 20.1, 22.4, 22.5, 22.8, 22.9, 23.8, 23.9, 25.9,
26.0,26.9,27.5, 31.5, 31.6, 33.9, 38.4, 38.6, 39.7, 39.74, 41.3, 41 .4,
41.6, 42.0, 46.0, 51.4, 52.4, 52.8, 60.9, 61.0, 63.0, 67.8, 68.7, 71.1,
71.5, 72.2, 72.7, 74.7, 101.6, 173.9, 174.0, 174.1, 174.2, 175.5,
175.9, 180.9; m/z (ES*) 1090.5787 (M + Na*. C,xHgN;0,5S,Na
requires 1090.5755), m/z (ES*) 283.2 (38%), 906.5 (22%, [M —
mannopyranose]*), 1068.4 (20%, [M + H]").

Mannosylated BSA 17

4-Isothiocyanatophenyl-a-D-mannopyranose (43 mg, 0.14 mmol,
approx. 60 eq.) and bovine serum albumin (153 mg, ~2.3 pumol)
were dissolved in NaCl solution (0.15 M, 10 ml) in a 50 ml round-
bottomed flask and stirred vigorously. The pH was adjusted to
pH 9 by the dropwise addition of 0.1 M NaOH, and the reaction
was stirred continuously for 6 h, maintaining the same pH. At the
end of this time the reaction mixture was stored overnight at 4 °C
in the fridge. The pH was then adjusted to pH 7 and the reaction
mixture dialysed with 0.15 M NaCl solution (1L) for three days,
changing the solution twice a day and stirring the dialysis solution
continuously within a fridge. The dialysis tubing contents were
further purified and de-salted using centrifugal filtration devices
(Millipore) spun within a fixed 35° angle centrifuge at a relative
centrifugal force (rcf) of 3000 for 90 min, 21 °C (maximum
4 ml solution per device) before re-suspending the gelatinous
product at the bottom of the device with water (4 ml). This
was repeated three times to maximise purification. Lyophilisation
gave 17 as a fine white powder (126 mg, 74%); mp dec. above
260 °C; MS (MALDI-TOF): MS peak range = 67,000-79,000;
top of peak for BSA ~66,430, 17 ~74,032, difference = 7602,
implying approximately 24.3 sugar units conjugated to each
BSA molecule. Biochemical analysis: Analysis of free TNBS
reactive amino groups® showed an approximate conjugation of
23 sugar units. Analysis of attached sugar units”’ showed an
approximate conjugation of 22.5 sugar units. The mass spectra,
and details of the biochemical analysis, are shown in the ESI.{

N-(t-Butyloxycarbonyl)-/V'-(pepstatinyl)propane-1,3-diamine®

N-(t-Butyloxycarbonyl)propane-1,3-diamine 10 (111 mg,
640 umol, 10 eq.), pepstatin N-hydroxysuccinimide 12 (50 mg,
64 pmol) and anhydrous DMF (6 ml) were added to a round-
bottomed flask and stirred continuously for 2 days. The solvent
was removed in vacuo and the crude product purified by flash
chromatography (1 cm?, isocratic, 10% MeOH-CH,Cl,: R; 0.5 (1 :
9 MeOH-CHCI,)). The solvent was removed in vacuo to give an
off-white solid. This was re-crystallised from CHCl;—cyclohexane
to obtain the title compound as a white powder (48 mg, 57 umol,
89%); mp 219-221 °C (lit"™® 215-217 °C); vyux (KBr) 3400-3200 (s,
amide), 2960-2872 (s), 2360-2331 (m), 1652-1634 (s), 1533 (m),
1465-1437 (m), 1171 (m) cm™"; '"H NMR Jy (DMSO, 500 MHz)
0.77-0.85 (30H, m, CH,), 1.18 (3H, d, J 7.1), 1.21-1.26 (2H, m),
1.33-1.37 (2H, m), 1.36 (9H, s), 1.46-1.52 (2H, m), 1.92-1.98 (3H,
m), 2.00-2.05 (4H, m), 2.11 (2H, d, J 6.2), 2.90 (2H, q, J 6.4),
2.97-3.05 (2H, m), 3.27-3.34 (2H, m), 3.75-3.83 (4H, m), 4.11

(1H, dd, J 7.2 and 8.9), 4.17 (1H, dd, J 7.4 and 8.7), 4.24 (1H,
quin, J 7.2),4.82 (1H, d, J 4.8, OH), 4.83 (1H, d, J 4.9, OH), 7.30
(1H, d, J 9.2, NH), 7.43 (1H, d, J 8.8, NH), 7.75 (1H, d, J 8.9,
NH), 7.79 (1H, d, J 8.8, NH), 7.89 (1H, d, J 7.4, NH); “C NMR
oy (DMSO, 125.7 MHz) 18.1, 18.2, 19.2, 19.3, 21.6, 21.9, 22.2,
23.2,23.4,24.1, 25.6, 28.2, 30.0, 30.3, 36.1, 37.5, 38.6, 39.6, 39.8,
39.9, 40.1, 40.2, 44.4, 48.3, 50.4, 50.7, 54.8, 57.8, 58.0, 69.0, 69.1,
77.4, 155.5, 170.6, 170.7, 170.78, 170.8, 171.1, 171.5, 172.1; m/z
(ES*) 864.5785 (M + Na*. C,,H;xN,0O,Na requires 864.5786),
m/z (ES*) 842.6 (100%, [M + H]*), 864.6 (27%, [M + Nal*).

N-(Pepstatinyl)propane-1,3-diamine'®

To a flask containing N-(z-butyloxycarbonyl)-N'-(pepstatinyl)-
propane-1,3-diamine (75 mg, 89 pmol) was added TFA (4 ml),
water (125 pl, 6.9 pumol), triethylsilane (125 pl, 0.77 pmol),
thioanisole (250 pl, 2.1 pmol) and phenol (250 pl, 2.8 pumol).
The reaction was stirred vigorously at room temperature for 4 h.
The TFA was removed in vacuo, and the resulting solid purified
by preparative HPLC (50% MeOH-water to 100% MeOH over
25 min, RT = 14-15 min; R; 0.2 (1 : 9 MeOH-CHCI,)) to obtain
the title compound as a white powder (60 mg, 81 pmol, 91%); mp
214-216 °C (lit"® 207-210 °C); vynay (KBr) 3500-3200 (s), 3079 (w),
2960-2872 (s), 2416 (w), 1700-1600 (s), 1537 (s), 1467-1417 (m),
1204-1138 (m) cm™'; "H NMR Jy (CD;0D, 500 MHz) 0.86-0.98
(30H, m, CH;), 1.27-1.35 (2H, m), 1.39 (3H, d, J 7.3), 1.55-1.64
(4H, m), 1.84 (2H, quin, J 7.0), 2.02-2.10 (3H, m), 2.14 2H, d, J
6.8),2.30-2.38 (4H, m), 2.98 2H, t, J 7.1), 3.20-3.25 & 3.32-3.36
(2H, m), 3.92-3.97 (2H, m), 3.99-4.03 (2H, m), 4.10-4.14 (2H,
m), 4.21 (1H, q, J 7.2), 4.97 (1H, s, OH); “C NMR ¢, (CD;0D,
125.7 MHz) 18.0, 18.9, 19.2, 19.9, 20.0, 22.3, 22.4, 22.7, 22.8,
23.7 & 23.8 (10 C), 25.8, 25.9, 27.4, 28.7, 31.3, 31.4, 36.8, 38.2,
41.2,41.3, 41.6 (20), 46.0, 51.6, 51.9, 52.7, 61.0 (2 C), 71.0, 71.3,
173.9,174.1,174.3, 174.5, 175.5, 175.9; m/z (ES*) 742.5440 (M +
H*. Cy;H;;N,Oq requires 742.5442), m/z (ES*) 742.6 (100%, [M +
HI").

N-(lodoacetyl)-N -(pepstatinyl) propane-1,3-diamine 18

N-(Pepstatinyl)propane-1,3-diamine (10 mg, 13.5 pmol) was
placed in a flask and any water present removed by azeotroping
with anhydrous MeCN (3 x 1 ml). The amine was dissolved
in anhydrous DMF (3 ml) and iodoacetic anhydride (5.3 mg,
15 pmol, 1.1 eq.) was added dropwise with stirring. The flask
was covered with aluminium foil to exclude all light and the
reaction stirred continuously for 2 h. The DMF was removed
in vacuo and the crude product stored overnight in a fridge. The
flask contents were then washed with water containing 1% v/v
saturated NaHCO; solution and 10% v/v saturated KI solution.
The product precipitated and was filtered through cotton wool.
The solid product was washed again with the aqueous KI-
NaHCO; solution (40 ml) and once with water. The precipitate
was then dissolved in EtOH and transferred to a round-bottomed
flask. Removal of the EtOH in vacuo gave 18 as a white powder
(6 mg, 6.6 umol, 49%), which was stored in a fridge under Ar
and used in the next reaction as soon as possible; mp 189-191 °C;
Vimay (KBr) 3500-3150 (s), 3079 (w), 2959-2871 (m), 1700-1635 (s),
1550-1507 (s) em™'; '"H NMR J, (CD;0D, 500 MHz) 0.86-0.98
(30H, m, CH;), 1.32-1.39 (2H, m), 1.38 (3H, d, J 7.2), 1.54-1.65
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(4H, m), 1.70 (2H, quin, J 6.8), 2.02-2.10 (3H, m), 2.13 (2H, d,
J 6.7),2.27 (2H, d, J 6.7), 2.34-2.37 (2H, m), 3.20-3.34 (4H, m),
3.69 (2H, s), 3.93-4.01 (4H, m), 4.13 (1H, d, J 7.9), 4.15 (1H,
d, J 8.1), 426 (1H, q, J 7.3), 4.89 (1H, s, OH), 7.32 (1H, d, J
9.3, NH), 7.45 (1H, s, NH), 7.68 (1H, d, J 9.0, NH), 7.89 (1H, s,
NH); *C NMR d,, (CD,0D, 125.7 MHz) —2.0 (CH.-I), 18.1, 18.9,
19.1, 20.0, 20.1, 22.4 (2H), 22.7, 22.8, 23.7, 23.8, 25.8, 25.9, 27.5,
29.8,31.4, 31.5,37.8, 38.4, 41.3, 41.4, 41.7, 42.0, 46.0, 51.4, 52.3,
52.8,60.7,60.9,71.1,71.4, 171.4, 173.8, 173.9, 174.1, 174.2, 175.4,
175.8; m/z (ES*) 932.4311 (M + Na*. C3,H,,IN,0,Na requires
932.4334), m/z (ES*) 932.3 (83%, [M + Na]").

Non-cleavable neomannosylated BSA—pepstatin conjugate 3

Mannosylated BSA 17 (30 mg, ~3.8 x 1077 moles) was placed in
a 25 ml round-bottomed flask and dissolved in 2 ml of phosphate
buffer saline (PBS, 1 M, pH 8.0) with stirring. To this was added N-
(iodoacetyl)-N'-(pepstatinyl)propane-1,3-diamine 18 (6 mg ml™!
stock in anhydrous DMF, 350 pg, 3.8 x 1077 moles) and the
reaction was stirred overnight at room temperature. The reaction
mixture was dialysed once against 1 M PBS solution (1L, pH 7.4)
for one day, changing the solution once and stirring the dialysis
solution continuously at 4 °C. Further purification and de-salting
was achieved by using Millipore ultrafree-4 centrifugal filtration
devices spun within a fixed 35° angle centrifuge at a relative
centrifugal force (rcf) of 3000 for 90 min at 21 °C (crude product
made up to 4 ml with water and total volume of 10% DMSO). The
gelatinous product at the bottom of the device was re-suspended in
water (4 ml) and re-centrifuged in a new filtration device (3000 rcf,
90 min) and repeated within the same device by re-suspending
in water (4 ml). Lyophilisation gave 3 as a fine white powder
(22 mg, 73%); mp dec. above 260 °C; MS (MALDI-TOF): MS
peak range = 67 500-80 000.

N-(t-Butyloxycarbonyl)-N -(pepstatinyl) cystamine

N-(t-Butyloxycarbonyl)cystamine 14 (161 mg, 640 umol, 10 eq.),
pepstatin  N-hydroxysuccinimide 12 (50 mg, 64 pmol) and
anhydrous DMF (6 ml) were added to a round-bottomed flask
and stirred continuously for 2 days at room temperature. The
solvent was then removed in vacuo and the mixture purified by
flash chromatography (1 cm?, isocratic, 10% MeOH-CH,Cl,, R;
0.55). This gave a crude white powder, which was re-crystallised
from hot EtOH to obtain the title compound as a white powder
(47 mg, 64 umol, 80%); mp 244-246 °C; vy, (KBr) 3600-3100 (s),
2959-2871 (s), 1635 (s), 1534 (s), 1466-1437 (m), 1171 (m)cm™";'H
NMR 6y (DMSO, 500 MHz) 0.77-0.85 (30H, m, CHj;), 1.18 (3H,
d,J7.1),1.20-1.26 (2H, m), 1.33-1.38 (2H, m), 1.36 (9H, s), 1.48—
1.52 (2H, m), 1.90-1.99 (3H, m), 2.00-2.08 (4H, m), 2.11 2H, d, J
6.2),2.72(2H,t,J 6.5),2.73 (2H, t, J 6.5),3.16-3.20 (2H, m), 3.25-
3.31 (2H, m), 3.74-3.81 (4H, m), 4.11 (1H, d, J 7.2),4.11 (1H, d, J
7.3),4.23(1H,q,J 7.0),4.82(1H,d, J 5.3, 0H), 4.83 (1H, d, J 5.2,
OH), 7.32 (1H, d, J 9.2, NH), 7.45 (1H, d, J 8.8, NH), 7.77 (1H,
d,J9.0,NH),7.81 (1H,d, J 8.8, NH), 7.91 (1H, d, J 7.4, NH); “C
NMR ¢y (DMSO, 125.7 MHz) 18.2, 18.3, 19.2, 19.3, 21.6, 21.9,
22.2,23.3,23.5,24.2,25.7, 28.2, 30.1, 30.3, 37.1, 37.6, 37.9, 38.0,
38.6, 39.7, 39.8, 40.0, 40.1, 40.2, 44.3, 48.3, 50.4, 50.7, 57.7, 57.9,
69.0, 69.1, 77.8, 155.5, 170.7, 170.8, 170.9, 171.0, 171.02, 171.6,
172.2; m/z (ES*) 942.5378 (M + Na*. C,;;Hg N;0,,S,Na requires

942.5384), m/z (ES*) 920.6 (100%, [M + H]*), 942.6 (53%, [M-
H + Nal*).

N-( Pepstatinyl) cystamine

To a flask containing N-(z-butyloxycarbonyl)-N'-(pepstatinyl)-
cystamine (65 mg, 70 pmol) was added TFA (4 ml), water (125 pl,
6.9 umol), triethylsilane (125 pl, 0.77 umol), thioanisole (250 pl,
2.1 umol) and phenol (250 pl, 2.8 pmol). The reaction was stirred
vigorously for 4 h. The TFA was removed in vacuo, and the mixture
purified by preparative HPLC (40% MeCN-water to 80% MeCN
over 30 min; RT = 5 min; R; 0.2 (1 : 9 MeOH-CHCI;)) to obtain
the title compound as a white powder (37 mg, 45 pmol, 64%); mp
219-221 °C; Vo (KBr) 3500-3200 (s), 29602872 (m), 1700-1600
(s), 1540 (s), 1470-1419 (w), 1203-1138 (m) cm™'; '"H NMR dy
(CD;0D, 400 MHz) 0.86-0.98 (30H, m, CH3), 1.27-1.35 (2H, m),
1.38 (3H, d, J 7.3), 1.55-1.63 (4H, m), 2.02-2.10 (3H, m), 2.13
(2H, d, J 6.5), 2.28-2.38 (4H, m), 2.87 (2H, t, J 6.7), 2.97 (2H, t,
J 6.8), 3.24-3.32 (2H, m), 3.42-3.62 (2H, m), 3.91-4.04 (4H, m),
4.10-4.17 (2H, m), 4.23 (1H, q, J 7.3), 4.93 (1H, s, OH), 7.47 (1H,
d, J 9.4, NH), 7.63 (1H, d, J 9.7, NH), 7.67 (1H, d, J 9.1, NH),
7.97 (1H, d, J 8.3, NH), 8.05 (1H, d, J 7.63, NH), 7.63 (1H, s,
NH); "C NMR ¢y (CD,0D, 100.6 MHz) 18.0, 18.9, 19.2, 20.0,
20.1,22.4 (20), 22.7, 22.8, 23.7, 23.8, 25.8, 25.9, 27.5, 31.3, 31.5,
35.6, 38.3,39.4, 39.5,41.2,41.3, 41.6, 41.9, 46.0, 51.5, 52.2, 52.7,
60.9 (2C), 71.0, 71.5, 173.8, 173.9, 174.2, 174.3, 175.5, 175.9; m/z
(ES*) 820.5039 (M + H*. CxH7;N;O4S, requires 820.5040), m/z
(ES*) 820.5 (100%, [M + HJ*).

N-(lodoacetyl)-N -(pepstatinyl) cystamine 19

N-(Pepstatinyl)cystamine (7 mg, 8.3 umol) was placed in a round-
bottomed flask and any water present removed by azeotroping
with anhydrous MeCN (3 x 1 ml). The amine was then dissolved
in anhydrous DMF (3 ml) and iodoacetic anhydride (3.3 mg,
9.4 umol, 1.1 eq.) added dropwise with stirring. The flask was
covered with aluminium foil to exclude all light and the reaction
was stirred continuously for 2 h. The DMF was removed in vacuo
and the crude product stored overnight at 4 °C. The next day
the flask contents were washed with water containing 1% v/v
saturated bicarbonate solution and 10% v/v saturated potassium
iodide (KI) solution. The product precipitated and was filtered
through cotton wool. The solid product was washed again with
the aqueous KI/bicarbonate solution (40 ml) and once with water.
The precipitate was then dissolved in EtOH and transferred to a
round-bottomed flask. Removal of the EtOH in vacuo gave the
title compound as a white powder (6 mg, 6.1 umol, 83%), which
was stored in a fridge under Ar and used in the next reaction as
soon as possible; mp 198-201 °C; v, (KBr) 3600-3100 (m), 2959—
2871 (m), 1700-1617 (m), 1540 (w), 1067 (s) cm™'; '"H NMR dy
(CD;0D, 500 MHz) 0.87-0.99 (30H, m, CH3;), 1.28-1.36 (2H, m),
1.38(3H,d,J7.3),1.57-1.62 (4H, m), 2.03-2.11 (3H, m), 2.13 (2H,
d,J6.7),2.28(2H,d, J 6.7),2.34-2.37 (2H, m), 2.83 (4H, t, J 6.6),
3.43-3.61 (4H, m), 3.71 (2H, s), 3.91-4.04 (4H, m), 4.12 (1H, d, J
7.8),4.15(1H, d, J 8.0),4.26 (1H, q, J 9.3), 4.89 (1H, s, OH), 7.43
(1H, s, NH), 7.45 (1H, s, NH), 7.68 (1H, d, J 9.0, NH); "C NMR
Ju (CD;0D, 125.7 MHz) —2.1 (CH,-1), 18.1, 18.9, 19.1, 20.0, 20.1,
22.4 (2C), 22.7,22.8, 23.7, 23.8, 25.8, 25.9, 27.5, 31 .4, 31.6, 38.2,
38.3,39.7,40.1,41.3, 41.4,41.7, 42.0, 46.0, 51.4, 52.3, 52.8, 60.8,
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60.9,71.1,71.4,173.8,173.9, 174.1, 174.2, 175.4, 175.5, 175.8; m/ z
(ES*) 988.2 (56%, [M + HJ*), 1010.3 (100%, [M — H + NaJ*).

Cleavable neomannosylated BSA—pepstatin conjugate 4

Mannosylated BSA 17 (30 mg, ~3.8 x 1077 moles) was placed in
a 25 ml round-bottomed flask and dissolved in 2 ml of phosphate
buffer saline (PBS, 1 M, pH 8.0) with stirring. To this was added N-
(iodoacetyl)-N'-(pepstatinyl)cystamine 19 (taken from 6 mg ml™!
stock in anhydrous DMF, 380 pg, 3.8 x 1077 moles) and the
reaction was continually stirred overnight. The reaction mixture
was dialysed once against 1 M PBS solution (1L, pH 7.4) for
one day, changing the solution once and stirring the dialysis
solution continuously within a fridge. Further purification and
de-salting was achieved by using Millipore ultrafree-4 centrifugal
filtration devices spun within a fixed 35° angle centrifuge at a
relative centrifugal force (rcf) of 3000 for 90 min, 21 °C (crude
product made up to 4 ml with water and total volume of 10%
DMSO). The gelatinous product at the bottom of the device was
re-suspended in water (4 ml) and re-centrifuged in a new filtration
device (3000 rcf, 90 min) and repeated within the same device by
re-suspending in water (4 ml). Lyophilisation gave 4 as a fine white
powder (21 mg, 70%); dec. above 260 °C; MS (MALDI-TOF):
MS peak range = 69 000-81 500. In order to remove any last
traces of solvent or other small molecular weight impurities, 5 mg
material was dissolved in 0.5 ml water and passed over a prepacked
column of Sephadex G10 chromatography medium (Pharmacia),
preequilibrated in tissue culture medium containing 10% foetal
calf serum. The conjugate was eluted following the manufacturers
instructions, and stored in aliquots at —20 °C until required.

Enzymatic studies of inhibitors

Rat Cathepsin E was prepared as described.*® Stocks were stored
in 0.05 M sodium acetate buffer, 50% glycerol, 0.25 M NaCl, at
—20°C.

The fluorogenic peptide substrate MOCAc-Gly-Lys-Pro-Ile-
Leu-Phe-Phe-Arg-Leu-Lys(Dnp)y-NH, (5 pl of 100 uM in H,O;
BAChem, Meyerside, UK) known to be cleaved by cathepsin D
or E* was added to 80 pl 0.1 M sodium acetate buffer (pH 4.0).
To this was added 5 pl of inhibitor solution at a series of two-fold
dilutions from various concentrations (dependent on the inhibitor
used). Samples were incubated at 37 °C for several minutes in
a water bath. 10 pl of enzyme solution (0.01 M sodium acetate
buffer, pH 5.5) at 0.5 pg ml~' was added to each sample, and
the reaction was allowed to continue at 37 °C for 30 min before
adding 200 pl of 5% trichloroacetic acid to precipitate the enzymes.
Negative/positive controls were included as a sample without
enzyme, or contained no inhibitor, respectively. Samples were
centrifuged at 13000 rpm for a few seconds before reading OD
(excitation 328 nm, emission 393 nm) using a Hitachi fluorescence
spectrophotometer (Hitachi, Japan).

Data were analysed by the Dixon method® plotted as fluores-
cence (converted to % activation) vs. inhibitor concentration to
obtain the IC;, value for the appropriate inhibitor.

Assays for antigen processing/presentation

A20 cells (B lymphoma) and DO11-10 cells (T cell hybridoma
specific for ovalbumin) were cultured in Dulbecco’s modified

Eagles medium (Cancer Research UK) containing 10% foetal
calf serum (FCS; PAA Laboratories, Linz, Austria); 100 U ml~!
Penicillin, 100 pg ml~" Streptomycin (Cancer Research UK) and
50 uM 2-mercaptoethanol (2-ME; Gibco, Paisley, UK). Cells were
maintained at a density of between 2 x 10° cells/ml and 5 x
10°cells/ml. RPMI 1640 with L-Glutamine (Gibco). CTLL-2 (a
kind gift from Dr B. Stockinger, National Institute for Medical
Research, London, UK) is an IL-2-dependent human T-cell line.
Cells were cultured in complete RPMI 1640 medium containing
10% FCS.

Dendritic cells were obtained from bone marrow of Balb/c mice
as described elsewhere.*’

The assay for antigen processing/presentation has been de-
scribed previously.?! Briefly DO11-10 cells (5 x 10*) and either
A20 cells (5 x 10*) or dendritic cells (2.5 x 10*) were co-cultured
in wells of a tissue culture plate (Nunc) in a total volume of 200 ul.
Cells were stimulated with ovalbumin (Sigma Aldrich, Poole,
Dorset), or a synthetic peptide (Cancer Research UK) coding for
the ovalbumin sequence 323-339 which is the epitope recognised
by the DOI11-10 T cells. The cells are cultured for 24 hours
at 37 °C, 5% CO,, and supernatants collected and stored at
—20 °C until assayed for IL-2. IL-2 levels were measured either by
ELISA (eBioscience, London, UK) according to manufacturer’s
instructions (Fig. 3), or by bioassay using the IL-2 indicator cell
line CTLL, and measuring incorporation of tritiated thymidine
(Figs 4-6) as described.?' Results are expressed as % IL-2, relative
to IL-2 levels in the presence of ovalbumin or ovalbumin synthetic
peptide, but no inhibitor. 100% levels correspond to 1-10 ng ml™!
IL-2 in the culture supernatants.
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5-Methylcytosine was distinguished from cytosine using the
large difference of their osmium oxidation rates, and this
reaction was applied to detection of the cytosine methylation
status at a specific site of a long sequence using the formation
of a bulge structure by hybridization with a guide DNA.

5-Methylcytosine (M) is a common modified pyrimidine base,
which frequently appears in genomic DNA, particularly in CpG
sequences, and plays a key role in epigenetic events, which strongly
affect the control of gene expression and cell differentiation.!
Analysis of the cytosine methylation status of a gene is very
important for understanding the expression mechanism of genetic
information. However, to distinguish M from C, i.e., to detect
the existence of only one methyl group in a long DNA strand,
is not easy. For evaluation of the methylation status of genes,
several methods showing a C-positive and M-negative signal have
been used,? such as a cleavage assay with methylation-insensitive
restriction enzymes® and bisulfite DNA sequencing.* In these
cases, primer design and complete modification of DNA are very
significant in order to avoid false-positives for M and thus to
obtain reliable results. The existence of a more rapid and selective
chemical reaction capable of distinguishing between M and C
would be promising as a useful method for efficiently analyzing
the status of cytosine methylation at a specific site in a gene.
The reactions of pyrimidine bases T and C are well known,
such as photodimerization,® Michael addition,® and oxidation,’
but the number of reports on the chemistry of M is still limited.
When we find an effective condition for M-selective reaction, this
method would give full play to its ability for sequence-selective
epigenotyping.

In this paper, we report M-selective oxidation. M was oxidized
efficiently by exposure to a reaction mixture containing an osmium
complex, making possible a clear distinction from very weak
oxidation of C. This result is applicable to a novel method for
the sequence-selective typing of cytosine methylation status using
a bulge formation at the target site (Fig. 1).

We initially prepared a **P-labelled oligodeoxynucleotide, 5'-
2P-d(AAAAAAGNGAAAAAA)-3 (ODN(N), N = M or O),
that possessed a single pyrimidine base. ODN(N) was added to a
mixture (Os-mix) of 5 mM potassium osmate, 100 mM potassium
hexacyanoferrate(1ir), and 100 mM bipyridine in 100 mM Tris—
HCI buffer (pH = 7.7), 1 mM EDTA, and 10% acetonitrile,
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Fig. 1 Schematic illustration of a sequence-selective oxidation of

S-methylcytosine (M) using a single base bulge formation.

and then the reaction mixture was incubated at 0 °C for 5 min.
The oxidized strand was cleaved at a damaged pyrimidine base
with hot piperidine (90 °C, 20 min), and the products were
analyzed as a band for a shortened strand using polyacrylamide gel
electrophoresis. The result for the reaction of ODN(N) is shown
in Fig. 2. The strand cleavage at C of ODN(C) was negligible
(lane 1), whereas ODN(M) was sequence-selectively cleaved at M
(lane 2). The MALDI-TOF MS data of ODN(M) treated with Os-
mix suggested the formation of an adduct in which the osmium
complex is attached to ODN(M).® This adduct was converted
into a product in which M was oxidized to 5-methylcytosine
glycol, when treated with sodium sulfite.” The osmium oxidation
of a nucleoside, 5-methyl-2'-deoxycytidine, was also carried out,
and the production of 5-methyl-2'-deoxycytidine cis-glycol was
confirmed by NMR and mass spectra.’

2 3 4 5 6
sS ds bulge

ODN(N) N=MorC N = C MCMGCM

ss  5-PP-AAAAAAGNGAAAAAA-3 r“...

Lane 1

ds  5-7P-AAAAAAGNGAAAAAA-3 §
3-TTTTTT CGC TTTTTT-5'
-
N N - =
bulge 5-°P-AAAAAAG GAAAAAA-3' =
3-TTTTTT C C TTTTTT-5' -
-

Fig. 2 Sequence of *P-labeled ODN(N) and PAGE analysis of strand
cleavage through Os oxidation and hot piperidine treatment. ODN(IN) was
incubated in a solution of 5 mM potassium osmate, 100 mM potassium
hexacyanoferrate(1ir), 100 mM bipyridine, 1| mM EDTA in 100 mM
Tris—HCl buffer (pH = 7.7) and 10% acetonitrile at 0 °C for 5 min, and then
treated with hot piperidine (90 °C, 20 min). The products were analyzed
using polyacrylamide gel electrophoresis. Lane 1, single strand, N = C;
lane 2, single strand, N = M; lane 3, full-matched duplex, N = C; lane 4,
full-matched duplex, N = M; lane 5, bulged duplex, N = C; lane 6, bulged
duplex, N = M.
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On the other hand, the duplex formation strongly suppressed M
oxidation. We examined the reaction for the hybrid of ODN(M)
and the complementary strand 5-d(TTTTTTCGCTTTTTT)-3.
The strand cleavage of the duplex was negligible, which is quite
different from the effective cleavage of single-stranded ODN(M)
(lanes 3 and 4). This weak reactivity is probably attributed to
inhibition of the attack of an osmium complex on the w-orbital of
a C5-C6 double bond by the base stacking of the duplex structure.

The modulation of oxidation efficiency by DNA conforma-
tional transition strongly suggests that a bulge structure for-
mation, Le., partial single strand formation, at a target site
would induce a sequence-selective M oxidation (Fig. 1). We
hybridized ODN(N) with a single nucleotide-shortened strand, 5'-
d(TTTTTTCCTTTTTT)-3 (T, = 18 °C). By treatment of the
bulged DNA duplex with Os-mix at 0 °C for 5 min, efficient
strand cleavage was observed at the bulged M site of ODN(M),
like the reaction for a single-stranded ODN(M) (lanes 5 and 6 in
Fig. 2). This result is applicable to sequence-selective oxidation of
a DNA sequence containing multiple methylation sites. The p53
DNA fragment containing two target sites was prepared' and
hybridized with two types of “guide DNAs”, which were designed
for forming a sequence-specific bulge structure at each target site
(Fig. 3a). Treatment of the DNA duplexes with Os-mix resulted in
the strand cleavage at a bulged M site of each hybrid (targetl for
guidel and target2 for guide2). In contrast, a cleavage band did
not appear at a non-bulged M site, which was protected completely
from oxidation.

The oxidation efficiency of M-bulged duplex in Os-mix is quite
different from that of the C-bulged duplex. The oxidation of these
bulged duplexes observed for the first minute was fitted to a first-
order rate equation. The calculated rate constants for M-bulged
and C-bulged duplexes were 1.11 x 1072 and 2.51 x 107° s7', res-
pectively. Electron donation to a C5-C6 double bond by a methyl
group strongly contributes to efficient reaction for the M base. It
has been reported that the calculated and experimental ionization
potentials of M are much lower than those of C."* Additionally,
we ascertained (through optimizing the reaction conditions) that
the addition of bipyridine as a ligand to an osmium ion and
potassium hexacyanoferrate(1ll) as an osmium activator to a
reaction mixture is essential for acceleration of the reaction.

M-Selective strand modification will be very effective for the
epigenotyping of genes. We prepared a short fragment of p53 gene
sequence containing a methylation hot spot that causes a C-to-T
transition mutation related to a colon, breast, and hematological
cancer (60 nt, 100 fmol)," and tested an epigenotyping assay using
the protocol described above (Fig. 3b)." For this assay, we also
prepared a guide DNA fixed on polystyrene beads to facilitate the
protocol. After generation of the bulged structure by hybridization
of the target DNA with the guide DNA, the mixture was incubated
in Os-mix at 0 °C for 5 min, and then washed with buffer and
7 M urea. After the recovered DNA strand was treated with
hot piperidine, the DNA amplification was monitored with real-
time PCR using a TagMan probe. As a result, a sigmoid curve
showing efficient DNA amplification was observed for a non-
methylated sequence (p53(C)pug.). This is similar to the behavior of
the amplification curve for a full-matched duplex (pS3(M)suumaten)-
In contrast, a curve with a retarded start and a small curvature was
displayed for a methylated sequence in 40 PCR cycles (pS3(M)puge),
and this is completely distinguishable from the control curve. We

E

p53, exon 8, codons 264-275
Target1 Target2
5- P TACTGGGANGGAACAGCTTTGAGGTGNGTGTTTGT-3'
N=MorC
+
fullmatch
3-ATGACCCTGCCTTGTCGAAACTCCACGCACAAACA-5'
guide1
3-ATGACCCT_CCTTGTCGAAACTCCACGCACAAACA-5'
guide2
3-ATGACCCTGCCTTGTCGAAACTCCAC_CACAAACA-5'

Lane 1 2 3 4 5 6
fullmatch guide1 guide2
N= cC M C MC M

Target2

Targeti

Vooneemn B
|

(b) P53, exon 5, codons 166-186

N=MorC
-
guide DNA 3"-.....ACTCC_CGACG......-5'

(bulge) polystyrene bead
fullmatch 3'-......ACTCCGCGACG.....-5'
{control) polystyrene bead
Is30
3
P53(M)tulimatch
o P53(C)buige
1
P53(M)buige
0 g
blank
0 10 20 30 40

Cycles

Fig. 3 (a) Sequences for a sequence-specific oxidation study and a
polyacrylamide gel electrophoresis analysis of the reaction. The same
condition as described in Fig. 1 was used for the reactions. (b) Real-time
PCR amplification. DNA samples were incubated in a solution of 10 mM
potassium osmate, 100 mM potassium hexacyanoferrate(iir), 100 mM
bipyridine, | mM EDTA in 100 mM Tris-HCI buffer (pH = 7.7) and
10% acetonitrile at 0 °C for 5 min. The target DNA was removed from
supports by washing with 7 M urea, and then treated with hot piperidine
(90 °C, 20 min). The process of PCR amplification of the treated DNA
samples was monitored by the fluorescence of the TagMan probe (4. =
470 nm, 4., = 530 nm). PCR amplifications were performed, using 2 uL of
1 uM TagMan probe and 5 units of HotStarTaq DNA polymerase, over
40 cycles at 94 °C for 0.5 min, to 50 °C for 0.5 min, to 72 °C for 1 min.

easily and efficiently achieved the detection of the existence of only
one methyl group in a long DNA strand using the combination of
sequence-specific osmium oxidation and PCR amplification.
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In conclusion, we have described M-selective oxidation and its
application to epigenotyping. M was efficiently and easily modified
through osmium oxidation. M-Selective oxidation is applicable
to detection of the cytosine methylation status at a specific site
of a long sequence using the formation of a bulge structure by
hybridization with a guide DNA. This is a conceptually new M-
positive epigenotyping method, and will serve as an alternative
method for the epigenotyping of a very small amount of gene
sample.
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FRET-based fluorogenic substrates for lipases and esterases were prepared in four steps from
commercially available building blocks. The substrates are pyrenebutyric acid monoesters of aliphatic
1,2-diols bearing a dinitrophenylamino group as a quencher. The most enzyme-reactive substrate is
ester 2a. The substrates do not show any measurable background reaction in the absence of enzyme
even at pH 11, but react fast and specifically with lipases and esterases. These substrates offer an
unprecedented and practical solution to the long-standing problem of a simple yet efficient
high-throughput screening tool for lipase activities under basic conditions.

Introduction

High-throughput screening (HTS) enzyme assays are essential
tools in biotechnology, in particular for enzyme discovery and
engineering.! Many enzyme assays are based on fluorogenic
and chromogenic substrates. Although such assays may not be
desirable for directed evolution experiments, they are particularly
useful and popular as reporter assays for routine work and
discovery because they are generally adaptable to a range of
conditions and provide an operationally simple yet reliable test
for enzyme activity. Such assays ideally rely on substrates that
are chemically stable and react only with the target enzyme.
Substrate stability against non-specific degradation is particularly
problematic in assays for lipases and esterases, which is one of the
most important enzyme classes.? The standard assays use aliphatic
esters of nitrophenol and umbelliferone, which show a high level
of non-specific degradation due to the strong leaving group ability
of the acidic phenol,** although the problem is suppressed when
these substrates are adsorbed onto silicagel prior to the assay.* The
resistance to non-specific degradation can be improved by using
acyloxymethyl ethers of umbelliferone,® or acylated cyanohydrins,’
but these fluorogenic esters are still relatively unstable. HTS assays
are also possible with the much less reactive esters of aliphatic
alcohols such as tributyrin using indirect assays based on pH-
indicators,® pH-titration,® back-titration of released glycerol,'
or coupled enzymes,"! however the requirement for auxiliary
reagents renders the procedure inherently more complicated and
less flexible.

We have recently reported fluorogenic lipase substrates based
on monoesters of 1,2-diols in which the fluorescence signal was
released by a selective oxidation of the 1,2-diol product with
sodium periodate,'? a strategy which is also suitable for releas-
ing volatile perfumes from stable precursors.”® Such substrates

Department of Chemistry & Biochemistry, University of Berne, Freies-
trasse 3, 3012 Berne, Switzerland. E-mail: jean-louis.reymond@ioc.unibe.ch;
Fax: 441316318057

T Electronic supplementary information (ESI) available: Rate data for all
enzyme-substrate pairs tested; cocktail assay rate and HPLC traces; NMR
and MS spectra of all compounds. See DOI: 10.1039/b601151a

are aliphatic esters, and as such they are remarkably resistant
towards non-specific degradation. These monoacylated 1,2-diols
proved remarkably reactive towards lipases or esterases, but the
requirement for an oxidative step based on sodium periodate
proved problematic for many applications, in particular for testing
in media containing oxidation sensitive compounds such as
carbohydrates or amino alcohol buffers.

Herein we report fluorogenic substrates 1a—15a for lipases and
esterases having a similar 1,2-diol core, but which are based on
fluorescence resonance energy transfer (FRET) as a signalling
mechanism (Scheme 1). The substrates are highly reactive with
lipases and esterases, yet show essentially no background reaction
in the absence of enzyme. Substrates 1a—15a are prepared in four
steps from commercially available building blocks, which makes
them more readily available than the structurally more complex
FRET-type lipase substrates reported previously." In particular
substrate 2a shows a particularly high reactivity across a broad
range of enzymes while being essentially stable even at pH 11 in
the absence of an enzyme.

Results and discussion
Substrate design

FRET-signalling is possible in principle for any bond cleaving
enzyme. The method requires a double labeling of the substrate,
but leaves the reactivity of the enzyme-labile bond unchanged
and therefore allows the use of non-activated functional groups.
FRET-based enzyme activity detection has been used in doubly
labeled peptides for protease assays.'® Several FRET-substrates
have also been reported for lipases and phospholipases, all of
which are close structural analogs of triglycerides."* However, an
exact structural match to naturally occurring substrates should not
be necessary to obtain lipase/esterase reactive FRET-substrates.
Indeed many highly reactive lipase probes are not close analogues
of natural substrates, with many changes possible on the alcohol
side of the ester. Nevertheless, the presence of an aliphatic acid
such as octanoic acid is generally necessary to obtain high lipase
reactivity, while esterases prefer butyrate esters.
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Scheme 1 FRET-fluorogenic substrates for lipases and esterases.

We set out to prepare FRET-signalling lipase/esterase sub-
strates using pyrenebutyric acid as a fluorescent label. This label
would be attached to a dinitrophenylamino group as a quencher by
mono-esterification to an enzyme reactive 1,2-diol. Variations of
the spacer in terms of branching, hydrophobicity and length were
envisioned to optimize the substrates towards enzyme reactivity.

Synthesis

Aliphatic 1,2-diols are readily prepared by OsO,-catalyzed di-
hydroxylation of the corresponding alkenes, a reaction which is
compatible with the presence of chromophores and suitable for
the preparation of enzyme substrates.'® The preparation of DNP-
labeled aliphatic alkenes was carried out by the derivatization of
aliphatic primary amines with DNP chloride, followed by a second
alkylation at the nitrogen with allyl bromide. The crude alkenes
were then directly submitted to OsO,-catalyzed dihydroxylation
to yield the dinitrophenylamino-labeled aliphatic 1,2-diols, which
were purified by column chromatography. This procedure A
was used for the preparation of DNP-labeled alkenes 1b (from
methylamine), and 7b (from propylamine) (Scheme 2).

The N-alkylation of the DNP-labeled amine intermediate used
with allyl bromide did not proceed with other less reactive
alkenyl bromides, in particular 4-bromobutene, 5-bromopentene
and 6-bromohexene. In these cases the desired 1,2-diol products

Procedure A R OH
1) DNP-CI N__k_oH

2) NaH, BrCH,CH=CH,

3) NMO, cat. OsO, OoN NO,

1b (R = Me): 84 %
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Scheme 2 Synthesis of fluorogenic FRET substrates.

were obtained through protocol B in which the aliphatic amine
(methyl-, ethyl-, propyl-, or benzylamine) was first reacted with
0.5 equivalents of the alkenyl bromide in DMF in the presence
of sodium hydride, followed by the addition of DNP-CI. After
aqueous work-up the crude products were then subjected to cat-
alytic dihydroxylation to give the 1,2-diols, which were separated
from the byproducts by column chromatography and isolated
in low to moderate yields. This procedure was used in various
combinations to give 1,2-diols 3b, 6b, 8b, 9b, 10b, 12b, 13b, 14b,
and 15b.

Additional 1,2-diols incorporating an ethylene glycol unit as
a spacer were prepared starting with N-methylethanolamine.
In this case alkylation with the alkyl bromide involved ether
bond formation at the free hydroxyl group, yielding diols 2b, 4b
and 5b with allyl bromide, 5-bromopentene and 6-bromohexene,
respectively, under procedure B (Scheme 3). Finally, the ster-
ically more demanding secondary alcohol 11b was prepared
starting with 1-bromo-3-methyl-2-butene and propylamine using
protocol B.

The 15 different 1,2-diols 1b—15b were then converted to the
corresponding mono-esters by coupling with pyrenebutyric acid
(Scheme 2 and 3). A previously reported procedure for the
monoesterification of 1,2-diols involving the reaction with the acyl
halide in dichloromethane in the presence of pyridine or collidine
did not work in this case." We therefore turned to diimide-
promoted coupling. Esterification to the mono-esters was carried
out by the reaction of pyrenebutyric acid with N-ethyl-N’'-(3-
dimethylaminopropyl)-carbodiimide (EDC) in dichloromethane

This journal is © The Royal Society of Chemistry 2006
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Scheme 3 Synthesis of FRET-fluorogenic lipase substrates.

and pyridine as the solvent. The reaction produced the mono-
esters 1la-15a in moderate yields as the only products beside
unreacted 1,2-diols.

Enzyme assays

Substrates 1a—15a were conditioned as 2 mM stock solutions in
DMEF. A series of 36 commercially available lipases and esterases
were prepared as 1 mg mL~' stock solutions. The assays were
conducted at 25 °C in aqueous PBS buffer pH 7.4 containing
30% v/v DMSO to ensure complete solubility of the substrates,
using 50 pg mL~" enzyme and 10 uM of each substrate. The assays
were followed by fluorescence (4., = 300 nm, A, = 376 nm) in a
microtiter plate reader instrument (Fig. 1). While the background
reaction in the absence of any enzyme was not measurable with
any of the substrates, almost all substrates reacted well with the
different enzymes, with the exception of the secondary ester 11b,
which only reacted with three enzymes.

——9

—a—18
RFU —8— ANL
—3—HrLE
—— MML
—&— L6
—A—E1
—e—L7
—o—RML
—e—MME
—»—CAL
—+—CVL
—o— HPL
—o—L10
—B—PSL
——L2
—e—CLE
—¥—H20

5000

time /s 3600

Fig. 1 Fluorescence assay of selected lipases and esterases with substrate
12a. Conditions: 10 pM 12a in aq. PBS pH 7.4 with 30% v/v DMSO,
50 pg ml~" enzyme, 25 °C. 100 pL assays were run in 96-well polystyrene
plates. Relative fluorescence units (RFU) are reported with 4., = 376 nm
(s = 300 nm), and are linearly proportional to the concentration of
pyrenebutyric acid in the concentration rage 0-10 pM.

The initial apparent reaction rates were determined from the
initial slope of the fluorescence-time plots for each of the 540
substrate-enzyme pairs (Table S1t). The fastest reactions were
observed with Mucor miehei lipase (Roche Chiralzyme L8), Ther-
mocyces lanuginose lipase (Roche Chiralzyme L9) and Aspergillus
niger lipase (ANL, Fluka 62294). However seven enzyme samples
did not show any reaction with the substrates. The absence of
a reaction with these seven enzymes is probably caused by the
presence of a pyrenebutyric acid group because the same enzymes
reacted with fluorogenic lipase probes consisting of similar 1,2-
diols esterified to octanoic acid."”

Cocktail assays

We have recently shown that cocktail assays based on HPLC-
analysis of reaction products give highly reproducible activity
fingerprints for enzymes,' " which can be used for functional
classification.’ Although substrates 1a—15a indeed reacted as a
cocktail and could be analyzed by HPLC, the reactivity patterns
resulting from this set of substrates were very similar between the
different enzymes, probably because the pyrenebutyric ester group
governs most of the enzyme-substrate interactions. Furthermore,
the same seven enzymes that did not react with individual
substrates also failed to react with the cocktail. Under these
unfavourable circumstances, the use of the cocktail for functional
classification of the enzymes was not investigated further.

Substrate ranking

The substrates were ranked according to their highest reactivities
to determine the best substrates of the series. For each enzyme, the
relative apparent reactivity of each substrate to the fastest reacting
substrate for the enzyme was determined, and the resulting
percentage values were summed across all enzymes tested. The
data was computed for the initial reaction rates under single
substrate assay conditions, as well as for the relative product
percentages as determined by HPLC analysis of the cocktail
reaction (primary data for all enzymes in Table S1t). Substrate 2a
stood out as the most reactive substrate in both analyses (Fig. 2).
The difference was particularly strong in terms of the initial
reaction rates, for which 2a was 40% more reactive than the second
most reactive substrate 5a. Interestingly, both of these substrates
contain an oxygen atom in the spacer, which renders the substrates
somewhat less hydrophobic. The particularly strong reactivity of
2a might reflect the fact this substrate is directly derived from
glycerol itself, which renders it structurally very similar to natural
triglycerides.

The reactivity of the most reactive substrate 2a against lipases
and esterases was investigated closer in the case of the most reactive
enzymes L8, L9 and ANL. The apparent reaction rate was found
to be independent of the substrate concentration above 10 uM
in all cases, implying that the Ky values are much lower than
10 uM. Exact kinetics could not be carried out due to the poor
fluorescence signal at very low substrate concentrations. Tight
substrate binding is probably due to the strongly hydrophobic
nature of the substrates.

Variation of the pH towards basic conditions showed that
substrate 2a was completely stable towards non-specific hydrolysis,
with no apparent reaction even at pH 11 (Fig. 3). The substrate was
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Fig. 2 Cumulative relative reactivities of fluorogenic lipase substrates
against 29 enzymes. Black bars: sum of the relative initial rate values
for 29 enzyme measurements each under the conditions of Fig. 1. Grey
bars: sum of the relative product abundance values determined by HPLC
after 2 h of reaction (conditions see Fig. S1 and S27). In each series of
15 measurements with substrates 1a—15a and one enzyme, the substrate
giving the fastest initial rate or the most abundant product receives a value
of 1, and the other substrates receive the ratio of their initial rates or
product abundance to those for the fastest substrate. The rate and product
percentages for each enzyme—substrate pair are given in Table S17.

—&— L8 pH=11.0

—&— L8 pH=9.22
10000 - —8—L8 pH=7.24

—— blank pH=7.24

—*— blank pH=9.22
RFU

—— blank pH=11.0

time/s

Fig. 3 Fluorescence assay of lipase L8 (Roche Thermocyces lanuginose
lipase) with pyrene ester 2a at different pH values. Conditions: 10 uM 2a,
10 pg ml™! lipase in 20 mM PBS buffer pH = 7.24, 20 mM borate buffer
pH = 9.22 and 11.0 with 30% v/v DMSO, 25 °C, see also the conditions
in the Experimental section.

therefore used to screen the activity of the different enzymes under
these strongly alkaline conditions. Nine of the 36 enzymes tested
indeed showed good reactivity with substrate 2a at pH 11 (Table 1).
Enzymes that are inactive are probably denatured at that pH.

Conclusion

FRET-substrates 1a—15a for lipases and esterases were prepared
featuring a dinitrophenylamino group as a quencher linked to

Table 1 Screening of enzyme activities at pH 11. All enzymes from Table 1
were tested for the reaction with 2a (10 pM) in aq. 20 mM borate buffer
pH 11 containing 30% v/v DMSO, 25 °C. The reaction was followed by
fluorescence. Enzymes codes: L8: Roche Thermocyces lanuginose lipase;
CVL: Chromobacterium visc. lipoprotein lipase 2832 U mg™' (Fluka
62333); MJL: Mucor javanicus lipase 4.9 U mg~' (Fluka 62304); PSL:
Pseudomonas sp. lipoprotein lipase 1560 U mg~' (Fluka 62335); E1: Roche
pig liver esterase; MML: Mucor miehei lipase 1.3 U mg~' (Fluka 62298);
CLL: Candida lipolyticalipase 1.0 U g~' (Fluka 62303); E2: Roche pig liver
esterase; HrLE: horse liver esterase 250 U mg~' (Fluka 46058)

Enzyme  Concentration/pgml~' % conversion of 2a after 30 min
L8 10 75
CVL 10 61
MIJL 1 41
PSL 1 41
El 10 36
MML 10 34
CLL 1 33
E2 10 30
HrLE 10 29

an aliphatic 1,2-diol monoacylated with pyrenebutyric acid as
a fluorophore. The substrates showed negligible background
reactivity and a strong and specific reaction with lipases and
esterases. Several enzymes did not show any reaction with these
substrates, preventing the use of this substrate series as a general
functional classification tool. Substrate 2a exhibited the strongest
reactivity towards most enzymes and was also stable at alkaline
pH. Although the assay does not respond with some of the
enzymes and is therefore not completely general, substrate 2a
and its analogs offer an unprecedented and practical solution
to the long-standing problem of an efficient reporter assay for
lipase activity under basic conditions suitable for high-throughput
screening.

Experimental

All reagents were either purchased from Aldrich or Fluka or syn-
thesized following literature procedures. Chromatography (flash)
was performed with Merck silicagel 60 (0.040-0.063 mm). DMF
and THF were dried, solvents were distilled from technical sol-
vents. All reactions were followed by TLC on Alugram SIL UV,
silica gel sheets (Macherey-Nagel) with detection by UV. NMR
spectra were recorded on a BRUKER AC 300 for 'H (300 MHz)
or *C (75 MHz) measurements. Mass spectra were provided by the
“Service of Mass Spectrometry” of the Department of Chemistry
and Biochemistry.

Preparation of NV-alkyl-2,4-dinitroanilines

2,4-Dinitrophenylchloride (2.3 g, 11.4 mmol) was added to
a solution of the amine in MeOH (2 ml, 1 eq.) and N,N-
diisopropylethylamine (2 ml, 1.2 g, 1 eq.) in CH,Cl, (20 mL) and
the reaction was stirred for 4 h at 25 °C. The precipitate was filtered
off and washed with CH,Cl,, and the filtrate was concentrated to
yield N-methyl-2,4-dinitroaniline (1.58 g, 70%, 8 mmol) or N-
propyl-2,4-dinitroaniline (1.7 g, 66%, 7.5 mmol).

3-[N-Methyl-N-(2,4-dinitrophenyl)amino]propane-1,2-diol (1b).
N-Methyl-2,4-dinitroaniline (395 mg, 2 mmol) was dissolved in
7 mL DMF and treated with sodium hydride (55% suspension in
oil, 167 mg, 4 mmol) and allyl bromide (484 mg, 0.35 mL, 4 mmol)
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and the reaction was stirred at 70 °C for 14 h. The reaction was
diluted with ethyl acetate (50 mL), washed with water (2 x 30 mL)
and brine (30 mL), dried over MgSQO,, filtered and evaporated.
The residue was purified by FC (eluent: hexane-AcOEt 2 : 1). The
main fraction (R; = 0.48) was concentrated to yield N-methyl-N-
allyl-2,4-dinitroaniline (412 mg, 1.73 mmol, 87%) as a dark yellow
oil. This product was dissolved in acetone (10 mL) and water
(4 mL) and treated with N-methylmorpholine oxide monohydrate
(282 mg, 2.1 mmol) and catalytic OsO, (0.1 mL of a 2.5% solution
in tert-butanol). After completion of the reaction (12 h at 25 °C),
the reaction was diluted with ethyl acetate. Aqueous work-up as
above and purification by FC (CH,Cl, + 5% MeOH, R; = 0.44)
gave diol 1b (454 mg, 1.67 mmol, 84%) as a yellow oil. '"H NMR
(300 MHz, CDCl;): 6 = 8.69 (d, 1H, J = 2.64 Hz), 8.22 (dd, 1H,
J =9.42,2.64 Hz), 7.29 (d, 1H, J = 1.14 Hz), 4.08 (m, 1H), 3.79
(dd, 1H, J = 11.1, 3.57 Hz), 3.51 (m, 3H), 3.03 (s, 3H), 2.23 (s,
2H); C NMR (75 MHz, CDCl,): 6 = 149.5, 146.4, 127.7, 123.9,
123.5, 119.0, 69.1, 63.8, 56.2, 41.8; ESI-MS: calc. for C,,H;3N;O4
[M + H]J*: 272.0882, found: 272.0880.

3-[2- (N -Methyl - 2,4 - dinitrophenyl)amino]ethoxypropane- 1,2 -
diol (2b). N-Methylethanolamine (188 mg, 2.5 mmol), allyl bro-
mide (302 mg, 2.5 mmol) and 2,4-dinitrophenylchloride (505 mg,
2.5 mmol) were stirred in DMF (5 mL) with NaH (55% suspension
in oil, 230 mg, 5 mmol) for 8 hours at 25 °C. Aqueous work-up
and FC gave 506 mg of a crude product which was oxidized as
above and purified by FC (CH,CH,-MeOH 9 : 1, R; = 0.38) to
yield diol 2b (152 mg, 0.55 mmol, 22.4%) as a yellow oil. '"H NMR
(300 MHz, CDCl;): 6 = 8.64 (d, IH, J = 2.64 Hz), 8.17 (dd, 1H,
J =9.60, 2.82 Hz), 7.14 (d, 1H, J = 9.42 Hz), 3.73 (m, 3H), 3.59
(q,3H, J =9.99, 5.28 Hz), 3.49 (m, 3H), 2.99 (s, 3H), 2.47 (s, 2H);
BCNMR (75 MHz, CDCl,): 6 = 149.0, 134.2, 127.5, 123.9, 118.0,
72.6, 70.4, 68.2, 63.6, 53.7, 40.6; ESI-MS: calc. for C,H;;N,0;
[M + HJ*: 316.1144, found: 316.1056.

5-[N-Methyl-N-(2,4-dinitrophenyl)amino]pentane-1,2-diol (3b).
Methylamine hydrochloride (67.5 mg, 4 mmol) was suspended in
7 mL DMF and treated with 5-bromopentene (298 mg, 0.24 mL,
2 mmol) and sodium hydride (55% suspension in oil, 334 mg,
8 mmol). After 24 h at 25 °C, 2,4-dinitrophenylchloride (808 mg,
8 mmol) was added and the reaction was stirred for an additional
8 h at 25 °C. The reaction was diluted with 50 mL ethyl acetate,
washed with water (2 x 30 mL) and brine (30 mL), dried (Na,SO,),
and concentrated. The residue was dissolved in acetone (10 mL)
and water (4 mL) and treated with N-methylmorpholine oxide
monohydrate (282 mg, 2.1 mmol) and catalytic OsO, (0.1 mL of
a 2.5% solution in tert-butanol). After completion of the reaction
(12 h at 25 °C), the reaction was diluted with ethyl acetate and
worked up as above. Purification of the residue by FC (CH,Cl,—
MeOH 95: 5) gave diol 3b (263 mg, 0.88 mmol, 44%) as a yellow oil,
R; = 0.49 (CH,CH,-MeOH 9 : 1). '"H NMR (300 MHz, CDCl;):
0 = 8.63 (dd, 1H, J = 2.64, 1.68 Hz), 8.14 (ddd, 1H, J = 9.60,
2.82, 1.32 Hz), 7.04 (d, 1H, J = 9.60 Hz), 3.61 (m, 2H), 3.39 (q,
3H, J =10.71, 7.32 Hz), 2.92 (s, 3H), 2.42 (bs, 2H), 1.75 (m, 2H),
1.40 (m, 2H); *C NMR (75 MHz, CDCl,): 0 = 148.8, 136.4, 127.6,
124.1, 117.3, 71.5, 66.6, 53.9, 40.4, 29.6, 23.1; ESI-MS: calc. for
C,H;N;04 [M + H]*: 300.1195, found: 300.1206.

5-12-(N -Methyl-2,4-dinitrophenyl )amino]ethoxypentane-1,2-
diol (4b). The procedure for 3b was applied starting with

N-methylethanolamine (300 mg, 4 mmol), 5-bromopent-1-ene
(0.47 mL, 596 mg, 4 mmol), NaH (55% suspension in oil, 335 mg,
8 mmol) and dinitrophenyl chloride (808 mg, 8 mmol), to yield
diol 4b (148 mg, 0.43 mmol, 11%) as a yellow oil, R, = 0.47
(CH,Cl,-MeOH 9 : 1). '"H NMR (300 MHz, CDCl;): 6 = 8.64
(d, IH, J = 2.64 Hz), 8.16 (dd, 1H, J = 9.42, 2.64 Hz), 7.16 (d,
1H, J = 9.42 Hz), 3.56 (m, 6H), 3.37 (m, 3H), 2.99 (s, 3H), 2.20
(s, 2H), 1.53 (m, 2H), 1.34 (m, 2H); *C NMR (75 MHz, CDCl;):
0 = 160.6, 138.7, 127.5, 123.9, 118.3, 71.5 (J = 26.05 Hz), 68.9
(J =45.26 Hz), 67.7, 66.7, 54.0, 40.5, 30.0, 25.8; ESI-MS: calc. for
C,H;N;O; [M + HJ*: 344.1457, found: 344.1461.

6-|2-(N-Methyl-2,4-dinitrophenyl)amino]ethoxyhexane-1,2-diol
(5b). The procedure for 4b was applied using 6-bromohexene
(0.53 mL, 652 mg, 4 mmol) to yield diol 5b (361 mg, 1.01 mmol,
25%) as a yellow oil, R; = 0.48 (CH,Cl,-MeOH 9 : 1). '"H NMR
(300 MHz, CDCl): 6 = 8.63 (d, 1H, J = 2.82 Hz), 8.15 (dd, 1H,
J=942,2.64 Hz), 7.17 (d, 1H, J = 9.60 Hz), 3.65 (m, 3H), 3.55
(m, 3H), 3.39 (m, 3H), 2.98 (s, 3H), 2.20 (s, 2H), 1.47 (m, 2H), 1.29
(m, 4H); “C NMR (75 MHz, CDCl;): 6 = 149.2, 127.4, 126.2,
123.9, 118.3, 71.2 (J = 57.67 Hz), 66.7 (J = 66.98 Hz), 60.3, 54.0,
40.4, 32.7, 29.5, 22.1, 14.1; ESI-MS: calc. for C;sH;N;0, [M +
H]*: 358.1614, found: 358.1621.

6-[2-(N-Methyl-2,4-dinitrophenyl)amino]hexane-1,2-diol  (6b).
The procedure for 3b was applied using 6-bromohexene (0.27 mL,
326 mg, 2 mmol) to yield diol 6b (226 mg, 0.72 mmol, 36%) as
a yellow waxy solid, R; = 0.47 (CH,Cl,-MeOH 9 : 1). '"H NMR
(300 MHz, CDCly): 6 = 8.63 (d, 1H, J = 2.82 Hz), 8.14 (dd,
1H, J =9.42, 2.64 Hz), 7.02 (d, 1H, J = 9.60 Hz), 3.67 (d, 1H,
J = 6.99 Hz), 3.60 (t, 1H, J = 3.0 Hz), 3.37 (q, 3H, J = 11.7,
7.35 Hz), 2.92 (s, 3H), 2.51 (s, 2H), 1.67 (ddd, 2H, J = 19.38,
12.24, 7.71 Hz), 1.37 (m, 4H); *C NMR (75 MHz, CDCl,): 6 =
148.8, 136.1, 136.0, 127.6, 124.2, 117.2, 71.8, 66.6, 54.0, 40.5, 32.4,
26.8, 22.6; ESI-MS: calc. for C;H,,)N;O, [M + HJ*: 314.1352,
found: 314.1345.

3-|N-(2,4-Dinitrophenyl)-/V-propylamino|propane-1,2-diol (7b).
The procedure for 3b was applied starting with propylamine
(0.5 mL, 354 mg, 6 mmol) and allyl bromide (0.26 mL, 363 mg,
3 mmol), and using -BuOK (672 mg, 6 mmol) in 10 mL
dichloromethane, to yield diol 7b (321 mg, 1.07 mmol, 36%) as a
yellow oil, R; = 0.56 (CH,Cl,-MeOH 9 : 1). "H NMR (300 MHz,
CDCL): 0 = 8.65 (d, IH, J = 2.64 Hz), 8.21 (dd, 1H, J = 9.21,
2.64Hz),7.24(d, 1H,J =9.24 Hz),3.95 (m, 1H), 3.73(dd, 1H, J =
11.28,3.57 Hz), 3.44 (m, 3H), 3.08 (m, 2H), 2.33 (s, 2H), 1.56 (ddd,
2H, J =21.69, 14.55,7.2 Hz), 0.81 (t, 3H, J = 7.35 Hz); *C NMR
(75 MHz, CDClL): 0 = 149.6, 140.0, 139.1, 127.9, 123.6, 121.0,
68.9, 63.8, 55.5, 53.4, 20.9, 11.1; ESI-MS: calc. for C,,H;;N;04
[M + H]J*: 300.1184, found: 300.1188.

4-[N-(2,4-Dinitrophenyl)-/N-propylamino)butane-1,2-diol  (8b).
The procedure for 3b was applied starting with propylamine
(0.14 mL, 94 mg, 1.6 mmol) and 4-bromobutene (0.08 mL, 108 mg,
0.8 mmol), to yield diol 8b (96 mg, 0.31 mmol, 38%) as a yellow oil,
R; = 0.54 (CH,Cl,-MeOH 9 : 1). "H NMR (300 MHz, CDCl;):
0=28.59(d, 1H, J =2.8 Hz), 8.15(dd, 1H, J = 9.4, 2.8 Hz), 7.12
(d, 1H, J = 9.4 Hz), 3.66 (dddd, 1H, J = 12.2, 10.7, 7.0, 3.4 Hz),
3.57 (dd, 1H, J = 11.1, 3.2 Hz), 3.37 (m, 3H), 3.15 (dddd, 2H,
J=17.3,14.1,9.6, 7.4 Hz), 2.67 (s, 2H), 1.56 (m, 4H), 0.83 (t, 3H,
J =7.5Hz); *"CNMR (75 MHz, CDCl;): 6 = 148.7,137.9, 137.2,

1750 | Org. Biomol. Chem., 2006, 4, 1746-1754

This journal is © The Royal Society of Chemistry 2006





127.7,123.9,119.2, 69.6, 66.7, 54.6,48.5, 30.3,20.7, 11.2; ESI-MS:
calc. for C;;H;yN;O¢ [M + HJ*: 314.1352, found: 314.1340.

6-[|N-Ethyl-N-(2,4-dinitrophenyl)amino]hexane-1,2-diol ~ (9b).
The procedure for 3b was applied starting with ethylamine
hydrochloride (246 mg, 3 mmol), and 6-bromohexene (489 mg,
3 mmol), to yield diol 9b (199 mg, 0.61 mmol, 20%) as a yellow oil,
R; = 0.38 (CH,Cl,-MeOH 9 : 1). '"H NMR (300 MHz, CDCl;):
0 =238.61(d, 1H, J = 2.85 Hz), 8.16 (dd, 1H, J = 9.42, 2.64 Hz),
7.04 (d, 1H, J = 9.60 Hz), 3.61 (m, 2H), 3.26 (m, SH), 2.13 (s,
2H), 1.60 (m, 2H), 1.33 (m, 4H), 1.19 (t, 3H, J = 7.17 Hz); “C
NMR (75 MHz, CDCl;): 6 = 148.2, 134.3, 127.5, 123.8, 118.7,
111.4,71.8, 66.6, 51.1, 47.2, 32.4, 27.1, 22.7, 12.5; ESI-MS: calc.
for C,,H, N;O, [M + H]*: 328.1508, found: 328.1518.

5-|N-(2,4-Dinitrophenyl)-/V-propylamino]pentane-1,2-diol (10b).
The procedure for 3b was applied starting with propylamine
(0.33mL, 236 mg, 4 mmol) and 5-bromopentene (0.24 mL, 298 mg,
2 mmol) to yield diol 10b (256 mg, 0.78 mmol, 39%) as a yellow oil,
R; = 0.48 (CH,Cl,-MeOH 9 : 1). '"H NMR (300 MHz, CDCl,):
0 =28.62(d, 1H, J = 2.82 Hz), 8.17 (dd, 1H, J = 9.60, 2.82 Hz),
7.07 (d, 1H, J = 9.60 Hz), 3.60 (m, 2H), 3.38 (dd, 1H, J = 10.74,
7.35 Hz), 3.30 (t, 2H, J = 7.35 Hz), 3.20 (t, 2H, J = 7.35 Hz),
2.08 (s, 2H), 1.57 (m, 4H), 1.32 (m, 2H), 0.83 (t, 3H, J = 7.35 Hz);
"CNMR (75 MHz, CDCl): 6 = 148.7, 140.4, 127.6, 123.9, 119.0,
71.5, 66.7, 54.0, 51.9, 29.8, 23.5, 20.7, 11.2; ESI-MS: calc. for
C,Hy N;O4 [M + HJ*: 328.1508, found: 328.1511.

1-[N-(2,4-Dinitrophenyl)- N -propylamino]-3-methylbutane-2,3-
diol (11b). The procedure for 1b was applied starting with
N-propyl-2,4-dinitroaniline (460 mg, 2 mmol) and 1-bromo-3-
methyl-2-butene (0.4 mL, 596 mg, 4 mmol) to yield diol 11b
(184 mg, 0.56 mmol, 27%) as a yellow liquid, R; = 0.64 (CH,Cl,—
MeOH 9 : 1). '"H NMR (300 MHz, CDCl;): 6 = 8.65 (d, 1H,
J =2.64 Hz), 8.22 (dd, 1H, J = 9.42,2.82 Hz), 7.23 (d, 1H, J =
9.39 Hz), 3.63 (dddd, 2H, J = 10.74, 6.60, 4.14, 2.46 Hz), 3.34 (dd,
1H, J = 14.49, 10.74 Hz), 3.04 (m, 2H), 1.55 (ddd, 2H, J = 21.63,
14.49,7.14 Hz), 1.28 (s,3H), 1.21 (s, 3H), 0.81 (t, 3H, J = 7.35 Hz);
"CNMR (75 MHz, CDCl;): 6 = 149.7, 138.8, 138.0, 127.7, 123.5,
121.1, 74.1, 71.5, 55.3, 52.5, 26.3, 24.4, 20.8, 11.0; ESI-MS: calc.
for C,,H, N;O¢ [M + H]*: 328.1508, found: 328.1501.

3-[N-Benzyl-N-(2,4-dinitrophenyl)amino|propane-1,2-diol (12b).
The procedure for 3b was applied starting with benzylamine
(0.273 mL, 268 mg, 2.5 mmol) and allyl bromide (0.254 mL,
338 mg, 2.5 mmol) to yield diol 12b (511 mg, 1.47 mmol, 59%) as a
yellow oil, Ry = 0.45 (CH,Cl,-MeOH 9 : 1). "H NMR (300 MHz,
CDCly): 0 = 8.64 (d, 1H, J = 2.82 Hz), 8.18 (dd, 1H, J = 9.42,
2.64 Hz), 7.18 (m, 4H), 7.15 (dd, 2H, J = 5.28, 1.71 Hz), 4.36
(dd, 2H, J = 19.02, 15.24 Hz), 3.66 (m, 1H), 3.61 (dd, 1H, J =
11.28, 3.39 Hz), 3.41 (dd, 1H, J = 11.49, 5.46 Hz), 3.36 (d, 2H,
J = 6.42 Hz), 2.82 (s, 2H); “C NMR (75 MHz, CDCl;): 6 =
149.6, 138.8, 138.3, 135.2, 128.9, 128.2, 127.8, 127.8, 123.5, 121.2,
69.2,63.7, 57.4, 53.7; ESI-MS: calc. for C,sH;;N;0¢Na: 370.1015,
found: 370.1005.

6-[N-(2,4-Dinitrophenyl)-/V-propylaminolhexane-1,2-diol (13b).
The procedure with 3b was applied starting with propylamine
(0.33 mL, 236 mg, 4 mmol) and 6-bromohexene (0.3 mL, 362 mg,
2 mmol) to yield diol 13b (345 mg, 1.01 mmol, 51%) as a yellow oil,
R; = 0.47 (CH,Cl,-MeOH 9 : 1). '"H NMR (300 MHz, CDCl,):

0 =28.62(d, 1H, J = 2.82 Hz), 8.16 (dd, 1H, J = 9.42, 2.64 Hz),
7.05(d, 1H, J =9.60 Hz), 3.64 (m, 1H), 3.60 (d, 1H, J = 3.03 Hz),
3.38 (dd, 1H, J = 10.92, 7.35 Hz), 3.20 (ddd, 4H, J = 19.59,
14.52, 7.35 Hz), 2.04 (s, 2H), 1.59 (m, 4H), 1.29 (m, 4H), 0.85 (t,
3H, J = 7.53 Hz); ®*C NMR (75 MHz, CDCl,): § = 148.7, 137.0,
127.7, 124.0, 119.0, 71.9, 66.7, 54.1, 52.0, 32.6, 27.3, 22.8, 20.8,
11.2; ESI-MS: calc. for C;sH,;N;O, [M + HJ*: 342.1665, found:
342.1671.

5-|N-Benzyl-N-(2,4-dinitrophenyl)amino]pentane-1,2-diol (14b).
The procedure for 3b was applied starting with benzylamine
(0.44 mL, 429 mg, 4 mmol), 5-bromopentene (0.24 mL, 298 mg,
2 mmol) to yield diol 14b (111 mg, 0.30 mmol, 15%) as a yellow oil,
R;=0.42(CH,Cl,-MeOH9:1). ' HNMR (300 MHz, CDCl;): 6 =
8.66 (d, 1H, J = 2.85 Hz), 8.16 (dd, 1H, J = 9.42, 2.82 Hz), 7.28
(m, 3H),7.18 (q,2H, J =3.78, 1.50 Hz), 7.09 (d, 1H, J = 9.42 Hz),
4.47 (s, 2H), 3.59 (m, 2H), 3.36 (dd, 1H, J = 10.74, 7.35 Hz), 3.27
(t, 2H, J = 7.35 Hz), 1.98 (s, 2H), 1.65 (m, 2H), 1.35 (m, 2H);
BCNMR (75 MHz, CDCl;): 0 = 139.4,135.4,128.9, 128.1, 127.7,
127.5,123.7,119.6,71.5, 66.6, 56.2, 52.3, 29.7, 23.4; ESI-MS: calc.
for C;sH, N;O4 [M 4 HJ*: 376.1508, found: 376.1523.

6-[N-Benzyl-N-(2,4-dinitrophenyl)amino]hexane-1,2-diol (15b).
The procedure for 3b was applied starting with benzylamine
(0.19 mL, 184 mg, 1.72 mmol) and 6-bromohexene (0.10 mL,
128 mg, 0.86 mmol) to yield diol 15b (115 mg, 0.30 mmol, 35%) as
ayellow oil, Ry = 0.46 (CH,Cl,-MeOH9: 1). '"HNMR (300 MHz,
CDCly): 6 = 8.61 (d, 1H, J = 2.82 Hz), 8.12 (dd, 1H, J = 9.39,
2.61 Hz), 7.23 (m, 3H), 7.18 (dd, 2H, J = 6.21, 4.14 Hz), 7.07 (d,
1H, J =9.60 Hz), 4.46 (s, 2H), 3.60 (q, 1H, J = 5.10, 2.82 Hz), 3.54
(dd, 1H, J = 11.13, 3.03 Hz), 3.32 (dd, 1H, J = 10.92, 7.53 Hz),
3.22(t,2H, J =7.35 Hz), 2.86 (s, 2H), 1.59 (m, 2H), 1.24 (m, 4H);
BCNMR (75 MHz, CDCl,): 6 = 148.7, 137.8, 137.7, 135.3, 128.8,
127.9,127.5, 127.4, 123.6, 119.5, 71.7, 66.5, 56.1, 52.4, 32.2, 27.0,
22.5; ESI-MS: calc. for C;,H»;N;O4 [M + HJ*: 390.1665, found:
390.1672.

3-| N-Methyl- NV -(2,4-dinitrophenyl )Jamino |- 2-hydroxypropyl-
4-(pyren-1-yl)butyrate (1a). A solution of diol 1b (100 mg,
0.37 mmol) and pyrenebutyric acid (112 mg, 0.39 mmol) in CH,Cl,
(10 mL) and pyridine (1 mL) was treated with N-ethyl-N'-(3-
dimethylaminopropyl)carbodiimide (EDC) (115 mg, 0.74 mmol)
and 4-dimethylaminopyridine (90 mg, 0.74 mmol) and stirred at
room temperature for 15 h. The reaction was diluted with ethyl
acetate (150 mL), washed with aq. 1 N HCl (2 x 50 mL), sat.
aq. NaHCO; (50 mL), and brine (50 mL). The organic phase was
concentrated and the residue was purified by FC (AcOEt-hexane
1 : 2) to yield ester 1a (68 mg, 0.13 mmol, 35%) as a yellow oil,
R;=0.31 (hexane-AcOEt 1 : 1). "HNMR (300 MHz, CDCl;): 6 =
8.54(d, 1H, J = 3.42 Hz), 8.24 (d, 1H, J = 20.79 Hz), 8.15 (s, 1H),
8.12 (s, 1H), 8.10 (s, 1H), 8.09 (d, 1H, J = 2.85 Hz), 8.06 (d, 1H,
J=4.14Hz), 8.00 (s,2H), 7.94 (q, 2H, J = 7.14, 5.64 Hz), 7.82 (d,
IH, J = 7.89 Hz), 6.92 (d, 1H, J = 9.60 Hz), 3.95 (m, 3H), 3.33
(dd, 2H, J = 14.49, 6.78 Hz), 3.30 (t, 2H, J = 2.28 Hz), 2.84 (s,
3H), 2.46 (t, 2H, J = 6.96 Hz), 2.04 (m, 2H); *C NMR (75 MHz,
CDCly): 0 = 173.4, 149.1, 137.3, 135.2, 131.3, 130.8, 130.0, 128.7,
127.4,127.4,127.3, 126.8, 125.9, 125.0, 124.9, 124.8, 123.6, 123.1,
118.6, 67.5, 65.6, 56.3, 41.5, 33.5, 32.5, 26.5; ESI-MS: calc. for
C;H;N;0; M*: 541.184901, found: 541.1838.
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3HN-Methyl-N+2,4-dinitrophenyl)amino]ethoxyl-2-hydroxypropyk
4-(pyren-1-yl)butyrate (2a). The procedure for 2a was applied
starting with diol 2b (63 mg, 0.2 mmol) and pyrenebutyric acid
(60 mg, 0.21 mmol) to yield ester 2a (65 mg, 0.11 mmol, 55%) as a
yellow oil, R; = 0.24 (hexane-AcOEt 1 : 2). "H NMR (300 MHz,
CDCl;):0 =8.59 (d, IH, J = 2.64 Hz), 8.26 (d, 1H, J = 9.21 Hz),
8.17 (s, IH), 8.14 (s, 1H), 8.11 (s, 1H), 8.06 (m, 2H), 8.01 (s, 2H),
7.95(t, IH, J =7.74 Hz), 7.83 (d, 1H, J = 7.92 Hz), 6.97 (d, 1H,
J =9.60 Hz), 3.98 (m, 3H), 3.84 (m, 1H), 3.60 (dd, 2H, J = 9.78,
4.89 Hz), 3.35 (m, 4H), 2.89 (s, 3H), 2.44 (t, 2H, J = 7.14 Hz), 2.04
(m, 2H); "C NMR (75 MHz, CDCl,): 6 = 173.4, 148.9, 1354,
131.3,130.8,129.9, 128.7, 127.4, 127.4, 127.3, 126.7, 125.8, 125.0,
124.9, 124.9, 124.8, 123.8, 123.2, 117.9, 72.0, 68.7, 68.2, 65.2,
53.6, 40.5, 33.6, 32.6, 26.6; ESI-MS: calc. for C;,H; N;O5 M*:
586.2189, found: 586.2202.

5-| N-Methyl-N-(2,4-dinitrophenyl)amino]-2-hydroxypentyl-4-
(pyren-1-yl)butyrate (3a). The procedure for la was applied
starting with 3b (90 mg, 0.3 mmol) and pyrenebutyric acid (91 mg,
0.32 mmol) to yield ester 3a (96 mg, 0.17 mmol, 55%) as a yellow
oil, Ry = 0.18 (hexane-AcOEt 1: 1). '"HNMR (300 MHz, CDCl;):
0 =28.60(d, 1H, J = 2.82 Hz), 8.26 (d, 1H, J = 9.42 Hz), 8.16 (s,
1H), 8.14(d, 1H, J = 1.14 Hz), 8.11 (s, 1H), 8.07 (q, 2H, J = 4.32,
2.82 Hz), 8.04 (s, 2H), 8.00 (t, IH, J = 3.00 Hz), 7.95 (d, IH, J =
7.53Hz),7.83(d, 1H, J =8.61 Hz), 6.88 (d, 1H, J =9.63 Hz), 4.05
(dd, 1H,J =11.1,3.21 Hz), 3.89(dd, 1H, J = 11.46, 7.14 Hz), 3.70
(m, 1H), 3.36 (t, 2H, J = 7.74 Hz), 3.26 (t, 2H, J = 7.32 Hz), 2.82
(s, 3H), 2.46 (t,2H, J = 7.14 Hz), 2.16 (q, 2H, J = 14.1, 6.96 Hz),
1.63 (m, 2H), 1.35 (dddd, 2H, J = 12.06, 8.67, 3.21 Hz); *C NMR
(75 MHz, CDCly): 6 = 173.5, 148.7, 135.3, 131.3, 130.8, 130.0,
128.7,127.5,127.4, 127.4,127.3, 126.7, 125.9, 125.0, 125.0, 124.9,
124.8, 124.0, 123.2, 117.2, 69.4, 68.4, 53.7, 40.4, 33.6, 32.6, 29.8,
26.6,22.8; ESI-MS: calc. for C;,H;; N;O;Na [M + Na]*: 592.2059,
found: 592.2262.

S{N-Methy-N+2,4-dinitrophenyl)amino]ethoxyl-2-hydroxypentyl-
4-(pyren-1-yl)butyrate (4a). The procedure for la was applied
starting with 4b (69 mg, 0.2 mmol) and pyrenebutyric acid (60 mg,
0.21 mmol) to yield ester 4a (58 mg, 0.10 mmol, 55%) as a yellow
oil, Ry = 0.30 (hexane-AcOEt 1 : 2). '"HNMR (300 MHz, CDCl;):
0 =28.58(d, IH, J = 3.75 Hz), 8.28 (d, IH, J = 9.21 Hz), 8.17 (t,
IH, J = 1.11 Hz), 8.14 (d, 1H, J = 1.68 Hz), 8.12 (s, 1H), 8.09
(s, 1H), 8.06 (t, 1H, J = 2.64 Hz), 8.02 (d, 2H, J = 1.53 Hz),
7.96 (t, IH, J = 7.71 Hz), 7.85 (d, IH, J = 7.74 Hz), 4.11 (m,
2H), 3.92 (dd, 1H, J = 11.28, 6.96 Hz), 3.72 (m, 1H), 3.59 (t, 2H,
J =5.10Hz), 3.43 (dd, 2H, J = 12.45, 7.35 Hz), 3.38 (t, 4H, J =
2.61 Hz), 2.90 (s, 3H), 2.45 (dd, 2H, J = 13.38, 6.21 Hz), 2.17
(q, 2H, J = 13.74, 6.39 Hz), 1.40 (m, 4H); "C NMR (75 MHz,
CDCl;): 6 = 173.6, 149.0, 136.7, 135.6, 131.4, 130.9, 130.0, 128.7,
127.5,127.4,127.4,127.4, 126.8, 125.9, 125.1, 125.0, 124.9, 124.8,
124.8, 123.8, 123.3, 118.0, 71.2, 69.6, 68.5, 67.6, 53.9, 40.2, 33.7,
32.7, 30.2, 26.8, 25.6; ESI-MS: calc. for C;,H;sN;OgNa [M +
Na]*: 614.2502, found: 614.2514.

6-| N-Methyl- N-(2,4-dinitrophenyl)amino Jethoxyl-2-hydroxy-
hexyl-4-(pyren-1-yl)butyrate (5a). The procedure for la was
applied starting with 5a (71 mg, 0.2 mmol) and pyrenebutyric acid
(60 mg, 0.21 mmol) to yield ester Sa (91 mg, 0.15 mmol, 73%) as a
yellow oil, R; = 0.38 (hexane-AcOEt 1: 2). "H NMR (300 MHz,
CDCl):0 =8.60 (d, IH, J = 2.82 Hz), 8.27 (d, 1H, J = 9.21 Hz),

8.17(t,1H,J=1.14Hz),8.14(t,1H,J=1.71 Hz),8.11 (d, 1H,J =
0.75Hz), 8.08 (dd, 2H, J =2.82, 1.50 Hz), 8.02 (s, 2H), 7.96 (t, 1H,
J=789Hz),7.84(d, 1H,J=7.71Hz),7.05(d, 1H, J =9.42 Hz),
4.18 (m, 1H), 4.08 (dd, 1H, J = 3.96, 0.96 Hz), 3.90 (dd, 1H, J =
11.31,7.35Hz), 3.74 (dd, 2H, J = 6.96, 2.82 Hz), 3.56 (q, 2H, J =
6.21,1.68 Hz), 3.46 (q, 2H, J = 9.42, 4.92 Hz), 3.32 (m, 4H), 2.91
(s,3H),2.47 (t,2H,J =7.14Hz),2.16 (dd, 2H, J = 14.88, 7.35 Hz),
1.94 (bs, 1H), 1.38 (m, 4H); *"CNMR (75 MHz, CDCl,):6 = 173.5,
149.0, 135.5, 131.3, 130.8, 129.9, 128.7, 127.4, 127.3, 127.3, 127.3,
126.7, 125.8, 124.8, 124.7, 124.7, 123.8, 123.2, 118.0, 71.1, 69.7,
68.5, 67.5, 53.9, 40.3, 33.6, 32.8, 32.6, 29.4, 26.7, 21.9; ESI-MS:
calc. for C;sH;;N;OgNa [M + NaJ*: 650.2478, found: 650.2492.

6-| N -Methyl- N -(2,4-dinitrophenyl)amino]-2-hydroxyhexyl-4-
(pyren-1-yl)butyrate (6a). The procedure for la was applied
starting with 6b (94 mg, 0.3 mmol) and pyrenebutyric acid (91 mg,
0.32 mM) to yield ester 6a (101 mg, 0.17 mmol, 57%) as a yellow
oil, Ry = 0.40 (hexane-AcOEt 1 : 1). '"HNMR (300 MHz, CDCl,):
0=2_8.57(d, 1H, J =2.82 Hz), 8.24 (d, 1H, J = 9.21 Hz), 8.15 (s,
1H), 8.12 (s, 1H), 8.09 (s, 1H), 8.06 (d, 1H, J = 1.32 Hz), 8.00 (s,
2H), 7.94 (dd, 1H, J = 8.10, 7.35 Hz), 7.81 (d, 1H, J = 7.92 Hz),
4.07 (dddd, 1H, J = 12.99, 12.31, 6.15, 3.21 Hz), 3.90 (dd, 1H,
J =18.49, 7.17 Hz), 3.70 (m, 1H), 3.35 (t, 2H, J = 7.08 Hz), 3.19
(t, 2H, J = 7.35 Hz), 2.77 (s, 3H), 2.46 (t, 2H, J = 7.35 Hz),
2.16 (q, 2H, J = 12.99, 5.73 Hz), 2.05 (bs, 1H), 1.58 (t, 2H, J =
3.18 Hz), 1.38 (t, 2H, J = 5.41 Hz), 1.23 (t, 2H, J = 7.14 Hz);
BCNMR (75 MHz, CDCl;): 0 = 173.5, 148.5, 136.2, 135.4, 131.3,
130.8, 129.9, 128.6, 127.4, 127.4, 127.3, 126.7, 125.8, 125.0, 124.9,
124.8, 124.7, 124.0, 123.1, 117.0, 69.5, 68.4, 53.8, 40.3, 33.6, 32.6,
32.6, 26.6, 26.6, 22.4; ESI-MS: calc. for C;;H;N;0; [M + HJ*:
584.2396, found: 584.2404.

3-|N-(2,4-Dinitrophenyl)-/NV-propylamino]-2-hydroxypropyl-4-
(pyren-1-yl)butyrate (7a). The procedure for la was applied
starting with 7b (90 mg, 0.3 mmol) and pyrenebutyric acid (91 mg,
0.32 mmol) to yield ester 7a (68 mg, 0.12 mmol, 40%) as a yellow
oil, Ry = 0.50 (hexane-AcOEt 1 : 1). "H NMR (300 MHz, CDCl,):
0=28.56(d, 1H, J = 2.64 Hz), 8.24 (d, 1H, J = 9.21 Hz), 8.16 (s,
1H), 8.14 (s, 1H), 8.11 (d, 1H, J = 1.32 Hz), 8.05 (ddd, 2H, J =
9.42,8.49,2.82 Hz), 8.02 (s, 2H), 7.96 (dd, 1H, J = 8.28, 7.14 Hz),
7.82(d, 1H,J=7.71Hz), 7.02 (d, IH, J =9.42 Hz), 4.20 (m, 1H),
4.13(dd, 1H,J =17.14,3.75Hz), 3.97 (dd, 2H, J = 13.95, 5.46 Hz),
3.24 (m, 4H), 3.02 (m, 2H), 2.68 (m, 1H), 2.46 (t,2H, J = 7.14 Hz),
2.18 (t,2H, J = 7.35 Hz), 1.49 (dd, 2H, J = 14.31, 7.14 Hz), 0.75
(t, 3H, J = 7.53 Hz); *C NMR (75 MHz, CDCl;): 6 = 173.5,
149.2, 139.0, 138.3, 135.3, 133.6, 131.4, 130.8, 130.0, 128.7, 127.7,
127.5,127.3,126.8, 125.9, 125.1, 125.0, 124.9, 124.8, 123.4, 123.2,
120.8, 67.4, 65.6, 55.1, 53.7, 33.6, 32.5, 26.6, 20.8, 11.0; ESI-MS:
calc. for C;,H; N3O, M*: 569.216201, found: 569.2167.

4-| N-(2,4-Dinitrophenyl)- NV -propylamino)-2-hydroxybutyl-4-
(pyren-1-yl)butyrate (8a). The procedure for la was applied
starting with 8b (63 mg, 0.2 mmol) and pyrenebutyric acid (61 mg,
0.21 mmol) to yield ester 8a (66 mg, 0.11 mmol, 55%) as a yellow
oil, Ry = 0.50 (hexane-AcOEt 1 : 1). 'HNMR (300 MHz, CDCl,):
0=28.56(d, 1H, J =2.82 Hz), 8.24 (d, 1H, J = 9.21 Hz), 8.16 (d,
1H, J =1.29 Hz), 8.14 (d, 1H, J = 0.75 Hz), 8.10 (s, 1H), 8.05 (q,
2H, J = 8.28, 2.82 Hz), 8.01 (s, 2H), 7.96 (t, 1H, J = 7.71 Hz),
7.81(d, 1H, J =7.71 Hz), 6.94 (d, |H, J = 9.30 Hz), 4.03 (q, |H,
J =11.31, 3.39 Hz), 3.90 (dd, 1H, J = 11.49, 6.78 Hz), 3.77 (s,
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1H), 3.34 (dddd, 4H, J = 17.34, 14.49, 9.99, 2.28 Hz), 3.06 (ddd,
2H, J =9.24, 6.78, 1.53 Hz), 2.44 (t, 2H, J = 7.17 Hz), 2.32 (bs,
1H), 2.14 (m, 2H), 1.24 (m, 4H), 0.78 (t, 3H, J = 7.35 Hz); °C
NMR (75 MHz, CDCl,): 6 = 173.5, 148.4, 137.9, 137.1, 135.3,
131.3, 130.8, 129.9, 128.7, 127.5, 127.4, 127.4, 127.3, 126.7, 125.9,
124.9,124.7,123.7, 123.1, 118.9, 68.3, 67.3, 54.5, 47.8, 33.5, 32.5,
30.5, 26.5, 20.5, 11.0; ESI-MS: calc. for C;;H;;N;0, [M + H]*:
584.2396, found: 584.2414.

6-[N -Ethyl- N - (2,4 -dinitrophenyl)amino] - 2 - hydroxyhexyl - 4 -
(pyren-1-yl)butyrate (9a). The procedure with 1a was applied
starting with 9b (66 mg, 0.2 mmol) and pyrenebutyric acid (61 mg,
0.21 mmol) to yield ester 9a (73 mg, 0.12 mmol, 61%) as a yellow
oil, Ry = 0.50 (hexane-AcOEt 1 : 2). '"H NMR (300 MHz, CDCl,):
0 =28.55(d, 1H, J = 2.82 Hz), 8.25 (d, 1H, J = 9.21 Hz), 8.15 (s,
1H), 8.12 (s, 1H), 8.09 (s, 1H), 8.07 (s, 1H), 8.02 (dd, 1H, J = 9.60,
2.82 Hz), 8.00 (s, 2H), 7.94 (t, IH, J = 7.35 Hz), 7.81 (d, |H, J =
7.71 Hz), 6.83 (d, 1H, J =9.60 Hz), 4.12 (m, 1H), 3.85(dd, 1H, J =
11.49, 7.14 Hz), 3.75 (m, 1H), 3.34 (t, 2H, J = 7.92 Hz), 3.12 (m,
4H),2.45(t,2H,J =7.17),2.19(t,2H, J =7.71 Hz), 2.11 (bs, 1H),
1.49 (dd, 2H, J = 12.06, 8.67 Hz), 1.40 (m, 3H), 1.21 (m, 1H), 1.07
(t,3H,J =7.14Hz); “"CNMR (75 MHz, CDCl;): 6 = 173.5, 148.1,
137.5,136.7, 135.4, 131.3, 130.8, 129.9, 128.6, 127.4, 127.4, 127.3,
126.7,125.8,125.0, 124.9, 124.9, 124.7, 124.7, 123.7, 123.2, 118.5,
69.5, 68.4, 51.1, 47.0, 33.6, 32.6, 32.6, 26.9, 26.6, 22.5, 12.4; ESI-
MS: calc. for C;,H;sN;O, [M + HJ*: 598.2553, found: 598.2543.

5-|N-(2,4-Dinitrophenyl)- N -propylamino]-2-hydroxypentyl-4-
(pyren-1-yl)butyrate (10a). The procedure for la was applied
starting with 10b (66 mg, 0.2 mmol) and pyrenebutyric acid (61 mg,
0.21 mM) to yield ester 10a (54 mg, 0.09 mmol, 45%) as a yellow
oil, Ry = 0.56 (hexane-AcOEt 1 : 2). '"HNMR (300 MHz, CDCl,):
0 =28.58(d, IH, J = 1.74 Hz), 8.26 (d, |H, J = 9.24 Hz), 8.16 (t,
IH, J = 1.32 Hz), 8.14 (d, 1H, J = 1.32 Hz), 8.11 (s, 1H), 8.06
(dd, 2H, J = 9.42, 2.64 Hz), 8.02 (s, 2H), 7.95 (dd, 1H, J = 7.71,
7.36 Hz), 7.83 (d, 1H, J =7.71 Hz), 6.91 (d, 1H, J =9.39 Hz), 4.03
(dd, 1H, J = 8.58, 3.21 Hz), 3.88 (dd, 1H, J = 11.25, 7.14 Hz),
3.67 (dddd, 1H, J = 12.81, 10.47, 7.35, 3.39 Hz), 3.36 (t, 2H, J =
7.71 Hz), 3.19 (t, 2H, J = 7.32 Hz), 3.10 (t, 2H, J = 7.35 Hz), 2.42
(dd, 2H, J = 15.45, 8.10 Hz), 2.15 (m, 2H), 2.02 (bs, 1H), 1.49 (m,
4H), 1.32 (ddd, 2H, J = 11.85, 8.64, 3.00 Hz), 0.80 (t, 3H, J =
7.35 Hz); “C NMR (75 MHz, CDCl,): 6 = 173.5, 148.5, 137.7,
136.9, 135.4, 131.3, 130.8, 129.9, 128.7, 127.5, 127.4, 127.4, 127.3,
126.7, 125.8, 125.0, 124.9, 124.9, 124.7, 123.8, 123.1, 118.8, 69.4,
68.4, 53.9, 51.6, 33.6, 32.6, 30.0, 26.6, 23.2, 20.5, 11.1; ESI-MS:
calc. for C;,H;sN;O, [M + HJ*: 598.2556, found: 598.2552.

1-|N-(2,4-Dinitrophenyl)- N -propylamino]-3-hydroxy-3-methyl-
butyl-4-(pyren-1-yl)butyrate (11a). The procedure for la was
applied starting with 11b (82 mg, 0.25 mmol) and pyrenebutyric
acid (144 mg, 0.50 mmol) to yield ester 11a (115 mg, 0.19 mmol,
76%) as a yellow oil, R; = 0.77 (hexane-AcOEt 1 : 2). '"H NMR
(300 MHz, CDCl,): 6 = 8.60 (d, 1H, J = 2.64 Hz), 8.20 (d, 1H,
J = 6.42 Hz), 8.17 (dd, 1H, J = 4.14, 1.32 Hz), 8.14 (t, |H, J =
1.11 Hz), 8.10 (d, 1H, J = 4.14 Hz), 8.04 (m, 2H), 8.02 (s, 2H),
7.96 (t, 1H, J = 7.53 Hz), 7.76 (d, 1H, J = 7.71 Hz), 6.97 (d,
1H, J = 9.42 Hz), 5.11 (d, 1H, J = 2.46 Hz), 5.07 (d, 1H, J =
2.43 Hz), 3.12 (m, SH), 2.00 (m, 4H), 1.82 (bs, 1H), 1.51 (ddd,
2H, J = 21.84, 14.49, 7.17 Hz), 1.22 (s, 3H), 1.18 (s, 3H), 0.82 (t,
3H, J = 7.53 Hz); "C NMR (75 MHz, CDCl;): § = 172.6, 148.8,

138.3,137.6,135.1, 131.3, 130.7, 129.9, 128.6, 127.4, 127.1, 126.7,
125.8, 125.0, 124.9, 124.8, 124.7, 123.6, 123.0, 119.6, 74.7, 71.4,
54.8,51.2,33.5,32.5,26.3,26.1,25.9, 20.6, 11.0; ESI-MS: calc. for
Ci,H3sN;O; [M + HJ*: 598.2553, found: 598.2545.

3-|N-Benzyl- N-(2,4-dinitrophenyl)amino]-2-hydroxypropyl-4-
(pyren-1-yl)butyrate (12a). The procedure for la was applied
starting with 12b (70 mg, 0.2 mmol) and pyrenebutyric acid (61 mg,
0.21 mmol) to yield ester 12a (59 mg, 0.10 mmol, 48%) as a yellow
oil, Ry = 0.32 (hexane-AcOEt 1 : 1). '"H NMR (300 MHz, CDCl;):
0 =28.60 (d, 1H, J = 2.82 Hz), 8.24 (d, 1H, J = 9.42 Hz), 8.18
(s, IH), 8.15 (s, IH), 8.11 (d, IH, J = 2.55 Hz), 8.09 (d, IH, J =
3.03 Hz), 8.06 (t, 1H, J = 2.64 Hz), 8.03 (s, 2H), 7.97 (dd, 1H, J =
8.10, 7.14 Hz), 7.82 (d, 1H, J = 7.92 Hz), 7.24 (dd, 3H, J = 3.57,
1.50 Hz), 7.08 (ddd, 3H, J =9.24, 6.78, 5.10 Hz), 4.34 (d, 2H, J =
3.03Hz),4.04 (m, 2H), 3.94(q, 1H, J =12.81,6.78 Hz), 3.34 (t, |H,
J=17.71Hz), 3.26 (t,2H, J = 6.96 Hz), 2.42 (t, 2H, J = 7.14 Hz),
2.12(q,2H, J = 14.70, 7.35 Hz); *C NMR (75 MHz, CDCl,): 6 =
173.4,149.4, 139.0, 138.6, 135.3, 135.2, 131.3, 130.8, 128.9, 128.2,
127.8,127.7,127.4,127.4,127.3, 126.7, 125.9, 125.0, 124.8, 123.4,
123.1, 121.2, 67.5, 65.5, 57.3, 53.9, 33.5, 32.5, 26.5; ESI-MS: calc.
for C;sH; N;0; [M + HJ*: 618.2240, found: 618.2246.

6-[V-(2,4-Dinitrophenyl)- NV - propylamino)-2-hydroxyhexyl-4-
(pyren-1-yl)butyrate (13a). The procedure for 1la was applied
starting with 13b (102 mg, 0.3 mmol) and pyrenebutyric acid
(91 mg, 0.21 mmol) to yield ester 13a (75 mg, 0.12 mmol, 41%) as
a yellow oil, R; = 0.15 (hexane-AcOEt 1 : 2). '"H NMR (300 MHz,
CDCl;):0 =8.59 (d, |H, J = 2.64 Hz), 8.26 (d, 1H, J = 9.21 Hz),
8.17 (s, 1H), 8.14 (d, 1H, J = 0.75 Hz), 8.11 (t, 2H, J = 0.93 Hz),
8.08 (1H,J =2.61 Hz),8.02 (s, 2H), 7.96 (t, 1H, J = 7.92 Hz), 7.83
(d, IH,J =7.74 Hz), 6.92 (d, |H, J = 9.40 Hz), 4.06 (dd, 1H, J =
14.61, 3.21 Hz), 3.89 (dd, 1H, J = 11.49, 6.87 Hz), 3.69 (ddd, 1H,
J =9.81, 6.78, 3.39 Hz), 3.36 (t, 2H, J = 7.92 Hz), 3.12 (q, 4H,
J =15.06,7.35Hz),2.46 (t,2H, J = 7.14 Hz), 2.16 (ddd, 2H, J =
14.67, 7.35, 1.47 Hz), 1.51 (ddd, 4H, J = 21.66, 14.58, 4.87 Hz),
1.26 (m, 4H), 0.81 (t, 3H, J = 7.35 Hz); "C NMR (75 MHz,
CDCl,): 6 = 173.5, 148.5, 140.0, 136.8, 135.4, 131.3, 130.8, 130.0,
128.9, 127.5,127.4,127.4, 127.3,126.7, 125.8, 125.0, 124.9, 124.9,
124.8, 123.8, 123.2, 118.8, 69.6, 68.5, 53.9, 51.9, 33.6, 32.6, 32.6,
27.1, 26.6, 22.5, 20.6, 11.1; ESI-MS: calc. for C;sH;,N;O, [M +
HJ*: 612.2709, found: 612.2713.

5-|N-Benzyl- N -(2,4-dinitrophenyl)amino]-2-hydroxypentyl-4-
(pyren-1-yl)butyrate (14a). The procedure for la was applied
starting with 14b (75 mg, 0.2 mmol) and pyrenebutyric acid (61 mg,
0.21 mmol) to yield ester 14a (77 mg, 0.12 mmol, 60%) as a yellow
oil, Ry = 0.44 (hexane-AcOEt 1 : 1). "H NMR (300 MHz, CDCl;):
0=28.63(d, 1H, J =2.82 Hz), 8.27 (d, 1H, J = 9.42 Hz), 8.17 (d,
1H, J = 1.32 Hz), 8.14 (d, 1H, J = 0.75 Hz), 8.12 (s, 1H), 8.07 (m,
2H),8.02(s,2H), 7.96 (dd, 1H, J =7.92,7.35Hz),7.84(d, |H, J =
7.71 Hz), 7.26 (ddd, 3H, J = 8.85, 6.78, 4.89 Hz), 7.13 (q, 2H, J =
8.28, 1.31 Hz), 6.97 (d, 1H, J = 9.39 Hz), 4.38 (s, 2H), 4.03 (dd,
1H,J =11.49,3.39 Hz), 3.87 (dd, 1H, J = 11.46, 7.14 Hz), 3.71 (s,
1H), 3.37 (t, 2H, J = 7.71 Hz), 3.19 (t, 2H, J = 7.32 Hz), 2.45 (t,
2H, J = 7.14 Hz), 2.16 (ddd, 2H, J = 14.85, 6.72, 3.57 Hz), 1.61
(m, 2H), 1.34 (dd, 2H, J = 6.99, 3.03 Hz); *C NMR (75 MHz,
CDCl,): 6 = 173.6, 148.8, 135.4, 135.4, 131.4, 130.9, 130.0, 128.9,
128.8,128.1, 127.6, 127.6, 127.5, 127.4, 126.8, 125.9, 125.0, 125.0,
124.8, 123.7, 123.2, 119.6, 69.5, 68.4, 56.2, 52.2, 33.7, 32.7, 30.0,
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26.6, 23.2; ESI-MS: calc. for CxH;sN;O; [M + HJ*: 646.2553,
found: 646.2567.

6-[V-Benzyl- N -(2,4-dinitrophenyl)amino] - 2-hydroxyhexyl-4-
(pyren-1-yl)butyrate (15a). The procedure for 1a was applied
starting with 15b (78 mg, 0.2 mmol) and pyrenebutyric acid (61 mg,
0.21 mmol) to yield ester 15a (80 mg, 0.12 mmol, 60%) as a yellow
oil, Ry = 0.44 (hexane-AcOEt 1: 1). '"HNMR (300 MHz, CDCl,):
0 =28.62(d, 1H, J = 2.82 Hz), 8.27 (d, 1H, J = 9.24 Hz), 8.16
(d, 1H, J = 1.32 Hz), 8.14 (d, 1H, J = 1.32 Hz), 8.11 (d, |H, J =
0.75 Hz), 8.07 (dd, 2H, J = 5.46, 2.82 Hz), 8.02 (s, 2H), 7.96 (t,
1H, J = 7.53 Hz), 7.83 (d, IH, J = 7.92 Hz), 7.28 (q, 3H, J =
3.84,2.07 Hz), 7.14 (dd, 2H, J = 7.35, 1.50 Hz), 6.96 (d, |H, J =
9.39 Hz), 4.40 (s, 2H), 4.04 (dd, 1H, J = 8.49, 6.95 Hz), 3.87 (dd,
IH, J = 11.49, 6.95 Hz), 3.69 (t, 2H, J = 2.82 Hz), 3.36 (t, 2H,
J =7.89 Hz), 3.15 (t, 2H, J = 7.35 Hz), 2.46 (t, 2H, J = 6.84 Hz),
2.16 (q, 2H, J = 15.06, 7.71 Hz), 1.58 (d, 2H, J = 6.42 Hz), 1.31
(dd, 4H, J = 14.70, 9.24 Hz); "C NMR (75 MHz, CDCL): 6 =
173.5,148.7, 137.5, 135.4, 131.3, 130.8, 130.0, 128.9, 128.7, 128.0,
127.5,127.5,127.4,127.3, 127.1, 126.7, 125.8, 125.0, 124.9, 124.9,
124.8, 123.6, 123.2, 119.5, 69.5, 68.5, 60.3, 56.1, 52.4, 33.6, 32.6,
32.6, 27.0, 26.6, 22.5; ESI-MS: calc. for C;,yH3;N;O; [M + HJ*:
660.2709, found: 660.2698.

Enzyme assays

Fluorescence assay. Substrates 1a—15a were conditioned as
2 mM stock solutions in DMF by dissolving 1-2 mg waxy solid
into the appropriate volume. The fluorescence assay of the cocktail
uses the same conditions as with the HPLC assay. For each
substrate 5 uL of the 2 mM stock solution were diluted in 945 pLL
PBS (20 mM phosphate, 160 mM NaCl, pH 7.4) containing 30%
v/v DMSO. The solution was distributed in 95 mL aliquots into
the wells of a 96 well polystyrene plate and each assay was started
by adding 5 pL of a freshly prepared 1 mg mL~" stock solution
of the lipase in PBS buffer. The assay concentration under these
conditions was 10 uM of each substrate and 50 pg mL™" of the
lipase; the assay was conducted for 2 h at room temperature.
The reactions were followed using a SPECTRAMax fluorescence
detector with wavelength setting 4., = 300 nm, A.,, = 376 nm.

HPLC assay

The cocktail was prepared by mixing 5 uL of each substrate stock
solution and 5 uL of a2 mM stock solution of the internal standard
N-benzyl-2,4-dinitrobenzenamine in 20 uL. DMF to make 100 uM
of each substrate solution. The stock solution was diluted to the
appropriate volume using PBS containing 30% v/v DMSO to a
total cocktail concentration of 50 uM or 30 uM. The assay was
started by adding 5 pL of a freshly prepared 1 mg mL~" stock
solution of the lipase in PBS buffer to 95 uL of the cocktail. The
assay concentration under these conditions was 50 uM or 30 uM
for the cocktail and 50 ug mL~" for the enzyme. After 2 h at room
temperature, the reaction was analyzed by RP-C18 HPLC using a
Vydac 218TP54 column, 0.4 x 22 cm, detection by UV at 385 nm.
Eluents: A =0.1% CF;CO,H in water, B=1: 1 acetonitrile-water.
Flow rate: 1.5 mL min~'. Linear gradient: 7 = 0: A : B = 55: 45,
t=20min: A:B=40:60,7r=30min: A: B=15:851t=
35min: A : B=0:100. The column was then washed for 20 min
with 100% B and reequilibrated to the initial conditions for 10 min.
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High level ab initio calculations, including the solvent effect through a continuum solvation model,
predict that 1,4-benzenedimethanol is able to catalyse the Sy2 reaction between an acetate ion and
primary alkyl chlorides in dimethyl sulfoxide solution. The catalysis takes place through two selective
hydrogen bonds to the transition state. However, for secondary alkyl chlorides the catalysis is not
effective due to steric repulsion and desolvation. This effect induces regioselective control of Sy2

esterification reactions.

Introduction

The rate of bimolecular nucleophilic substitution (Sy2) reactions
is changed by different factors." In the case of alkyl halides, it is
known that the reactivity order (primary > secondary carbon) is
usually followed. However, these differences may not be large,
resulting in substitution products on primary and secondary
carbons when a polyhalogenated molecule is reacting. Scheme 1
presents the problem.

Br R)\/\Nu
Nu + )\/\ /
R Br

Scheme 1

If R is an alkyl group, nucleophilic attack on the primary carbon
will be the main reaction, but some substitution on the secondary
carbon can take place. Otherwise, if R is an activating group,
such as phenyl or vinyl, the attack on this position could be
the most important pathway. The worst situation occurs when
both pathways are equally significant. For organic synthesis
applications, this diversity of products is undesirable, leading
to generation of waste. The most elegant way to resolve this
problem would be to use catalysis. Thus, regioselective control
of chemical reactions could be an important tool for building
complex molecules.

In the past few years, the use of organic molecules as catalysts,
named organocatalysis, has been emerging as a powerful method
for accelerating and controlling chemical reactions.” In this way,
we have recently used high level ab initio calculations to show that

Departamento de Quimica, Universidade Federal de Santa Catarina, 88040-
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1,4-benzenedimethanol is an organocatalyst for ion—molecule Sy2
reactions of the kind:*®

R,COO™ + R,—Cl - R,COOR, + CI~

The catalysis is based on the formation of two hydrogen bonds
between the catalyst and the center of charge of the Sy2 transition
state as presented in Scheme 2. Although that study has considered
only the reaction with a primary alkyl chloride (ethyl chloride),
an analysis of Scheme 2 shows that reactions with tertiary alkyl
chlorides should not be catalysed due to steric repulsion.

/ \ \

/ =4
[e] o] repulsion o
| ;o ;
1‘ H ‘,' .
l:d‘u -------- (I‘. -------- X" I‘V‘U*Hfﬂff(:__ﬂf—f———x
- % 8 o= 4% o
b RW/ R, Ry Rz

Primary and secondary
alkyl halides

Tertiary alkyl halides

Scheme 2

While this analysis shows that the transition states involving
tertiary alkyl halides reacting with any nucleophile should not
have a favorable interaction with 1,4-benzenedimethanol, it is less
clear how the nature of the nucleophile could lead to a possible
selectivity for the reaction with a primary or secondary alkyl halide
(Scheme 1). It is reported in this work that the Sy2 reaction of the
acetate ion with a primary alkyl chloride is selectively catalysed by
1,4-benzenedimethanol and for the secondary alkyl chloride the
catalysis is less important. The system investigated is the reaction
of the acetate ion with propyl chloride and with isopropyl chloride
in dimethyl sulfoxide solution, both reactions catalysed by 1,4-
benzenedimethanol (BDM).

This journal is © The Royal Society of Chemistry 2006
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Calculations

The ab initio calculations were performed at HF/6-31G(d) level
for gas-phase geometry optimization and harmonic frequency
calculations. Single point energy calculations were done at the
ONIOM[CCSD(T)/6-311 + G(2df,2p): MP2/6-31 + G(d)] level
of theory," the same method as used in our previous work."® The
solvent effect was included through single point calculations on the
gas-phase optimized structures using the polarizable continuum
model (PCM)*?? and the Pliego and Riveros parametrization.”*
Previous studies have shown the high reliability of the present
method for DMSO solution®* and even for protic solvents, where
specific interactions may be important in many cases,”*’ the con-
tinuum model provides a good description of the solvent effect.—**
All of the ab initio calculations were done with the Gaussian 98*
package while the PCM computations were performed with the
Gamess program.*

Results and discussion

The optimized transition state structures are presented in Fig. 1,
and Table 1 shows the activation thermodynamic properties. For
the uncatalysed reaction, the free energy barrier for the propyl
chloride reaction in the gas phase is 9.9 kcal mol™' and the
solvent increases the barrier by 16.5 kcal mol™, resulting in
a AGy' of 26.4 kcal mol™'. This value is close to the ethyl

5 1850, L\SP J248
Q 4 -~ fch ----- c{___ I ‘;\-‘
: ‘}(‘{{ @ 2R s Y
¢ 7@'2]_ WE 2_.3'65@ 2 (0

7 o v 9

TSI . TS1-cat

TS1b-iso-cat

Fig. 1 Optimized transition state structures.

Table 1 Activation properties for the Sy2 reaction AcO™ + R-X*

AE®  AGH AAGLH AG,
TSI 0.8 99 165 26.4
TSl-cat 280  —63 264 20.1 21.7)
TSl-iso 52 138 136 27.4
TSl-so-cat ~ —-22.5 —13 265 25.2(26.8)
TSlb-iso-cat —21.7  —1.8 263 24.5(26.1)

“ Units of kcal/mol. Standard state of 1 mol L', 298 K, DMSO solution.
® Energies obtained at ONIOM[CCSD(T)/6-311 + G(2df,2p): MP2/6-
31 + G(d)] level using HF/6-31G(d) geometries and frequencies. ¢ Gas-
phase activation free energy.  Solvation contribution to the activation free
energy. ¢ Solution-phase activation free energy from free reactants. The
values in parentheses correspond to the activation free energy taking into
account the catalyst—acetate ion complex formation.

chloride reaction previously reported. For the secondary chloride,
isopropyl chloride, the gas phase barrier is 13.8 kcal mol™"'. Thus,
we can notice a high selectivity of the reaction in the gas phase
when comparing primary and secondary alkyl chloride reactions.
Indeed, the barrier increases by 3.9 kcal mol™' on going from
the primary to the secondary chloride. However, inclusion of the
solvent effect increases the free energy barrier for the isopropyl
chloride reaction by only 13.6 kcal mol~', resulting in a final AG,*
of 27.4 kcal mol~'. Thus, the solvent eliminates the selectivity for
the reaction and in solution the barriers differ by only 1.0 kcal
mol~'. We can make a comparison with the average reactivity
scale.! This scale states that the general reactivity order between
ethyl and isopropyl substrates is around 1.6 kcal mol™', very
close to our theoretical prediction value of 1.0 kcal mol™'. A
similar effect was reported by Vayner et al.*® for the Sy2 reaction
of ethyl chloride and neopentyl chloride with the chloride ion
in gas phase and in DMSO solution. In these cases, while the
difference in the activation free energy is 7.2 kcal mol™! in the
gas phase, it becomes 6.9 kcal mol™" in the DMSO solution. The
decrease of 0.3 kcal mol™' is much smaller than the 2.9 kcal
mol~' observed in our present study, but the same effect takes
place.

This interesting lower selectivity in the liquid phase requires
a careful examination. The answer to the problem is shown in
Fig. 1. We can observe that the forming and breaking O-C and
C-Cl bonds are shorter for the TS1 structure and longer for the
TS1-iso structure. As a consequence, the solvent has a greater
interaction with the TS1-iso transition state, because this species
has more charge concentration on the nucleophilic fragments and
it is more exposed to interact with the solvent. The final effect is a
decrease of the gas phase selectivity.

The BDM catalyst is able to complex with both transition states
(Fig. 1, TS1-cat and TS1-iso-cat) and the gas phase catalysed free
energy barrier is 16.2 kcal mol~" and 15.2 kcal mol~"' more negative
than the uncatalysed mechanism for both propyl chloride and
isopropyl chloride, respectively. Thus, the catalyst increases the
gas phase selectivity and the final difference in the activation free
energy is 5 kcal mol™'. Unexpectedly, the solvent effect is very
close for both transition states, increasing the barrier by 26.4 kcal
mol~" and 26.5 kcal mol~'. The resulting AG,,;* are 20.1 kcal mol~!
and 25.2 kcal mol~' for propyl chloride and isopropyl chloride,
respectively. Because the catalyst can form a complex with the
acetate ion (AG,, = —1.6 kcal mol~', Scheme 3), the observed
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Scheme 3

barriers will be 21.7 kcal mol~' and 26.8 kcal mol™" (values in
parentheses, Table 1). Therefore, the high selectivity lost in the
uncatalysed solution phase reaction is recovered in the catalysed
reaction. Furthermore, while the catalytic activity is important for
the propyl chloride reaction, decreasing the free energy barrier
by 4.7 kcal mol™', it is small for the isopropyl chloride reaction,
having a drop in the barrier of only 0.6 kcal mol~'.

Why is there no catalytic activity for the reaction involving the
secondary chloride? Again, Fig. 1 can answer the question. The
TS1-iso-cat structure shows that both the steric repulsion between
the oxygen of the acetate moiety and the methyl groups and the
reduced exposition of the center of negative charge to the solvent
produce this effect. The steric effect can be observed in the gas
phase values, where the transition state for the isopropyl chloride
reaction is less stabilized by 1 kcal mol™" in the catalysis. The
remaining difference arises from the interaction with the solvent.
Thus, the more effective solvation of the TS1-iso transition state
is lost in the TS1-iso-cat structure because there is less exposition
of the center of negative charge to interact with the solvent due to
the methyl groups of the isopropyl moiety.

However, another catalysed transition state with less steric
repulsion is possible and corresponds to the structure TS1b-iso-
cat. In this case, the nucleophilic attack takes place by the oxygen
below while the hydrogen bonding to the catalyst occurs through
the oxygen above. This structure alleviates the steric repulsion
observed in the structure TS1-iso-cat but the interaction with the
catalyst decreases. Although this structure is more stable than the
TS1-iso-cat one, having a AG* = 24.5 kcal mol~!, the observable
activation free energy barrier is 26.1 kcal mol™!, only 1.3 kcal mol™!
below that of the uncatalysed mechanism. Therefore, the catalytic
effect for the secondary carbon reaction is small.

The possibility of controlling which reactive site will undergo
nucleophilic attack is very important to achieve high yields and
to have less secondary product generation. The present study
predicts that BDM induces high selectivity in the Sy2 reactions
involving carboxylate ions and polyhalogenated molecules. BDM
catalyses the reaction on the primary carbon position while it is
almost inactive on the secondary carbon, resulting in essentially
100% substitution on the primary carbon. Chemoselectivity of
esterification reactions is a topic of current interest.*” In the present
work, it is predicted that regioselectivity of the esterification by an
Sx2 reaction is achieved through organocatalysis.

Conclusion

The present high level theoretical study predicts that Sy2 reactions
involving carboxylate ions and primary alkyl chlorides in DMSO

solution are catalysed by 1,4-benzenedimethanol, but in the case
of secondary alkyl chlorides the catalysis is not effective. As a
consequence, polyhalogenated molecules would react selectively
with carboxylate ions at the primary carbon position in the
presence of 1,4-benzenedimethanol.

Acknowledgements

The author thanks the Brazilian research council (CNPq) for
support through the Profix program.

References

1 M. B. Smith and J. March, March’s Advanced Organic Chemistry, John
Wiley & Sons, New York, 2001.
2 A. Berkessel and H. Groger, Asymmetric Organocatalysis, Wiley-VCH,
Weinheim, Berlin, 2005.
3 P 1. Dalko and L. Moisan, Angew. Chem., Int. Ed., 2004, 43,
5138.
4 S. Bahmanyar, K. N. Houk, H. J. Martin and B. List, J. Am. Chem.
Soc., 2003, 125, 2475.
5 H. Groger, Chem. Rev., 2003, 103, 2795.
6 P. 1. Dalko and L. Moisan, Angew. Chem., Int. Ed., 2001, 40,
3726.
7 K. A. Ahrendt, C. J. Borths and D. W. C. MacMillan, J. Am. Chem.
Soc., 2000, 122, 4243,
8 B. List, R. A. Lerner and C. F. Barbas, J Am. Chem. Soc., 2000, 122,
2395.
9 S. Bertelsen, N. Halland, S. Bachmann, M. Marigo, A. Braunton and
K. A. Jorgensen, Chem. Commun., 2005, 4821.
10 A. J. A. Cobb, D. M. Shaw, D. A. Longbottom, J. B. Gold and S. V.
Ley, Org. Biomol. Chem., 2005, 3, 84.
11 C. E. T. Mitchell, A. J. A. Cobb and S. V. Ley, Synlett, 2005, 611.
12 A. K. Unni, N. Takenaka, H. Yamamoto and V. H. Rawal, J Am.
Chem. Soc., 2005, 127, 1336.
13 W. Zhuang, T. B. Poulsen and K. A. Jorgensen, Org. Biomol. Chem.,
2005, 3, 3284.
14 A. Cordova, Acc. Chem. Res., 2004, 37, 102.
15 D. Uraguchi and M. Terada, J. Am. Chem. Soc., 2004, 126, 5356.
16 Z. Tang, F. Jiang, L. T. Yu, X. Cui, L. Z. Gong, A. Q. Mi, Y. Z. Jiang
and Y. D. Wu, J. Am. Chem. Soc., 2003, 125, 5262.
17 B. List, Tetrahedron, 2002, 58, 5573.
18 J. R. Pliego, Jr., J. Mol. Catal. A: Chem., 2005, 239, 228.
19 T. Vreven and K. Morokuma, J. Comput. Chem., 2000, 21, 1419.
20 J. Tomasi, R. Cammi, B. Mennucci, C. Cappeli and S. Corni, Phys.
Chem. Chem. Phys., 2002, 4, 5697.
21 M. Cossi, V. Barone, R. Cammi and J. Tomasi, Chem. Phys. Lett., 1996,
255, 327.
22 J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev., 2005, 105,
2999.
23 J. R. Pliego, Jr. and J. M. Riveros, Chem. Phys. Lett., 2002, 355,
543.
24 J. R. Pliego, Jr. and J. M. Riveros, Phys. Chem. Chem. Phys., 2002, 4,
1622.
25 G. I. Almerindo, D. W. Tondo and J. R. Pliego, Jr., J. Phys. Chem. A,
2004, 108, 166.
26 G. 1. Almerindo and J. R. Pliego, Jr., Org. Lett., 2005, 7, 1821.
27 D. W. Tondo and J. R. Pliego, Jr., J Phys. Chem. A, 2005, 109,
507.
28 Y. Fu, L. Liu, R. Li, R. Liu and Q. Guo, J. Am. Chem. Soc., 2004, 126,
814.
29 J. R. Pliego, Jr. and J. M. Riveros, J. Phys. Chem. A, 2002, 106,
7434,
30 J. R. Pliego, Jr. and J. M. Riveros, J. Phys. Chem. A, 2001, 105,
7241.
31 C. Curutchet, A. Bidon-Chanal, I. Soteras, M. Orozco and F. J. Luque,
J. Phys. Chem. B, 2005, 109, 3565.
32 I. Soteras, C. Curutchet, A. Bidon-Chanal, M. Orozco and F. J. Luque,
THEOCHEM, 2005, 727, 29.
33 Y. Takano and K. N. Houk, J. Chem. Theory Comput., 2005, 1, 70.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1667-1670 | 1669





34 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Gill, B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez,

Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E. M. Head-Gordon, E. S. Replogle and J. A. Pople, Gaussian 98. [A.9],
Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, Gaussian, Inc., Pittsburgh PA, 1998.

K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. 35 M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S. Gordon,
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski, J. H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen, S. Su, T. L.
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, Windus, M. Dupuis and J. A. Montgomery, Jr., J. Comput. Chem.,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. 1993, 14, 1347.

Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, 36 G. Vayner, K. N. Houk, W. L. Jorgensen and J. I. Brauman, J. Am.
I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Chem. Soc., 2004, 126, 9054.

Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. 37 M. Nahmany and A. Melman, Org. Biomol. Chem., 2004, 2, 1563.

1670 | Org. Biomol. Chem., 2006, 4, 1667-1670 This journal is © The Royal Society of Chemistry 2006






PAPER

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

Electrophoresis of electrostatically assembled fullerene—porphyrin conjugates

Uwe Hartnagel, Domenico Balbinot, Norbert Jux* and Andreas Hirsch*

Received 26th January 2006, Accepted 13th March 2006
First published as an Advance Article on the web 31st March 2006
DOI: 10.1039/b601257d

The formation of electrostatically coupled assemblies of a series of anionic dendritic fullerene
derivatives and cationic porphyrins in buffered aqueous media was studied with gel electrophoresis. Of
central interest in these investigations was the variation of the amount of charge carried by the
molecules, their size, shape and self-aggregation. Ferric cytochrome ¢ 1 and the more rigid zinc
porphyrin 2 served as octacationic species. The two new anionic fullerene derivates 3 and 6 were
synthesized. The formation of electrostatic complexes of the fullerene polyelectrolytes 3 and 4 with 1
and 2 was clearly evident in the gel electrophoresis experiment. Compounds 5 and 6 showed a similar
behaviour towards 2. The electrophoresis experiments confirmed previous results obtained with other
techniques on a qualitative level and gave new insights into aggregation phenomena.

Introduction

Coulomb interactions are of fundamental importance in nature
and are employed in several facets in biological systems. They
provide, for example, the electrostatic environment of proteins,
which, in turn, governs their conformations, their binding affinities
to other proteins and their reactivities towards substrate molecules.
Mitochondrial cytochrome c 1 (Fig. 1), a polycationic redoxpro-
tein which is present in many biological electron transfer processes,
can be regarded as an excellent example demonstrating the
above-mentioned principles. Consequentially, the hybridization
of proteins with molecules that modify their function in terms
of electron transfer' and conformational behaviour? is currently
an important topic within bioorganic chemistry. Such aggregation
phenomena and their concomitant electron transfer events are of
elementary interest not only due to their obvious importance in
nature but also as guiding principles in materials sciences.?

Fig. 1 Cytochrome ¢ 1 and zinc porphyrin 2 (counterions not shown).

We discovered recently that a dendritic fullerene monoadduct
in its eight-fold deprotonated state efficiently hybridizes with
1, which carries eight positive charges in the outer periphery
(K, ~10° M™").* Furthermore, this fullerene derivative forms
strong complexes with the octacationic zinc porphyrin 2 (K,
~10* M), which can be regarded as a biomimetic model
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system for 1.5 In recent studies, multicomponent electron transfer
systems consisting of porphyrin polyelectrolytes, fullerenes and
solubilized nanotubes were generated on the basis of electrostatic
principles.® Very important analytical tools for all of these
investigations are time-resolved fluorescence measurements and
transient UV/Vis spectroscopy. The composition and association
constants of electrostatically coupled hybrids were determined
with these methods; unfortunately, they do not offer much help in
analyzing the influence of size, shape and rigidity of the partners
in the complex formation. Here, electrophoresis as the major
analytical method for polyelectrolytes may help. This technique
is commonly used in biology and biochemistry to evaluate the
purity and the composition of charged biomolecules like DNA and
proteins. For determining the purity of synthetic oligoelectrolytes,
electrophoresis has been used much more rarely.”"* Interestingly,
only a few examples are known in the literature where complexa-
tion studies with synthetic oligoelectrolytes were performed with
electrophoresis.””* Buchler et al. investigated the electrophoretic
properties of polyanionic and polycationic porphyrins. In these
studies, porphyrins were taken which carried typically only 4
positive or negative charges sitting in the porphyrin plane. These
compounds had therefore just a two-dimensional topology.® Later
on, this group investigated the complexation behavior of cationic
cerium(111/1v) porphyrin double deckers with anionic metal por-
phyrinates and indigosulfonates.” Interestingly, one of the major
results of these experiments was that electroneutrality is not a
determining factor for the stoichiometry of aggregates. Mayburd
et al. showed that bromophenol blue forms 1 : 1 complexes
with ferric cytochrome ¢’ in gel electrophoresis, and attributed
the complex formation to hydrophobic and not electrostatic
effects.”® Obviously, hydrophobic aggregation phenomena must
be taken into account when studying electrostatically coupled
polyelectrolytes.

We became interested in electrophoresis because we wanted to
evaluate its usefulness as a tool in analyzing the aggregates of
porphyrins and fullerenes in aqueous media. More specificially,
what information can be extracted from the gel plates after
electrophoresis and to what extent are the data in accord with
results from the aforementioned photophysical studies?® Tt is
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Fig. 2 Water-soluble anionic fullerene derivatives 3, 4, 5,'51¢ 6, and 7.

of particular importance to us to see possible differences in the
aggregation behaviour, when the compounds themselves tend to
form micelles or other assemblies.

In this work we present electrophoresis experiments on the
hybridization of cytochrome ¢ 1 with the polyanionic dendritic
fullerenes 3-7 (Fig. 2) as well as aggregation studies of an octaca-
tionic porphyrin 2 with these fullerenes. In order to investigate a
broader range of compounds which vary in rigidity, amphiphilicity
and the number of charges, we synthesized two new fullerene
derivatives, 3 and 6.

Results and discussion
1. Synthesis of new water-soluble dendrofullerenes 3 and 6

As just mentioned, the electrophoresis experiments on the for-
mation of electrostatically coupled porphyrin—fullerene complexes
required the synthesis of some new fullerene derivatives. Therefore,
we decided to prepare the hitherto unknown fullerene oligoelec-
trolytes 3 and 6, and thus complete a collection consisting of five
fullerene derivatives (3-7, see Fig. 2).

The synthesis of the new water-soluble monoadduct 3 was
performed according to Scheme 1. Mono-spacer malonate 10
can be synthesized in 50% yield through the esterification of
malonic acid 8 with the spacer 9 using dicyclohexylcarbodiimide
(DCC) as a coupling reagent. Compound 10 is a versatile building
block for the synthesis of non-symmetrical malonates. Further
esterification of 10 with triethylene glycol monomethyl ether
yielded the unsymmetrical malonate unit 11. Removal of the
tert-butyl group followed by a modified Steglich coupling'” of

12 with the well-known Newkome-type dendrimer H,N-G2'"
gave the malonate-dendrimer 13. After cyclopropanation, the
neutral fullerene monoadduct 14 was obtained, which after acid-
promoted removal of the tert-butyl groups led to the nona-acid
15. At pH 7.2, 15 transforms into the octaanionic fullerene
carboxylate 3 (Scheme 1). The triethylene glycol ether chain
was thought to have a beneficial influence on the solubility of
3 in aqueous media. It turned out that 3 is more soluble in
organic solvents compared to the corresponding monomethyl ester
(not shown). In aqueous media 3 shows a higher tendency to
form micelle-like species: DOSY (diffusion ordered spectroscopy)
experiments proved that 3 forms small, weakly associated mi-
celles at pH = 7.0 with a diameter of ~7-10 nm in 10> M
solutions.

In order to guarantee an easy and regioselective access to
the amphiphilic [3:3]-hexakis adduct 6 containing three pairs of
dendritic units, we used the eee-trisadduct 18, which was prepared
according to a procedure that we developed previously.” The
octahedral addition pattern was completed by DMA-templated
cyclopropanation® using an excess of malonate 17 to yield the
precursor fullerene 19 (Scheme 2). An important modification
was the use of the phosphazene P,-base for the cyclopropanation,
because with the typically applied 1,8-diazabicyclo-[5.4.0Jundec-
7-ene (DBU) only nonsymmetrical tetraadducts were obtained.
P,, also called the Schwesinger base,” is a neutral nitrogen base
which is approximately 2000 times more basic than than DBU
and also more sterically hindered. For a Bingel cyclopropanation,
the P,-base was diluted in CH,Cl, and added dropwise to the
reaction mixture. The usage of sterically demanding malonates
for the synthesis of mixed [3:3]-hexakis adducts often leads to an
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Scheme 2 Synthesis of the new water-soluble [3:3]-dendrofullerene 6; P,-base= N"'-tert-butyl-N,N,N',N',N”,N”"-hexamethylphosphorimide triamide.

incompletely octahedral addition pattern. HPLC analysis showed
the appearance of tetrakis and pentakis adducts with a non-
equatorial addition pattern. In such cases, using the phosphazene
base tends to result in much better yields of the desired hexakis
adducts.?? Removal of the fert-butyl groups of 19 was achieved
with TFA, leading to the octadeca-acid 20. Titration experiments
have shown that upon dissolving 20 in a buffered solution of
pH 7.2, the hexadecaanion 6 is predominant, beside other less
deprotonated species. This salt is not isolated and exists as such
only in solution. DOSY measurements clearly show that 6 forms
aggregates with a diameter of ~8-10 nm in concentrated solution
(~1072M). At lower concentrations smaller complexes are formed,
presumably an equilibrium mixture between aggregates containing
two or four units of 6.

2. Complexation studies

In complexation studies, cytochrome c 1 acts as a large and flexible
partner in electrostatic assemblies, with a mass of approximately
13 kDa and carrying eight positive charges.” The octacationic zinc
porphyrin 2 serves as an example for a more rigid and rather small,
highly charged porphyrin system that can adopt a double-cone
conformation. Although both compounds 1 and 2 are similarly
charged, hybrids of 1 will be dominated in shape and structure
by the size of 1, whereas the much smaller 2 with its higher local
concentration of the positive charges will give rise to much more
dense assemblies.

A collection of anionic fullerene electrolytes, namely the
amphiphilic fullerene carboxylates 3-7 (Fig. 2), were chosen as
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oppositely charged species for the complexation studies with 1 and
2 (Fig. 1). The fullerene monoadduct 3 has a dendritic part which
carries nine carboxylic acid groups. Titrations performed in order
to analyze the range of pK, values of the carboxylic acid groups
revealed that 3 possesses eight negative charges at physiological
pH in water. In other words, the major species present in the
mixture is the octaanionic form of 3.2* This seems to be a typical
trait of this Newkome-type dendrimer branch. Compounds 4
and 5 have two of these dendritic arms, and therefore carry 16
negative charges at pH 7 — determined again by pH titrations.
The difference between 4 and 5 is the connection of the dendritic
parts to the fullerene moiety. For 4, the connecting group is an
ester group that has more rotational freedom than the amide
group in 5, which certainly influences the overall rigidity of both
molecules. DOSY measurements show that 3, 4 and 5 form small,
weakly associated micelles at pH = 7.0 with a diameter of ~7—
10 nm in 102 M solutions. We expected that in complexation
experiments of 3-5 with 1 or 2, these micelles could break apart to
give the monomeric species, which would then undergo aggregate
formation. Because monomer and oligomer(s) are in equilibrium,
this would also lead to a leaching of the oligomeric species.
The hexakis adducts 6 and 7 have also sixteen negative charges
at physiological pH, albeit with a considerably different spatial
distribution than 3-5. The additional modification of the fullerene
core with non-polar groups leads to an enhanced amphiphilic
character. In particular, 7 possesses an average dimension of about
3.5 nm along the main polar axis,'® which is similar to that of
natural phospho- or glycolipids. Further details on the aggregation
behaviour of 7 were revealed by ultrafast cryogenic fixation
and direct observation by transmission electron microscopy. At
pH 7.2 (phosphate buffer) 7 dissolves and forms predominantly
rod-shaped aggregates with a double-layer ultrastructure. The
diameter of these rods is 65 + 5 A whereas their lengths vary
considerably. At pH 9.2 (borate buffer) only globular micelles with
a diameter of 85 & 10 A are formed.’® By using reconstruction
techniques the three-dimensional structure of these globular
species was determined to consist of eight units of 7. It should
be pointed out that the concentration of 7 used in this study was
about a factor of 100 higher than that used for the electrophoresis
experiments.

The various species in the gel electrophoresis experiments were
detected by three different optical filters [short-pass (sp) 500-
550 nm, medium-pass (mp) 550-610 nm and long-pass (Ip) 600—
650 nm filters] which allowed for the selective visualization of
fullerenes vs. porphyrins. This is particularly useful in those cases
in which the very strong fluorescence of porphyrin 2 is dominant
on the gel plates.

So far, we have not succeeded in reproducing the electrostatic
complexation of charged fullerenes with porphyrins with mass
spectrometric methods such as ESI or MALDI-TOF.

2.1 Aggregation of the octacationic cytochrome c 1 with anionic
dendrofullerene 3. Pure cytochrome c 1 shows only one sharp spot
in the cathodic region, but with a significantly smaller migration
speed (Fig. 3) than cationic porphyrin 2 (see Section 2.3) — an
unsurprising result because of the much larger size of 1. Detection
of pure 1 is only possible with the medium-pass filter, with which
it can be detected up to a dilution factor of 1: 10 (1 x 10~ M).

Fig. 3 Flat gel electrophoresis (PA-gel plate 100 mm x 65 mm x 5 mm;
phosphate buffer, pH 7.2, 300 V, 12 mA, 273 K, 20 min) of a mixture of
water-soluble dendrofullerene 3 and cytochrome c 1 with increasing molar
fraction of protein X,. Detection was performed with a long-pass filter.
Gel pockets in the middle mark the starting points of electrophoresis. A
and B: 3 migrates to the anode; C: 1 migrates to the cathode.

Due to the iron center, the heme’s fluorescence is quenched
and detection of cytochrome ¢ 1 with UV light is very difficult
over the whole scale of the molar fraction X,. Indeed, only a
barely visible band C can be found at high X, values. Therefore,
only the fluorescence of fullerene 3 was used to detect aggregation
phenomena. A dilution series performed with pure 3 showed that
its detection with UV light is possible up to a concentration of
6.6 x 10~° M. Interestingly, pure 3 splits into two bands (A and B)
on the gel. Because 3 was freshly prepared and analytically pure,
the existence of two bands indicates the presence of an aggregate
(band B) which is in equilibrium with monomeric 3 (band A).
Similar dendrofullerenes are known to form oligomers at lower pH
values through their fullerene surfaces,”® although at much higher
concentrations. It seems possible that under the given conditions
a tetrameric species may be formed.

With increasing amounts of 1 the slower band B disappears,
whereas A seems to be somewhat more persistent but vanishes
also at X, = 0.3-0.4. Only monomeric 3 forms complexes with 1,
removing them from the equilibrium, and thus A slowly diminishes
also. At X, = 0.4-0.5 the fullerene species have completely
disappeared, which makes the formation of a 1 : 1 complex between
1 and 3 plausible. Quite obviously, the fullerene fluorescence is
quenched with rising X,. The apparent lack of strong fluorescence
makes a clear assignment of complex formation between 3 and
1 difficult. Nevertheless, this experiment clearly reproduced the
formation of complexes of cytochrome ¢ with anionic fullerenes
that we reported earlier.* Further, the diffuse transition between
X, = 0.4-0.6 can be understood in that the complex between 1
and 3 is less stable than the one with the smaller and more rigid
octacationic porphyrin 2.**

2.2 Aggregation of cytochrome c 1 with hexadecaanionic den-
drofullerene ester 4. Our next step was the investigation of the
complexation behaviour of the water-soluble dendrofullerene 4,
which carries two dendritic branches. Due to the repulsive charges
on its arms, the two branches tend to spread away from each other.
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Complexes of 4 with 1 may possess 1: 1 or 1 : 2 ratios which should
have different migration speeds in gels due to their different size
and total charge. Compound 4 also shows two sharp bands (A
and B) in the anodic region (see Fig. 4). The migration distance
of 4 is much larger than 3 because of the higher charge. Band A
shows a higher fluorescence intensity than band B, independent
of the filters used. Both A and B of pure 4 are detectable up to a
dilution of 1:20 (5 x 1075 M) with all filters, and not only with the
short and medium-pass filters, as was the case with 3. Obviously,
different types of addends can change the fluorescence properties
because they influence self-aggregation. The two detected bands
of the pure fullerene compound 4 clearly show the equilibrium
between single entities (A) and discrete oligomeric species (B).
The existence of such aggregates at higher concentrations than
used here can be demonstrated by DOSY through measurements
in D,O at pH 7.2.

(D cathode

S
<3
&
@
b

x

(D cathode

@ anode

Fig. 4 Flat gel electrophoresis (PA-gel plate 100 mm x 65 mm x 5 mm;
phosphate buffer, pH 7.2, 300 V, 12 mA, 273 K, 20 min) of a mixture
of water-soluble dendrofullerene 4 and cytochrome ¢ 1 with increasing
molar fraction of protein JX,. a) Short-pass filter. b) Long-pass filter. Gel
pockets in the middle mark the starting points of electrophoresis. A and
B: 4 migrates to the anode; C and D: anionic Coulomb complexes migrate
to the anode; E: 1 migrates to the cathode.

Fig. 4 shows the complexation studies with 4 and 1 observed
through a short-pass filter (Fig. 4a) and a long-pass filter
(Fig. 4b). The latter allows the selective detection of the porphyrin’s
fluorescence, whereas the short-pass filter cuts this fluorescence off.
As was found for the fullerene carboxylate 3, the C4, hexadecakis
carboxylate 4 shows two distinct bands, A and B. The faster

moving species A is detectable up to X, = 0.6. Spot B is only
detectable up to X; =0.2. A new band (C) with a smaller migration
speed arises in the anodic region at a molar fraction X, of 0.2.
It becomes more intense, with a maximum at X, = 0.3, and
disappears completely at higher molar fractions. Band C may be an
electrostatic 1 : 1 complex between 1 and 4, because such a complex
would possess an excess of negative charge, and therefore would
migrate to the anode. Furthermore, the electrostatic coupling with
1 decreases the total charge of 4, and consequently the complex
should move slower than the free hexadecaanion 4 — which is
indeed observed. A diffuse zone D from X, = 0.3 to X, = 0.7
can be observed, which may consist of higher aggregates with an
excess of negative charge. In the cathodic region, spot E shows 1
up to a molar fraction X, of 0.5. The most striking observation
in this experiment is the change at X, = 0.7, from which point
onwards no fullerene can be detected on the anodic site. Here, we
clearly see the formation of a 2 : 1 complex between 1 and 4. A
similar picture is found with the detection by the short-pass filter.
This experiment demonstrates the existence of stable cytochrome
c—fullerene aggregates under electrophoretic conditions.

2.3 Aggregation of the octacationic zinc porphyrin 2 with
octaanionic dendrofullerene 3. Previous experiments have shown
that complexes of a dendrofullerene similar to 3 with cytochrome
¢ 1 or porphyrin 2*° are stable in water due to electrostatic
interactions. Molecular dynamics calculations suggested that
fullerenes such as 3 are not able to cover 2 completely but leave
half of the molecule exposed.® Therefore, complexation of further
polyelectrolytes such as another molecule of 3 should be possible.
Formation of the 1 : 1 complex and possibly higher aggregates can
indeed be visualized with PAGE (polyamide gel electrophoresis).
It should be pointed out that the fluorescence intensities of the
compounds on the plates change dramatically after prolonged
exposure to UV light. Consequently, the apparent difference of
the fluorescence of 3 on the gel plates shown in Fig. 3 and Fig. 5a
is the result of different illumination times.

Figs. 5a and b show the same electrophoresis plate with long-
and short-pass detection modes. As was described above (see
Fig. 3), 3 shows two sharp bands, A and B, in the anodic region
(X, = 0), with B being only detectable with the long-pass filter
(see Fig. 5b). With increasing molar fraction of porphyrin 2, band
A fades out and band B becomes more intense; further migration
of spot B becomes slower. Apparently, even small amounts of 2
have a much stronger influence on 3 than 1. The appearance of
the porphyrin’s fluorescence on the anodic side even at low X,
is a clear sign that 2 is transported to the anode as a Coulomb
complex with an overall negative charge. This clearly proves the
electrostatic complexation between 3 and 2. At a molar fraction
of X, = 0.5 bands A and B completely disappear and a new band
C arises, which shows the most intense fluorescence in the anodic
region and additionally has the shortest migration. Beginning with
X, = 0.6, the porphyrin appears as band D in the cathodic region.
Obviously, two different species are present in the region from
X, =0.5t0 X, = 0.8, one of which is free porphyrin 2. The other
must be a negatively charged Coulomb complex of 2 and 3 which,
by virtue of its total charge, cannot be the expected 1 : 1 complex.
It is likely that 2 forms complexes with pre-formed aggregates of 3.
A closer look reveals small fluorescence spots in the gel pockets at
X, = 0.5-0.8, which may indicate the precipitation of the expected
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Fig. 5 Flat gel electrophoresis (PA-gel plate 100 mm x 65 mm Xx
5 mm; phosphate buffer, pH 7.2, 300 V, 12 mA, 273 K, 20 min) of a
mixture of water-soluble dendrofullerene 3 and cationic zinc porphyrin
2 with increasing molar fraction of porphyrin X,. a) Long-pass filter; b)
Short-pass filter. Gel pockets in the middle mark the starting points of
electrophoresis. A and B: 3 is migrating towards the anodic region; C:
anionic Coulomb aggregates migrate to the anode; D: 2 migrates to the
cathode.

1 : 1 complex between 2 and 3. We do not believe that t—r-stacking
interactions between the fullerenes and porphyrin 2 are possible.
The pyridinium substituents of 2 prevent the close approach of
the porphyrin ring system and the fullerene spheres because of the
ortho-substitution pattern in 2.

2.4 Aggregation of the octacationic zinc porphyrin 2 with
hexadecaanionic dendrofullerene ester 4. The interactions of the
cationic porphyrin 2 with the hexadecaanionic dendrofullerene
4 are shown in Fig. 6. Compound 4 shows a similar behaviour
towards 2, as was observed for 1 (see Fig. 4). Due to the strong
fluorescence of 2, the complexation events are easier to analyse.
With increasing molar fraction X, of porphyrin 2, the intensity
of band A decreases until X, = 0.4, where its detection was no
longer possible. Interestingly, a significant change appears at X, =
0.4, where B seems to be exchanged by a slower migrating species
C that possesses a diffuse trail. It is possible that a 1 : 1 complex
between 2 and 4 is formed at X, = 0.4/0.5 which carries an overall
eight-fold negative charge and therefore moves towards the anode.
As X, increases further, C becomes more and more diffuse until
X, reaches 0.7, at which point it completely disappears. Paralleling
the behaviour of C is band D, which may be a species similar to

Fig. 6 Flat gel electrophoresis (PA-gel plate 100 mm x 65 mm x 5 mm;
phosphate buffer, pH 7.2, 300 V, 12 mA, 273 K, 20 min) of a mixture
of water-soluble dendrofullerene 4 and cationic zinc porphyrin 2 with
increasing molar fraction of porphyrin X,. Detection was performed with
a long-pass filter. Gel pockets in the middle mark the starting points of
electrophoresis. A and B: 4 is migrating towards the anodic region; C and
D: anionic Coulomb aggregates migrate to the anode; E: 2 is migrating to
the cathode.

that observed for 3, that is, 2 forms complexes with pre-formed
self-aggregates of 4. The disappearance of both bands could be an
indication for a breaking-apart of such assemblies. At X, = 0.7, a
new band E, assumed to be non-complexed porphyrin 2, appears
in the cathodic region. Also, starting with X, = 0.6, the starting
pockets show strong fluorescences, which are most likely due to a
precipitation of the neutral 2 : 1 complex between 2 and 4. This
experiment clearly shows two distinct events on the electrophoresis
plate, which can be attributed to the formationofal:1anda?2:
1 complex between 2 and 4, respectively.

2.5 Aggregation of the octacationic zinc porphyrin 2 with
hexadecaanionic dendrofullerene amide 5. The behaviour of 5 in
association studies is more or less comparable to that of 4 (Fig. 7).
Although 5 was expected to have fewer degrees of freedom due to
the central amide bonds, its migration properties are similar to that
of 4. With increasing X, the situation becomes more complicated.
In particular, band C consists now of two distinguished parts,
whereas for the ester 4 it seemed to possess just a tail. The splitting
of band C may indicate the presence of not only the well-defined
1 : 1 complex but also 2 : 2 or 2 : 3 complexes between 5 and 2.
Another remarkable difference is that here, band D is less diffuse
compared to the one observed for 4. D is also much more persistent
than its counterpart in the ester series and is clearly visible until
X, reaches 0.7. D may indeed be an overall negatively charged
Coulomb complex with a formal 1 : 1 composition of 5 and 2.
Starting with X, = 0.6, free porphyrin 2 appears on the cathodic
side of the plate (E).

2.6 Aggregation of the octacationic zinc porphyrin 2 with an-
ionic dendrofullerene [3:3]hexakis adduct 6. The self-aggregation
phenomenon of the [3:3]-hexakis adduct 6 is more pronounced
than that of the dendrofullerene monoadducts 3, 4, and 5
because of its more balanced ratio of polar and unpolar moieties.
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Fig. 7 Flat gel electrophoresis (PA-gel plate 100 mm x 65 mm x 5 mm;
phosphate buffer, pH 7.2, 300 V, 12 mA, 273 K, 20 min) of a mixture of
water-soluble dendrofullerene amide 5 and cationic zinc porphyrin 2 with
increasing molar fraction of porphyrin X,. Detection was performed with
a long-pass filter. Gel pockets in the middle mark the starting points of
electrophoresis. A and B: 5 is migrating towards the anodic region; C and
D: anionic Coulomb aggregates migrate to the anode; E: 2 migrates to the
cathode.

Consequently, compound 6 forms more stable micelle-like species.
At this point, it was not clear how such a molecule would behave
in complexation experiments with the cationic zinc porphyrin 2.

Pure 6, in contrast to 3, 4 and 5, shows just one band (A) on the
electrophoresis plate, which is only detectable with the short- and
medium-pass filters (Fig. 8a). With the long-pass filter (see Fig. 8b)
6 is not visible at all. The fact that 6 gives only one band is most
likely due to a micelle-type aggregation. Because the fluorescence
observed with the long-pass filter (Fig. 8b) originates solely from
porphyrin 2, the spots detected in the anodic compartment prove
that 6 forms stable aggregates with 2. In the anodic region, band
A (which represents pure 6) is detectable until the molar fraction
of 2 reaches 0.3. Band B with a slower migration speed appears in
the anodic region. It exists between X, = 0.2-0.8 with the most
intense fluorescence in the range X, = 0.5-0.7. B must consist
of aggregates of 6 and 2 in which an anionic 1 : 1 complex is
the dominant species. In the cathodic region the porphyrin shows
up (band C) at X, = 0.7. Interestingly, at this molar ratio, two
distinct species can be observed. It is possible that the species
evolving from B with increasing X, approaches a 1 : 2 complex
of 6 and 2, and thus can be found close to the center due to its
more or less neutral status. Band C is due to free porphyrin 2.
Concluding this experiment, it is possible to identify two events in
the electrophoresis that can be associated with the formation of
1:1and 1:2 aggregates between 6 and 2.

2.7 Aggregation of the octacationic zinc porphyrin 2 with
anionic dendrofullerene [5:1]hexakis adduct 7. The dendritic part
of the Cg—[5:1]-hexakis adduct 7 is identical to that of the
dendrofullerene amide 5 and should be able to interact electro-
statically with cationic chromophores such as 2. The main body
of the fullerene 7 is functionalized with alkylmalonates, giving the
molecule an overall pronounced amphiphilic character. As already
mentioned, the anionic fullerene 7 forms at pH 7.2 predominantly
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Fig. 8 Flat gel electrophoresis (PA-gel plate 100 mm x 65 mm Xx
5 mm; phosphate buffer, pH 7.2, 300 V, 12 mA, 273 K, 20 min) of a
mixture of water-soluble dendrofullerene hexakis adduct 6 and cationic
zinc porphyrin 2 with increasing molar fraction of porphyrin X,; a)
Detection was performed with a medium-pass filter. b) Detection was
performed with a long-pass filter. Gel pockets in the middle mark the
starting points of electrophoresis. A: 6 migrates to the anode; B: anionic
Coulomb aggregates migrate to the anode; C: 2 migrates to the cathode.

rod-shaped aggregates with a double-layer ultrastructure. At
pH 9.2 only globular micelles with a diameter of 85 & 10 A are
formed. Although the concentrations used in the electrophoresis
experiments are considerably lower than those used for the above-
mentioned studies,' it is still reasonable to assume that 7 forms
self-aggregates here, too.

Although 6 and 7 are comparable, at least on a first glance, 7
behaves remarkably differently in the electrophoresis experiment.
Compound 7 shows three distinct bands (see Fig. 9) that are due
to the presence of three discrete species. We believe the fastest
migrating band (A) represents non-aggregated fullerene 7, whereas
the two other bands with slower movement (B and C) belong
to aggregates of a size small enough to permeate through the
polyacrylnitrile gel. This can only be true if the migration speed on
the plate is dominated by the smaller size of a single fullerene entity
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Fig. 9 Flat gel electrophoresis (PA-gel plate 100 mm x 65 mm x 5 mm;
phosphate buffer, pH 7.2, 300 V, 12 mA, 273 K, 20 min) of a mixture
of water-soluble dendrofullerene 7 and cationic zinc porphyrin 2 with
increasing molar fraction of porphyrin X,. Detection was performed with
a long-pass filter. Gel pockets in the middle mark the starting points of
electrophoresis. A, B, C: 7 is migrating towards the anodic region; D: 2
migrates to the anode. For X, = 0.8 the concentrations of 7 and 2 were
doubled to be able to see even very small traces of 2.

rather than by the higher total charge of the aggregated fullerenes.
The picture becomes confusing when porphyrin 2is added. Band A
remains visible over the whole range of X,, which indicates a lesser
tendency of the fastest moving species to interact with cationic 2.
In contrast, band B vanishes with increasing amount of porphyrin
2, which may be the result of a break-up of meta-stable aggregates
under electrophoretic conditions. The third band C penetrates the
gel only a few millimeters but the fluorescence intensity increases
constantly until X, reaches 0.8, and than disappears completely. In
the cathodic region, free porphyrin 2 can only be detected when X,
>0.8. At X, = 0.8 in Fig. 8, the concentrations of both compounds
2 and 7 were doubled to see if any porphyrin at all was detectable
on the cathodic side, which obviously is not the case. The expected
1:2o0r1:1 complexes between 7 and 2 are not distinguished
on the plate — in contrast to the previously discussed compounds.
Nevertheless, since no precipitate is observed in the pockets but
discrete migrating bands are seen, we believe that more or less
well-defined aggregates exist. It seems reasonable to assume that
C consists of large micellar structures of 7 that have attracted
increasing amounts of 2, giving complexes that migrate slowly due
to their size.

Conclusions

‘We have shown that gel electrophoresis with conditions as decribed
allowed for the observation of electrostatic complexation events

between fullerene and porphyrin oligoelectrolytes. A variation of
detection modes — short-, medium-, and long-pass filters — gave
a better insight into the processes and made the separation of
individual species and aggregation phenomena possible. Depend-
ing on the compounds, the formation of discrete 1 : 1 or 2 : 1
aggregates was seen, although the picture was not necessarily
simple. In particular, our experiments have demonstrated that
fullerene carboxylate 3 forms more stable complexes with cationic
porphyrin 2 than with ferric cytochrome ¢ 1. Although this
conclusion is drawn on a qualitative level, gel electrophoretic
studies nevertheless reproduced the results obtained with UV/Vis
and fluorescence spectroscopic techniques for a similar fullerene
derivative with both cationic species 1 and 2.**

With increasing amphiphilicity the formation of self-aggregates
was found to be more and more pronounced in the electrophoresis
experiments. These observations are in accord with, for example,
DOSY measurements at higher concentrations. Interestingly, the
behaviour of 7 in complexation studies indicated that the pre-
formed aggregates are stable even when porphyrin 2 was added.

In conclusion, we have presented in this study the advantages
and limitations of gel electrophoresis in analysing the electrostatic
complexation of chromophoric oligoelectrolytes. Whereas the pre-
cise nature of these complexes may leave room for interpretation,
the complexation events as such can be detected without any
doubt.

Experimental
General

Ferric cytochrome ¢ 1, Na,HPO, and NaH,PO, were purchased
from Fluka and were used as received. Acrylamide, methylene-
bisacrylamide, ammonium peroxidisulfate (APS), N,N,N',N’,-
tetramethylethylenediamine (TEMED), N"-tert-butyl-N,N,N’,
N',N",N"-hexamethylphosphorimide triamide acid (phosphazene
P,-base) were purchased from Sigma—Aldrich and were also used
as received. Cy, was obtained as a gift from Hoechst AG/Aventis
and separated from higher fullerenes by plug filtration.** All
analytical reagent-grade solvents were purified by distillation. Dry
solvents were prepared using customary literature procedures.?

Compound 2% and the charged dendrofullerenes 4,'* 5,6 and
7' were prepared according to published literature methods. The
buffers were prepared by dissolving the appropriate amount of
Na,HPO, and NaH,PO, in doubly distilled water.

NMR spectra: JEOL JNM EX 400, JEOL JNM GX 400, Bruker
AVANCE 300, Bruker AVANCE 400. The chemical shifts are given
in ppm relative to SiMe, (TMS). The resonance multiplicities
are indicated as s (singlet), d (doublet), t (triplet), q (quartet)
and m (multiplet), broad resonances as br. The abbreviations
dend, int and ex refer to atoms of the dendrimer, internal C
atoms of the dendrimer and external C atoms of the dendrimers,
respectively. The term quart is used for quarternary C-atoms.
UV/Vis Spectra: Shimadzu UV-3102 PC, UV/Vis-NIR scanning
spectrophotometer. IR spectra: Bruker FT-IR Vector 22, KBr
pellets or thin film (NaCl plates). Mass spectra: Micromass
Zabspec, FAB (LSIMS) mode (3-nitrobenzylalcohol); Gel elec-
trophoresis: Hoefer HE 33 Mini Submarine Unit. Detection was
performed with a GeneGenius gel documentation system from
Syngene including a darkroom with a transilluminator with a
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single wave length emission of 303 nm. The gels were photographed
with a 16-bit CCD-camera with an appropriate lens filter system
including short-pass (sp) 500-550 nm, medium-pass (mp) 550—
610 nm and long-pass (Ip) 600-650 nm filters. Analyses of the gels
were performed with GeneTools Analysis software.

Sample preparation of the gel electrophoreses

Stock solutions of the samples (10~ M) were prepared by
dissolving 1.0 pmol in 1.0 mL phosphate buffer (pH 7.2, I =
0.012). The stock solutions were diluted according to the different
spectroscopic properties of the compounds used to ensure proper
detection. The molar fractions of different polycationic and
polyanionic derivatives were prepared, and a small drop of glycerol
was added to each fraction.

Preparations of the PA-gels were performed according to the
following procedure: the pore size is exactly and reproducibly
controlled by the total acrylamide concentration 7" and the degree
of crosslinking C. A stock solution consisting of 28.5 g monomeric
acrylamide and 1.5 g methylene bisacrylamide dissolved in 100 mL
doubly distilled water (representing 7" = 30% and C = 5%) was
prepared. Polymerization of the gel was carried out by mixing 2.5
parts of the stock solution, 1.0 part of phosphate buffer and 6.0
parts of water followed by the addition of 80 pL APS and 80 uL.
TEMED. The gels were ready to use after two hours.

Best results were obtained in a phosphate buffer (pH 7.2) with
appropriate ionic strength so that the current was held at a low
level. During electrophoresis the horizontal device was cooled to
0 °C. The gel pockets were loaded with 5-10 puL of the different
molar fractions. Electrophoresis runs were performed on a 20—
30 min time range.

Syntheses

Mono-1-(3-(tert-butoxycarbonyl)propyl) malonate 10. To a
stirred solution of malonic acid (0.97 g, 9.32 mmol) and tert-
butyl 4-hydroxybutyrate (1.50 g, 9.38 mmol) in absolute CH,Cl,
at —40 °C was added a solution of DCC (1.92 g, 9.32 mmol)
in CH,Cl,. The mixture was stirred for 2 h at —40 °C and
then overnight at room temperature. The insoluble materials were
removed by filtration. The filtrate was evaporated to give a residue,
which was taken up into a mixture of dilute aqueous NaHCO,
and Et,0. The aqueous layer was further washed with Et,O
and then acidified with conc. HCl. After extraction with Et,O
several times, the combined extract was dried and concentrated,
affording 1.20 g (4.85 mmol; 52%) of the half-ester as a transparent
oil; "H NMR (300 MHz, CDCl;, rt): 6 = 4.20 (t, °J = 6.4 Hz, 2H,
OCH,CH,), 3.43 (s, 2H, OOCCH,CO0), 2.32 (t, *J = 7.4 Hz,
2H, CH,COOC(CH;);), 1.95 (m, 2H, CH,CH,CH,), 1.45 (s,
9H, C(CH,;);); “C NMR (75.5 MHz, CDCl;, rt): 6 = 172.32
(C=0), 170.57 (C=0), 166.82 (C=0), 80.80 (C(CH,);), 64.83
(OCH,CH,), 40.77 (OOCCH,COO0), 31.75 (CH,COOC(CH;)5),
28.00 (C(CHs5)s;), 23.88 (CH,CH,CH,); MS (FAB, NBA): m/z:
247 [M]*, 269 [M + Na]*; C,,H O, calcd: C 53.65, H 7.37; found:
C 53.66, H 7.36.

Malonate derivative 11. To a stirred solution of the monoester
10 (0.73 g, 2.97 mmol) and triethylene glycol monomethyl ether
(0.50 g, 3.04 mmol) in absolute CH,Cl, at 0 °C was added a
solution of DCC (0.65 g, 3.15 mmol) in CH,Cl,, and the mixture

was stirred overnight at room temperature. After filtration, the
filtrate was evaporated to give a residue, which was taken up into
a mixture of dilute aqueous NaHCO; and Et,O. The organic layer
was washed successively with aqueous NaHCO; and brine, dried
and concentrated, affording 0.50 g (1.27 mmol; 43%) of the desired
malonate derivative as a transparent oil; '"H NMR (400 MHz,
CDCl,, rt): 6 = 4.21 (t, *J = 4.8 Hz, 2H, COOCH ,CH,0), 4.08
(t, *J = 6.4 Hz, 2H, COOCH,CH,CH,), 3.62 (t, °J = 4.8 Hz,
2H, COOCH,CH0), 3.55 (m, 6H, OCH,), 3.45 (m, 2H, OCH,),
3.32 (s, 2H, OOCCH,COO0), 3.28 (s, 3H, OCH;), 2.21 (t, °J =
7.4 Hz, 2H, CH,COO0), 1.84 (q, *J = 6.9 Hz, 2H, CH,CH,COO);
BC NMR (100.5 MHz, CDCl;, rt): 6 = 171.80 (1C, C=0),
166.31 (1C, C=0), 166.18 (1C, C=0), 80.29 (1C, C(CH,),),
71.70 (1C, CH,0OCH,), 70.38 (2C, OCH,), 70.35 (1C, OCH,),
68.61 (1C, OOCCH,CH,), 64.37 (1C, COOCH,), 64.36 (1C,
COOCH,), 58.80 (1C, OCH,;), 41.14 (1C, OOCCH,COO0), 31.54
(1C, CH,C00), 27.87 (3C, C(CH,),), 23.78 (1C, CH,CH,COO);
MS (FAB, NBA): m/z: 393 (M*).

Malonate derivative 12. A solution of malonate 11 (150 mg,
0.382 mmol) in formic acid was stirred for 20 h at room
temperature, and the progress of the reaction monitored by
TLC. The mixture was concentrated and dried in vacuo to afford
127 mg (0.378 mmol; 99%) of the product as a colorless oil.
'H NMR (300 MHz, CDCl;, rt): 6 = 9.38 (br, 1H, COOH),
425 (t, °J = 4.7 Hz, 2H, COOCH,CH,0), 4.08 (t, *°J =
6.1 Hz, 2H, COOCH,CH,CH,), 3.67 (t, °J = 4.7 Hz, 2H,
COOCH,CH0), 3.59 (m, 6H, OCH,), 3.51 (m, 2H, OCH,),
3.36 (s, 2H, OOCCH,COO0), 3.33 (s, 3H, OCH;), 2.39 (t,
*J = 7.0 Hz, 2H, CH,COOH), 1.94 (q, *J = 6.6 Hz, 2H,
CH,CH,COOH); “C NMR (75.5 MHz, CDCl;, rt): 6 = 177.31
(1C, C=0), 166.40 (1C, C=0), 166.26 (1C, C=0), 71.73 (1C,
CH,OCH,), 70.40 (1C, OCH,), 70.37 (1C, OCH,), 70.30 (1C,
OCH,), 68.72 (1C, OOCCH,CH,), 64.49 (1C, COOCH,), 64.29
(1C, COOCH,), 58.83 (1C, OCH;), 41.25 (1C, OOCCH,COO),
30.22 (IC, CH,COO), 23.52 (1C, CH,CH,COO); MS (FAB,
NBA): m/z: 337 (M*), 359 (M + Na*).

Malonate derivative 13. A solution of 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (43 mg, 0.222 mmol) was added to
a cooled solution (0 °C) of malonate 12 (50 mg, 0.148 mmol),
dendron H,N-G2 (0.256 g, 0.178 mmol), DMAP (18.1 mg,
0.148 mmol) and 1-hydroxybenzotriazole (24.1 mg, 0.178 mmol)
in dry THF (40 mL) under a nitrogen atmosphere. The reaction
mixture was stirred for 20 h at room temperature, and the
progress of the reaction monitored by TLC. The reaction mixture
was diluted with 100 mL of CH,Cl, and extracted twice with
water. After drying and concentration of the organic residue,
the product was isolated by flash chromatography (silica gel,
CH,Cl,—ethyl acetate 3 : 2 to 1 : 2) and dried in vacuo, affording
128 mg (0.111 mmol; 50%) of a white solid. '"H NMR (300 MHz,
CDCl;, rt): 6 = 7.17 (br, 1H, NH), 6.06 (br, 3H, NH), 4.26 (t,
’J = 4.5 Hz, 2H, COOCH,CH,0), 4.16 (t, °*J = 5.9 Hz, 2H,
COOCH,CH,CH,), 3.67 (t, *J = 4.5 Hz, 2H, COOCH,CH,0),
3.59 (m, 6H, OCH,), 3.50 (m, 2H, OCH,), 3.41 (s, 2H,
OOCCH ,CO0O0), 3.32 (s, 3H, OCH;), 2.62 (m, 2H, CH,CONH),
2.10 (m, 26H, CH,CH,CONH, CH,-dend-CONH, CH,-dend-
C0O0), 1.87 (m, 24H, CH,CH,-dend-CONH, CH ,CH,-dend-
CO0O0), 1.37 (s, 81H, C(CHj;)5); *C NMR (75.5 MHz, CDCl;, rt):
0=172.62 (3C, CONH), 172.57 (9C, C=0), 171.65 (1C, CONH),
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166.86 (1C, C=0), 166.82 (1C, C=0), 80.41 (9C, C(CH,),), 71.81
(1C, CH,OCH,), 70.44 (3C, OCH,), 68.75 (1C, OOCCH,CH,),
64.67 (1C, COOCHS,), 64.30 (1C, COOCH,), 58.92 (1C, OCH,),
57.58 (1C, NHCquum), 5726 (3C, NHC,une), 41.33 (1C,
OOCH,C00), 32.41 (1C, CH,CONH), 31.47, 31.43 (6C, int-CH,-
dend), 29.70, 29.65 (18C, ex-CH,-dend), 27.99 (27C, C(CH.),),
24.22 (1C, CH,CH,CONH); MS (FAB, NBA): m/z: 1759 (M").

Monoadduct 14. DBU (13.5 mg, 13.3 uL, 0.0887 mmol) was
added dropwise to a solution of Cg (63.9 mg, 0.089 mmol),
malonate derivative 13 (120 mg, 0.0683 mmol) and iodine (19.1 mg,
0.075 mmol) in dry toluene (1 L) under a nitrogen atmosphere. The
reaction mixture was stirred at room temperature for 20 h and the
progress of the reaction was monitored by TLC. The product was
isolated by flash chromatography (silica gel, toluene) and dried in
vacuo, affording 72.7 mg (0.0294 mmol; 42%) of a brownish-red
solid. "H NMR (400 MHz, CDCl, rt): 6 = 7.35 (br, 1H, NH),
6.09 (br, 3H, NH), 4.63 (t, °*J = 4.5 Hz, 2H, COOCH,CH,0),
4.50 (t, °J = 6.2 Hz, 2H, COOCH,CH,CH,), 3.84 (t, *J =
4.5 Hz, 2H, COOCH,CH0), 3.65 (m, 6H, OCH,), 3.49 (m, 2H,
OCH,), 3.31 (s, 3H, OCH), 2.31 (m, 2H, CH,CONH), 2.13 (m,
26H, CH,CH,CONH, CH ,-dend-CONH, CH ,-dend-COO), 1.90
(m, 24H, CH,CH,-dend-CONH, CH,CH,-dend-COO), 1.37 (s,
81H, C(CH;);); "C NMR (100.5 MHz, CDCl;, rt): 6 = 172.63
(3C, CONH), 172.51 (9C, C=0), 171.48 (1C, CONH), 163.66
(1C, C=0), 163.49 (1C, C=0), 145.15, 145.14, 145.12, 145.07,
145.05, 145.03, 145.01, 144.76, 144.57, 144.53, 144.52, 144.49,
144.48, 143.75, 142.93, 142.92, 142.88, 142.85, 142.09, 142.05,
141.79, 141.71, 140.86, 140.75, 139.05, 138.89 (58C, sp*-C), 80.41
(9C, C(CH;),), 71.81 (1C, CH,OCH,), 71.35 (1C, sp’-C), 70.48
(1C, sp*-C), 70.44 (3C, OCH,), 68.67 (1C, OOCCH,CH,), 66.62
(1C, COOCH,), 66.24 (1C, COOCH,), 58.89 (1C, OCHy;), 57.54
(1C, NHC yuoriint)> 57.32 (3C, NHC yyarier)> 52.07 (1C, OOCCCOO),
32.45 (1C, CH,CONH), 31.53, 31.44 (6C, int-CH,-dend), 29.71,
29.66 (18C, ex-CH,-dend), 27.99 (27C, C(CH;);), 24.24 (1C,
CH,CH,CONH); UV/Vis (CH,CL,): Ap,./nm (¢/cm™ M) =256
(92000), 323 (33000), 425 (2700) 470 (1900); MS (FAB, NBA):
m/z: 2477 (M*), 2500 (M + Na*), 2609 (M + Cs™).

Monoadduct 15. A solution of monoadduct 14 (70 mg,
0.028 mmol) in formic acid was stirred for 20 h at room
temperature, and the progress of the reaction monitored by
TLC. The mixture was concentrated and dried in vacuo to afford
55 mg (0.028 mmol; 99%) of the product as a brownish-red
solid. '"H NMR (400 MHz, DMSO-d,, rt): 6 = 7.27 (br, 3H,
NH), 7.20 (br, 1H, NH), 4.64 (m, 2H, COOCH,CH,0), 4.51
(m, 2H, COOCH,CH,CH,), 3.80 (m, 2H, COOCH,CH,0), 3.53
(m, 6H, OCH,), 3.42 (m, 2H, OCH,), 3.21 (s, 3H, OCH;),
2.24 (m, 2H, CH,CONH), 2.10 (m, 26H, CH,CH,CONH, CH,-
dend-CONH, CH ,-dend-COOH), 1.84 (m, 24H, (CH,CH,-dend-
CONH, CH,CH,-dend-COOH); *C NMR (100.5 MHz, DMSO-
dg, 1t): 6 = 174.48 (9C, COOH), 172.21 (3C, CONH), 170.72 (1C,
CONH), 162.75 (1C, C=0), 162.66 (1C, C=0), 145.15, 144.80,
144.74, 144.65, 144.62, 144.31, 144.21, 144.14, 144.10, 144.04,
143.39, 142.50, 142.47, 141.79, 141.71, 141.38, 141.32, 140.56,
140.36, 138.54, 138.41 (58C, sp*-C), 71.36 (1C, CH,OCHs;), 71.23
(1C, sp*-C), 69.84 (1C, sp*-C), 69.73 (3C, OCH,), 69.58 (1C,
OOCCH,CH,), 68.08 (1C, COOCH,), 66.52 (1C, COOCH,),
58.09 (1C, OCH,), 56.78 (1C, NHC guuriin), 56.32 (3C, NHC guricext)s
52.33 (1C, OOCCCOO), 33.31 (1C, CH,CONH), 30.75, 30.29

(6C, int-CH,-dend), 29.12, 28.09 (18C, ex-CH,-dend), 24.45
(1C, CH,CH,CONH); UV/Vis (H,0, pH 7.2 phosphate buffer):
Amax/TM (e/cm™" M™') = 253 (84000), 321 (33 000), 424 (3700);
MS (FAB, NBA): m/z: 720 (Cy), 1972 (M*), 1995 (M + Na*).

[G1]-malonate 17. The reaction was carried out under a nitro-
gen atmosphere. A solution of dicyclohexylcarbodiimide (785 mg,
3.805 mmol) and 1-hydroxybenzotriazole (583 mg, 3.805 mmol)
in dry THF were added successively to a cooled solution (0 °C) of
diacid 16 (300 mg, 1.087 mmol) and dendron H,N-G1 (1000 mg,
2.391 mmol) in dry THF (25 mL) under a nitrogen atmosphere.
The reaction mixture was stirred for 2 h at 0 °C followed by
stirring for 15 h at room temperature, and the progress of the
reaction monitored by TLC. The insoluble materials were removed
by filtration. The filtrate was concentrated in vacuo, diluted with a
small amount of cooled EtOAc, and was once more filtered to give
a residue, which was successively washed with 10% HCI, water, a
saturated solution of NaHCO; and finally with brine. After drying
over MgSQ,, filtering and concentrating, purification was carried
out by flash chromatography (silica gel, hexane—ethyl acetate 2 :
3 to 1:1). The purified material was dried in vacuo, affording
758 mg (0.708 mmol; 65%) of a transparent highly viscous oil.
'H NMR (400 MHz, CDCl,, rt): 6 = 6.05 (br, 2H, NH), 4.15
(t, *J = 6.2 Hz, 4H, OCH,), 3.36 (s, 2H, OOCCH,COO0), 2.17
(m, 16H, CH,CONH, CH,C0O0), 1.93 (m, 16H, CH,CH,CONH,
CH,CH,COO), 1.39 (s, 54H, C(CH;);); “C NMR (100.5 MHz,
CDCl,, rt): 6 = 173.30 (6C, C=0), 171.69 (2C, C=0), 167.11
(2C, CONH), 80.61 (2C, C(CHy;);), 64.59 (2C, OCH,), 57.31 (2C,
NHC,,..), 41.20 (1C, OOCCH,COO), 32.98 (2C, CH,CONH),
29.61 (12C, int-CH,-dend), 29.50 (12C, ex-CH,-dend), 27.77 (18C,
C(CH,);), 24.26 (2C, CH,CH,CONH); MS (FAB, NBA): m/z:
1071 (M*), 1094 (M + Na*).

[3:3]-(eee-|G1])-hexakis adduct 19. The reaction was carried
out under nitrogen atmosphere. The eee-trisadduct 18 (106 mg,
77.8 umol) was dissolved in dry CH,Cl, (40 mL). DMA (96 mg,
467 umol) was added to the solution and stirred for 2 h at
ambient temperature. CBr, (155 mg, 467 pmol) and malonate-
G117 (500 mg, 467 umol) were added subsequently. After stirring
a few minutes to allow complete dissolution, P,-base (218 pL,
857 pumol) was diluted with dry CH,Cl, (25 mL) and added
dropwise over a period of 1 h. The solution was stirred for 2 days at
room temperature in the dark until the TLC remained unchanged.
The reaction was quenched with diluted HCI. After extracting with
water followed by drying over MgSQ,, filtering and concentrating,
purification was carried out by flash chromatography (silica gel,
hexane—ethyl acetate2: 1to 1: 1). The product fractions were evap-
orated, precipitated from CH,Cl,—pentane, centrifuged, washed
with pentane and dried in vacuo. 152 mg of a yellow crystalline
material was obtained (33.3 umol; 43%). '"H NMR (400 MHz,
CDCl,, rt): 6 = 6.34 (br, 3H, NH), 6.29 (br, 3H, NH), 4.69, 4.34,
4.22, 4.15, 4.01 (5m, 24H, OCH,), 2.21 (m, 48H, CH,CONH,
int-CH,-dend), 1.97 (m, 48H, CH,CH,CONH, ex-CH,-dend),
1.81, 1.55 (2m, 15H, CH ,-macrocycle), 1.42 (s, 162H, C(CH;);),
1.15 (m, 18H, CH,-macrocycle), 0.82 (m, 3H, CH ,-macrocycle).
BC NMR (100.5 MHz, CDCl;, rt): 6 = 172.87 (18C, C=0),
171.36 (3C, CONH), 171.16 (3C, CONH), 163.83 (3C, C=0),
163.71 (3C, C=0), 163.52 (3C, C=0), 163.18 (3C, C=0), 146.51,
145.90, 145.83, 145.77, 145.27, 145.12, 144.93, 142.07, 141.97,
141.69, 140.97, 140.95, 140.82, 140.62 (48C, sp*-C), 80.43 (9C,
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C(CH,),), 80.40 (9C, C(CHs),), 69.22 (6C, sp*-C), 69.14 (6C, sp’-
C),67.05 (3C, OCHS,), 66.50 (3C, OCHS,), 66.23 (6C, OCHS,), 57.55
(3C, NHC,..), 57.51 (3C, NHC,,..), 46.77 (3C, 0OCCCOO),
45.35 (3C, OOCCCOO0), 32.95 (3C, CH,CONH), 32.82 (3C,
CH,CONH), 29.65 (36C, int-CH,-dend), 29.62 (36C, ex-CH,-
dend), 29.25 (3C, CH,), 29.11 (3C, CH,), 28.78 (3C, CH.,), 28.00
(54C, C(CH,),), 27.67 (3C, CH,), 26.27 (3C, CH.), 25.54 (3C,
CH,), 24.35 (3C, CH,CH,CONH), 24.01 (3C, CH,CH,CONH);
UV/Vis (CH,CL): Jp./nm (e/cm™' M) = 270 (51000), 281
(55000), 316 (37000) 334 (31000); MS (FAB, NBA): m/z: 4565
(M), 4585 (M + Na").

Deprotected [3:3]{eee-{G1])-hexakis adduct 20. Trifluoroacetic
acid (6.0 mL, 78.0 mmol) was added to a solution of 19 (152 mg,
33.3 umol) in dry CH,Cl, (20 mL) under a nitrogen atmosphere.
The reaction mixture was stirred for 15 h at room temperature,
and the progress of the reaction monitored by TLC. The reaction
mixture was concentrated and dried in vacuo to afford 118 mg
(33.2 umol; 99%) of the product as a yellow crystalline solid. "H
NMR (400 MHz, CD;0D, rt): 6 = 4.71, 4.38, 4.10, 4.02 (4m,
24H, OCH,), 2.24 (m, 48H, CH,CONH, int-CH,-dend), 2.01
(m, 48H, CH,CH,CONH, ex-CH,-dend), 1.82, 1.53, 1.40, (3m,
15H, CH ,-macrocycle), 1.21 (m, 18H, CH,-macrocycle), 0.81 (m,
3H, CH,-macrocycle); *C NMR (100.5 MHz, CD,0D, rt): § =
177.39 (9C, COOH), 177.31 (9C, COOH), 174.68 (3C, CONH),
174.55(3C, CONH), 165.19 (3C, C=0), 165.01 (3C, C=0), 164.49
(3C, C=0), 164.18 (3C, C=0), 147.55, 147.21, 147.11, 146.74,
146.58, 146.30, 146.01, 143.63, 143.58, 143.13, 143.05, 142.64,
142.46, 142.41 (48C, sp>-C), 70.93 (3C, sp*-C), 70.87 (3C, sp’-
(), 70.78 (3C, sp*-C), 70.71 (3C, sp*-C), 68.56 (3C, OCH,), 67.83
(6C, OCH,), 67.26 (3C, OCH,), 58.80 (6C, NHC,,,.(), 47.59 (6C,
0O0CCCO0O0), 33.90 (3C, CH,CONH), 33.81 (3C, CH,CONH),
30.91 (3C, CH,), 30.47 (36C, int-CH,-dend), 30.14 (6C, CH,),
30.05 (3C, CH,), 29.28 (36C, ex-CH,-dend), 27.71 (3C, CH,),
26.89 (3C, CH,), 25.94 (6C, CH,CH,CONH; UV/Vis (H,O,
pH 7.2 phosphate buffer): A,,./nm (¢/cm™' M~") = 270 (55000),
280 (58000), 317 (37000) 333 (31000); MS (FAB, NBA): m/z:
3557 (M*), 3580 (M + Na*).
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Several azaxanthone and azathioxanthone sensitising chromophores have been incorporated into
macrocyclic ligands and form well-defined Eu and Tb complexes in polar media. Excitation of the
heterocyclic chromophore in the range 330 to 382 nm leads to modest amounts of aromatic
fluorescence and relatively efficient metal-based luminescence, with absolute metal-based quantum

yields of up to 24% in aqueous media.

Over the past twenty years, there has been much interest in the de-
velopment of highly emissive lanthanide complexes incorporating
an aromatic sensitising group to enhance efficient light absorption
and promote energy transfer to the proximate Ln(ir) ion. The
stimulus for this work has been the utility of such complexes as
optical probes or sensors in a wide variety of applications. The
first uses were in heterogeneous bio-assays' and were followed by
the introduction of single-component systems, based on europium
cryptates.? Complexes of Eu(iin) and Tb(i1) are now used to
good effect in a variety of high throughput assays and screening
protocols, and several use time-resolved spectroscopy to enhance
the signal to noise ratio in luminescence detection.?

Several recent reviews serve to highlight the key issues which
have been addressed in optimising the design features of such
systems.*!® The essential features of a ligand suitable for such
applications may be summarised as follows: a small singlet—triplet
energy separation minimising ligand fluorescence and allowing
efficient inter-system crossing to populate the triplet state of
the sensitiser; a high extinction coefficient for the sensitiser
absorption band in the range 337-420 nm, facilitating single-
photon excitation of biological samples; a fast energy transfer step
leading to population of the lanthanide excited state, by selecting
the triplet energy level of the sensitiser to lie at least 2,000 cm™
above the emissive lanthanide excited state; a 7 to 9-coordinating
ligand, preferably with at least one donor incorporated into
the sensitising moiety to minimise the sensitiser—Ln** distance,
that not only effectively shields the lanthanide(1mr) excited state
from radiationless deactivation, involving vibrational and/or
electronic energy transfer, but also inhibits quenching by electron
transfer.

A very small number of single-component systems have
been devised that meet these stringent design criteria for
applications in biological media. Encouraging behaviour has
been reported for terbium complexes of acyclic podands with
phenolic amide donors," for Eu and Tb complexes incorpo-
rating tetraazatriphenylene sensitisers’®>"* and for certain ter-
pyridyl derivatives."* However, there remains considerable scope

Department of Chemistry, University of Durham, South Road, Durham, UK
DHI 3LE. E-mail: david.parker@dur.ac.uk

for improvement. Particular targets include maximising the
product of ¢., and ¢ as well as minimising lanthanide ex-
cited state deactivation by electron transfer from electron rich
donors."

It is well known that aryl ketones are effective triplet sensitisers
in organic photochemistry. Indeed, substituted acetophenones,'
benzophenones's and acridones'” have been incorporated into lig-
and structures to promote lanthanide sensitisation. In the case of
the acridone systems studied, sensitisation of europium emission
but not terbium was possible. Acridone fluorescence accounted
for at least 80% of the emitted luminescence. Recent photophysical
studies on 1-azaxanthone 1a* and various thioxanthones 2a' have
been reported, suggesting that such aromatic ketones may be well
suited to sensitise lanthanide luminescence. For example, 1a has a
triplet energy of 25,400 cm™' and absorbs light around 335 nm in
polar media, with an efficient intersystem crossing step (¢'y,0 =
0.01, q)“cnzo = 0.82). The parent thioxanthone analogue absorbs
around 375 nm with a slightly greater tendency to fluoresce. By
replacing one phenyl group with a pyridine, possessing an o-
methyl substituent, e.g. 1b, 2b, it was envisaged that binding to
the lanthanide ion by the pyridyl N would be facilitated, with the
alpha substituent allowing linkage to a suitable ligand framework.
For example, the a-Me group may be easily converted into an a-
CH,Br derivative with N-bromosuccinimide prior to introduction
into a suitable ligand.

The similarity in energy of azaxanthone nn* and nn* excited
states™ leads to a marked sensitivity of their photochemical prop-
erties to variation of solvent and substituent. A small library of
substituted 1-azaxanthones and 1-azathioxanthones was therefore
prepared, in order to analyse the effect of varying the nature and
position of substituents in the benzenoid ring on both their singlet
and triplet energies and their ability to fluoresce. Such a process
informs the selection of the chromophore to be incorporated
into the final octadentate ligand for lanthanide ion complexation.
Herein, we report the outcome of the first phase of these studies
and report on the photochemical behaviour of selected europium
and terbium complexes of ligands incorporating some of these
heterocyclic chromophores. A preliminary account of a related
europium complex, bearing an azathioxanthone sensitiser has
been communicated recently.?
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1-Azaxanthone and 1-azathioxanthone synthesis and spectroscopic
properties

The synthesis of 1-azaxanthones is most expeditiously addressed
by a two-step process involving reaction of a substituted phenol (or
thiophenol) with a 2-chloronicotinic acid derivative, followed by
electrophilic cyclisation under acidic conditions,** (Scheme 1).
Ortho and para-substituted phenols give rise to a single product
whereas a meta-substituted phenol leads to formation of 6- and
8-substituted constitutional isomers. These may be separated
by chromatography. The synthesis of compounds 1 to 16 was
undertaken in this manner, using standard procedures.

The photophysical properties of 2-methyl-1-azaxanthone (1b),
do not deviate significantly from those reported for 1-azaxanthone,
1a.”® The absorption spectrum of 1b exhibited a small red shift
in the longest wavelength band upon increasing solvent polarity,
shifting from 329 nm (EPA) to 330 and 334 nm in MeOH and
H,O. Such behaviour is consistent with an increasing contribution
from low-lying nn* states, to the lowest energy transition which has
predominantly nn* character, as deduced for 1a."® The extinction
coefficient of the 330 nm band for 1b in MeOH was measured
in the presence of increasing amounts of water. It fell from
6,900 M~'cm™' to approach a limiting value of 4,500 M~'cm™!
in 33% water-methanol. The reduction in the oscillator strength
of the transition had been noted previously for 1a to a similar

Table 1 Photophysical properties of 2-methyl-1-azaxanthone derivatives

extent. The low-temperature phosphorescence spectrum of 1b
(EPA glass, 77 K) possesses a highest energy band at 24,800 cm™
(quoted in Table 1 as the ’zero-zero’ transition, with the value
corresponding to the maximum intensity of this band). Fine
structure was observed, with three less intense bands separated by
~1650 cm™', typical of carbonyl vibration fine structure, (Fig. 1).
Such behaviour is also consistent with the dominant n* character

100
80+

60+

Absorbance

40-
20

0 :
340 390 440 490 540 590

Wavelength /nm

Fig.1 Phosphorescence emission spectra for compounds 1band 10 (77 K,
EPA glass), illustrating the vibrational fine structure for 1b and the longer
wavelength, less structured emission for 10, associated with the enhanced
‘mr* character’ of its triplet state.

2-Me-azaxanthone derivative Amax/0M (g; M~'em™")* Aem/nm (I E;/cm™ ¢
1b? 330 (6,900) 405 (1) 24,800
[350 (9,000)] [490 (10)] [23,250]

3a 328 (5,720) 392 (1.3) 24,900
4 336 (9,380) 409 (0.4) 24,600
Sa 355 (4,845) 453 (320) 21,500
5b 341 (5555) 474 (40) 21,900
6 421 (8,800) 555 (1.6) 4

7 404 (8,000) 545 (1.2) d

8 334 (11,140) a a

9 369 (20,176) 472 (505) 21,200
10 356 (18,000) 458 (515) 21,600
11 329 (9,780) 392 (1.3) 24,900

“MeOH, 295 K triplet energies are quoted here as the observed zero—zero transition i.e. an intensity maximum and are subject to an error of £400 cm™'.
b Relative fluorescence emission intensity in MeOH is given, referenced to the very weakly fluorescent derivative 1b®. ¢ 77 K in an Et,O-isopentane—ethanol
(EPA) frozen glass with typically a 100 p delay. ¢ No significant emission was detected. ¢ Under these conditions, acridone (4, 412 nm, Er = 21,050 cm™")
has a relative fluorescence emission intensity of 470./This emission band was observed at room temperature in solution, but not at low temperature in
the glass. At 77 K, fluorescence emission at 413 nm was observed (/.. 352 nm). # Values in square brackets refer to the N-oxide for which a very broad

emission band was noted.
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of this triplet state. This behaviour may be contrasted with that
observed for the 8-amino-derivative, 10. The lowest energy absorp-
tion band was observed at 356 nm and was more intense than the
band at 330 nm (shoulder: Fig. 2). The triplet energy lowered to
21,600 cm™" with no distinct vibrational fine structure and there
was a 500-fold increase in room temperature relative fluorescence
emission intensity. Taken together, such behaviour is consistent
with conjugation of the exocyclic N lone pair, lowering the energy
of the LUMO of 10 compared to 1b, accompanied by a switch
to predominant nt* character in the singlet and triplet excited
states. The bands at 330 and 356 nm presumably correspond
to transitions with dominant nn* and m—n* character. Similar
observations have been reported when comparing the behaviour of
benzophenone with 4,4-dimethylaminobenzophenone (Michler’s
ketone) in polar media.>**

Absorbance

0- T T T ]
200 250 300 350 400 450

Wavelength / nm

Fig. 2 Absorption spectra for compounds 1b (lower) and 10 (295 K,
MeOH).

The constitutionally isomeric methoxy derivatives 5a and 5b
broadened and slightly shifted the lowest energy absorption band
to the red, the effect being most distinct for the 7-substituted
isomer, 5a. This compound was also about 8 times more flu-
orescent than the 9-substituted isomer, 5b, which was, in turn,
40 times more fluorescent than the parent 1b. The 7-terz-butyl,
4, and 7-carboxymethyl, 3b, derivatives perturbed the singlet and
triplet energies of the chromophore very little compared to 1b.
The tert-butyl derivative, 4, was the least fluorescent of all the
derivatives examined, consistent with its enhanced tendency to
undergo radiationless deactivation of the singlet excited state,
via internal conversion associated with the increased number of
vibrational/rotational modes of the tert-butyl group.

The ortho-substituted series 68 presented quite different be-
haviour. The 6-substituted compounds exhibit no measurable low
temperature phosphorescence. In their absorption spectra quite
intense bands above 400 nm were observed for the amines 6 and 7
(Zmax 421 and 404 nm respectively), whereas for the amide 8 (lacking
the ability to engage in significant N lone pair conjugation with
the aryl moiety), the absorption band was not shifted compared
to 1b. At 77 K, a distinct fluorescent emission was defined at
489 nm for 6. The room temperature emission spectra of 6 and
7 (but not 8) revealed very broad and weak bands at 565 and
545 nm respectively. The relative intensity of this band decreased
proportionately as the concentration of the solution was varied
over the range 1 — 50 uM. A similar pattern of behaviour

(o] o
/CHD fm
[ [
R N e} R X O

1a R=H 2a R=H,X=CH
1b R =Me 2b R=Me, X=N
1c R =CHgBr
[e]
/ //X
=
R N &)

3a R=Me, X=CO,Me, Y =H
3b R=CH,Br, X =CO;Me, Y =H
4 R=Me X='Bu Y=H
5a R=Me,X=0Me, Y=H
5b R=Me, X =H, Y =0Me

a NRR' i
/‘db fm
= ~
Me \N (o} Me’ N O "NRR'

6 R=ELR'=H 9 R=E4R'=H

7 R=H=R' 10 R=H=R'

8 R=Et R =COMe 11 R =Et, R'= COMe

was noted for the methoxy-derivatives 5a and 5b (very similar
band widths and parallel diminution in emission intensity as
concentration was reduced). A broad emission band was reported
for 2-aminoxanthone in polar media, and was interpreted in terms
of the formation of solvent-mediated formation of dimers or
trimers—termed loosely as ‘excimer-like aggregates of dynamic
type’,® this phenomenon having been previously postulated for
various anthraquinone dyes.”” Here, the variation in concentration
was similar to that observed by these authors, but there seems no
compelling reason to invoke molecular aggregation or clustering,
mediated by the polar solvent, to explain the observed emission
profile. The methoxy-substituted compounds 5a and 5b exhibited
a long-lived phosphorescence at 77 K. Lifetimes of 1.0 and
0.85 seconds were measured and may be compared to a value of
2 ms for the parent 1a, for which considerable nn* character in the
lowest energy triplet was deduced. The measured triplet energies
0f 21,500 and 21,900 cm™! respectively are rather low triplet energy
values and similar to those found for the amino derivatives 9 and
10. They are too low to allow efficient Tb sensitisation at ambient
temperature.

The absence of low-T phosphorescence and the very weak room-
temperature fluorescence emission for 6-8 may be attributed to
deactivation of the singlet and triplet excited states, via vibronic
coupling involving an intramolecular hydrogen bond.” For com-
pound 6, direct support for this premise was found following
analysis of the molecular structure by X-ray crystallography at
120 K (Fig. 3). The C(10)-N(2)-H(2) bond angle was found to
be 117.8°, and observed torsion angles around the substituent
were consistent with a planar N atom, allowing optimal overlap

This journal is © The Royal Society of Chemistry 2006
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Fig. 3 Crystal and molecular structure of 6 (120 K), illustrating the
intramolecular hydrogen bond (N2---Ol distance is 2.676(3) A), and
showing the crystallographic numbering scheme.

of the N lone pair with the m-system. No evidence for any
other hydrogen bonding interactions in the solid-state structure
was found, involving either solvent (absent in the lattice) or an
intermolecular interaction. The amide, 8, also gave rise to no
significant fluorescence at room temperature nor was any low-T
phosphorescence observed. In this case, a weak intramolecular C—
H--- O interaction may be invoked to rationalise this behaviour.
Such C-H---O interactions have been postulated previously
to account for related cases of non-radiative deactivation, for
example, those observed in the excited state chemistry of 6-
methylthioxanthone.”

Given the behaviour observed with the 1-azaxanthone, a
slightly different series of compounds was screened with the 1-
azathioxanthones. It had previously been noted that introduction
of a nitrogen atom into a xanthone'?® skeleton reduces the inten-
sity of fluorescence and relatively weak fluorescence was therefore
expected. The photophysical behaviour of the parent-2-methyl, 2b,
6-carboxy-2-methyl 12 and four isomeric monomethyl derivatives
13-16 was studied, (Table 2). Much more subtle variations in
singlet and triplet energies were noted. Alkyl-substitution in the
6-position (i.e. 4) produced the most significant red shift in the
absorption spectrum, with a parallel increase in the fluorescence
emission wavelength (very weak at 440 nm) and a decrease in the
triplet energy to 22,800 cm™'. These values may be compared to

Table 2 Photophysical properties of 2-methyl-1-azathioxanthone derivatives

those for 2b (A 371 nm; A, = 425 nm; E; = 23,700 cm™).
Alkyl substitution in the 7, 8 or 9-position did not perturb the
observed singlet and triplet energies significantly, nor did it affect
the observed band intensities. The solvent dependence of the weak
fluorescence emission of 2b was studied to help probe the character
of the singlet excited state. The broad and weak fluorescence
emission band observed at room temperature shifted to the blue
and became even less intense in solvents of lower polarity (Fig. 4).
Indeed a structureless emission band was not observed in CH,Cl,,
EtOAc, THF and toluene. Such behaviour is consistent with a
slight enhancement of the nn* character in the singlet excited
state in more polar media. Low temperature phosphorescence
emission was strong, and in every case examined, the vibrational
fine structure observed was indicative of a significant nt* character
in the T, state.

X
= e
\
R N S N
12a R =Me, X = CO;Me

12b R =CH,Br, X = CO,Me 14
13 R=H,X=Me

4

4

g di)
™
R N S R'

15a R=Me, R'=H
15b R=H, R =Me 16

e Me
s
0 o
N s
Me
Implications for Eu**/Tb* sensitisation
Fluorescence emission for the 1-azaxanthones examined was
weak unless donor N or O lone-pairs were introduced into the
chromophore in the 7, 8 or 9 position. Such a substitution pattern
also led to a significant lowering of the triplet energy, obviating
their use for Tb sensitisation. Substitution in the 6-position tended
to lead to fast radiationless deactivation of both singlet and triplet
excited states, precluding the use of such systems for sensitised
luminescence. Introduction of alkyl or carboxy groups perturbed

the triplet energy much less and also did not enhance the tendency
of the chromophore to fluoresce.

1-Axathioxanthone derivative Amac/M(g, M~ cm™")* Aem/nm(I7 ) Er/cm™'¢
2b 371 (6,770) 425(3.3) 23,700
12a 369 (5,360) 423 (0.7) 23,800
13 372 (5,790) 428 (3.6) 23,500
14 381 (5,350) 4407 22,800
15b 375 (5,450) 437 (1.0) 23,500
16 374 (5,760) 437 (5.1) 23,600

“MeOH, 295 K. * Relative fluorescence emission intensity, compared to compound 1b. ¢77 K in a 1 : 1| MeOH/EtCH glass (of 20,400 cm™' for D, Tb
excited state and 17,200 cm™! for °D, Eu excited state). In each case, vibrational fine structure was evident, although the emission bands were rather broad

consistent with mainly ‘n* character’ in the triplet excited state. ¢ Very weak.
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Fig. 4 Variation of the fluorescence emission band with the solvent
polarity parameter, E3’ (295 K) for 2-methyl-1-azathioxanthone, 15a, and
for the derived europium complex, [Eu.20]**.

For the 1-azathioxanthones, the singlet-triplet energy gap was
smaller than that observed with azaxanthones, and typically
were of the order of 3,500 cm™'; triplet energies examined were
typically close to 23,500 cm™' (500 cm™"). This energy is well
suited to Eu** sensitisation, but is at the practicable limit for
Tb* (Tb: °D, lies at 20,400 cm™"), at least for room temperature
applications. In order to assess the utility of these chromophores in
sensitised emission, selected octadentate ligands were constructed
incorporating the xanthone chromophores and the luminescence
behaviour of their Eu** and Tb* complexes defined. Ligands 17,18
and 19 were prepared, and compared to the heptadentate ligand 20
which had been prepared earlier for anion-binding studies.?” The
synthesis of 17-19 followed established methodology'* involving
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the intermediacy of the appropriate 2-bromomethyl derivative,
prepared by radical bromination of the 2-methyl precursor with N-
bromosuccinimide. Complexes of Eu and Tb were prepared using
standard methods and were purified either by chromatography on
alumina or by reverse-phase HPLC.

Measurements of the radiative rate constant for decay of lan-
thanide emission were made in H,O and D,O for each lanthanide
complex, allowing an estimation of the complex hydration state
by application of the well-known relationship between the number
of bound water molecules and the difference in excited state
quenching rates in the two media.” In every case, a hydration
state close to one was found, consistent with the behaviour of
related complexes.® These include a close analogue of 17, where
a 4-morpholino-substitued pyridine replaces the azaxanthone
moiety.*® Such behaviour is in accord with a complex structure
in which the pyridyl N is bound to the lanthanide ion, generating
a nine coordinate complex in which one water binds to cap a
square anti-prismatic coordination geometry.® Further support for
formation of the mono-aqua species came from the measurement
of the relaxivities of selected Gd complexes. For example, with
[Gd.17], a relaxivity of 2.94 mM~'s™! was measured (310 K,
60 MHz). At this field and frequency, such a value is in the range
expected for Gd complexes of this molecular weight.®

Quantum yield measurements for the complexes were made
using published procedures. For the complexes with azathiox-
anthone chromophores (Table 3), rather low values were found
with the terbium complexes in aerated solution, consistent with
the low measured radiative lifetimes. Much longer lifetimes were
measured in degassed solution, consistent with competitive back
energy transfer from the lanthanide excited state to the aryl triplet,
enhancing its susceptibility to quenching by molecular oxygen.
Many examples of this phenomenon have been reported,® where
the gap between the aryl triplet and the Tb excited state is less than
about 2,500 cm™'. For the corresponding europium complexes,
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Table 3 Photophysical properties of Eu** and Tb** complexes of ligands
17-20 (H,0, 295 K)

Complex Th,0/MS Tp,0/MS q O n,0 (%0)

[Eu. 17]** 0.57 2.02 1.2 6.9

[Tb. 17] 1.82 2.73 0.6 24

[Eu. 18] 0.60 2.08 1.1 8.0

[Tb. 18] 1.89 2.88 0.64 12¢

[Eu. 19]¢ 0.51 1.62 1.3 2.2

[Tb. 19] 0.49 0.60 1.25 2.1

[Eu. 20} 0.32 0.49 1.1 8.9

[Th. 20] 0.059 0.060 n/a not measured
(0.66) (0.84) (1.25) (12)

“In each case, /., = 336 nm; ¢ values are subject to an estimated error
of 25% and quantum yields are given as the mean of 3 observations
(£20%). ® For the corresponding complex [Gd.17], Er = 24,950 cm™!
(77K, 1:1 EtOH-MeOH glass). ¢ A, = 375 nm. ¢ /. = 382 nm; emission
quantum yields (¢, %) for thioxanthone fluorescence were as follows: 20:
4.4 (MeOH), 25 (H,0); [Eu. 20]: 44 (H,0); [Tb. 20]: 50 (H,0); for the
Tb complex, values in parentheses refer to a degassed sample. The lower
lifetime of this Eu complex is due to quenching by the ring NH oscillator.
¢ The lower quantum yield here compared to [Tb.17] may be related to less
efficient inter-system crossing and/or enhanced vibrational deactivation
of the azaxanthone singlet excited state.

[Eu.19] and [Eu.20]** quantum yields were higher, but there
was still a fairly significant fluorescence from the thioxanthone
chromophore, as noted in the chromophore spectral studies
discussed above (Fig. 5). Indeed, the quantum yield for ligand
fluorescence was measured to be 44 and 50% in water for [Eu.20]**
and [Tb.20P* respectively. Considerably less azathioxanthone
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Fig. 5 Total emission spectra (aerated water, 295 K, A.,. 375 nm) for
[Ln.19] (Ln = Eu {upper}; Ln = Tb {lower}) showing the ligand
fluorescence around 440 nm and the lanthanide emission bands to lower
energy.

fluorescence was observed in less polar media. Comparing the
behaviour of [Tb.20]** and [Eu.20** in water and methanol, for
example, the ligand based fluorescence was 10 times less in the
latter case. The fluorescence emission band also shifted to the blue
as the solvent polarity diminished (Fig. 4); this effect correlated
well with that observed for the parent chromophore 15a. Evidently,
the presence of the proximate lanthanide ion appears neither to
perturb the facility of inter-system crossing in the xanthone entity
significantly, nor to change the sensitivity of the energy of the n*
and nr* excited states to local solvation effects.

Less ligand fluorescence was evident in the emission spectra
of the terbium complexes in water with integral azaxanthone
sensitisers, e.g. [Tb.17] and [Tb.18] (Fig. 6)]. Such behaviour
accords with the lower intrinsic fluorescence of the azaxanthone
chromophores, 1b and 3 (Table 1). The measured absolute
quantum yield for [Tb.17] was 24%, which is quite a high value for
a complex with one coordinated water molecule. Moreover, this
high emission intensity and long emission lifetime was conserved
in aqueous solutions containing added salts. For example, the
terbium emission lifetime in [Tb.17] was 1.98 ms in 1 M aqueous
sodium acetate solution buffered to pH4, and was invariant (+5%)
over a period of 48 h.
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Fig. 6 Total emission spectra (aerated water, 295 K, /.. 334 nm) for
[Tb.17] compared to [Tb.18]~ (upper) showing the very low azaxanthone
fluorescence, and the typical terbium emission pattern in each case.

Conclusions

Azaxanthone and thioxanthone chromophores are superior to
acridone chromophores as sensitising moieties for Eu and Tb
emission. In such systems, the most obvious synthetic strategy
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allows the incorporation of a range of different substituents in the
benzenoid ring. Alkoxy and amino-substituents tend to favour
molecular fluorescence or lower the triplet energy to such an
extent that Tb-sensitised emission becomes impracticable. Simple
alkyl, acylamino or carboxy substituents do not perturb the
chromophore triplet energy very much, allowing the identification
of appropriate derivatives for conjugation to vectors for assays or
for other molecular probe applications.

Experimental
General Procedures

All commercially available reagents were used as received, from
their respective suppliers. Solvents were dried using an appropriate
drying agent when required. Reactions requiring anhydrous con-
ditions were carried out using Schlenk-line techniques under an
atmosphere of dry argon. Water and H, O refer to high purity water
with conductivity <0.04 uS cm™' obtained from the ‘Puritesry
plus’ purification system.

Thin-layer chromatography was carried out on neutral alumina
plates (Merck Art 5550) or silica plates (Merck 5554) and visu-
alised under UV (254 nm) or by staining with iodine. Preparative
column chromatography was carried out using neutral alumina
(Merck Aluminium Oxide 90, activity II-III, 70-230 mesh), pre-
soaked in ethyl acetate, or silica (Merck Silica Gel 60, 230-
400 mesh).

'H and “C NMR spectra were recorded on a Varian Mercury
200 ("H at 199.98 MHz, “C at 50.29 MHz), Varian Unity 300
("H at 299.91 MHz, “C at 75.41 MHz), Varian VXR 400 ('"H
at 399.97 MHz, C at 100.57 MHz), or a Bruker AMX 500 spec-
trometer. Spectra were referenced internally to the residual protio-
solvent resonances. Electrospray mass spectra were recorded on
a VG Platform II (Fisons instrument), operating in positive or
negative ion mode as stated, with methanol as the carrier solvent.
Accurate mass spectra were recorded using a Thermo Finnigan
LTQ FT mass spectrometer. Melting points were recorded using a
Kofler block and are uncorrected. UV/Vis absorbance spectra
were recorded on a Perkin Elmer Lambda 900 UV/Vis/NIR
spectrometer. Emission Spectra and Lifetimes were measured on a
Fluorolog-3 and a Perkin Elmer LS55 luminescence spectrometer
using FL Winlab software. All samples were contained in quartz
cuvettes with a path length of 1 cm and measurements obtained
relative to a reference of pure solvent contained in a matched cell.

Single crystal X-ray diffraction

Crystal structures were determined for 5a, Sb, 6 and 15a. Data
were collected using graphite monochromated Mo Ka radiation
(4= 0.71073 A) on a Bruker area detector diffractometer (Bruker
SMART CCD 1 K or Bruker ProteumM with Bede Microsource),
equipped with Cryostream N, open-flow cooling device.’! In
each case, series of narrow w-scans (0.3°) at several ¢-settings
were carried out to cover approximately a sphere of data to a
maximum resolution between 0.70 and 0.77 A. Cell parameters
were determined and refined using the SMART software,*? and
raw frame data were integrated using the SAINT program.*
Structures were solved by direct methods and refined by full-matrix
least squares on F? using SHELXTL software* (for structures

of 5a, 6 and 15a) and full-matrix least squares on F using
CRYSTALS?* (for 5b). Reflection intensities were corrected by
numerical integration using SHELXTL software, based on crystal
measurements and indexing of the faces** or by the multi-scan
method, based on multiple scans of identical and Laue equivalent
reflections (using the SADABS software).3 Non-hydrogen atoms
were refined with anisotropic displacement parameters and the
hydrogen atoms were positioned geometrically and refined using a
riding model. Crystallographic data (excluding structure factors)
for the structures included herein have been deposited with
the Cambridge Crystallographic Data Centre CCDC reference
numbers 296391-296394..

Excited state measurements

The lifetimes of the Tb and Eu complexes were measured by
exciting the sample using a short pulse of light (336 nm) followed
by the monitoring of the integrated intensity of light (546 nm for
terbium, 613 nm for europium) emitted during a fixed gate time,
t,, after a delay time, 7,. At least 20 delay times were used covering
3 or more lifetimes. A gate time of 0.1 ms was employed, and the
excitation and emission slits set to a bandpass of 10 nm and 2.5 nm
respectively. The obtained exponential decay curves were fitted to
the equation below, using Microsoft Excel,

I=A,+ Aexp( — kt)
where:

I = intensity at time 7 after the flash
A, = intensity after the decay has finished
A, = pre-exponential factor

k = rate constant for decay of the excited state.

Quantum yield measurements were made relative to a
standard,” LnPh;dpqC(CF;S0;);, for each of the Tb** and Eu**
complexes. For the standard and each of the unknowns, five
solutions with absorbances between 0.02 and 0.1 were used. For
each of these solutions the absorbance at the excitation wavelength
and the total integrated emission was determined. A plot of total
integrated emission against absorbance gave a straight line with
slope Em./Abs. The unknown quantum yield was calculated using
the equation below:

slope, <nx )2
O, =0, =
slope, n,

Since values for both the sample and reference compounds were
recorded in water the refractive index term cancels out. Errors in
quantum yield determinations can arise due to the inner filter
effect or errors in the amount of absorbed light. These effects were
minimised by only using samples with absorbances below 0.2.
Errors in assessing the amount of light absorbed by each sample
were minimised by choosing the excitation wavelength to be on a
relatively flat area of the absorption curve and by using a small
band-pass for excitation.

1 CCDC reference numbers 296391-296394. For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b601357k
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Low temperature phosphorescence spectra of heterocyclic lig-
ands and gadolinium(1r) complexes were recorded to enable the
triplet energy of the bound chromophore to be determined. An
Oxford Instruments optical cryostat operating at 77 K was used
with the samples dissolved in EPA (diethyl ether-isopentane—
ethanol, 5 : 5 : 2) or EtOH-MeOH mixtures and contained in
10 mm cuvettes. The triplet energy was considered as the highest
energy (shortest wavelength) observed phosphorescence band,
corresponding to the 0-0 transition, using time-gated detection.

The longitudinal water proton relaxation rate was measured
at 60 MHz using a Bruker Minispec mq spectrometer operating
at 310 K, by means of a standard inversion-recovery technique.
The data obtained was accurate to a reproducibility of £1%. A
correction was made for the diamagnetic contribution to allow
the estimation of the paramagnetic relaxivity. The gadolinium
concentration of the solution was measured in triplicate using
a Perkin Elmer ICPOES (Inductively Coupled Plasma Optical
Emission) spectrometer.

Synthesis

6-Methyl-2-phenoxynicotinic acid. Sodium (1.44 g, 62.6 mmol)
was dissolved in dry MeOH (27 cm?), followed by the addition of
6-methyl-2-chloronicotinic acid (5.09 g, 29.6 mmol) and phenol
(13.27 g, 0.14 mol) under argon, forming a yellow solution. The
MeOH was removed under reduced pressure, and the brown melt
heated for 1 hour at 180 °C under argon with stirring. Upon
cooling, the melt was treated with water (200 cm®) forming a
pale yellow suspension, which was washed with diethyl ether (3 x
200 cm?). The aqueous layer was acidified with acetic acid to pH 4,
yielding a fine white precipitate upon cooling which was collected
via filtration, and after thorough drying yielded the title compound
as a pale yellow solid (3.01 g, 44%), m.p. 134-136 °C (lit.>® 155-
156 °C). Found: C, 67.79; H, 4.74; N, 6.11%. C;;H,,NO; requires
C, 68.11; H, 4.84; N, 6.11%. 6, (CDCl;) 2.40 (3H, s, CH;), 7.03
(1H, d, J 7.8, H?, 7.18 (2H, d, J 7.6, H¥), 7.29 (1H, t, J 7.6,
H"), 7.44 (2H, t, J 7.6, H"), 8.41 (1H, d, J 7.8, H*)10.6 (1H, br s
OH); . (CDCl;, 125 MHz) 24.4 (CH,), 110.0 (C?), 119.4 (C°),
121.8 (C%), 125.8 (C*), 129.6 (C¥), 143.6 (C*), 152.0 (C"), 160.2
(C?), 163.2 (C%), 164.7 (COOH); m/z (ESMS~) 184 (M — COOH,
95%), 228 (M — H, 100%). HRMS (ES*), found: 230.0809 [M +
H]; C,;H,,NO; requires 230.0812.

2-Methyl-1-azaxanthone, 1b. Polyphosphoric acid (80 g) was
added to 2-phenoxy-6-methylnicotinic acid (1.535 g, 6.7 mmol)
and the reaction mixture heated at 120 °C for 20 hours under
argon with stirring. The resulting light-brown liquid was cooled
to room temperature and then slowly and carefully poured onto
ice (200 g) with stirring until a homogeneous solution formed.
The pH of the solution was then carefully adjusted to 12 by
the addition of 50% aqueous KOH solution and the yellow
crystals that formed upon cooling were removed via filtration.
The product was recrystallised from toluene—petroleum ether (40—
60 °C). The crystals that formed upon standing were filtered and
dried thoroughly to yield the title compound as a pale yellow
crystalline solid (1.23 g, 87%), m.p. 131-132 °C (lit.»® 136-8 °C);
R; (Si0,, DCM): 0.30. Found C, 73.9; H, 4.27; N, 6.73. C,;H,NO,
requires C, 73.9; H, 4.29; N, 6.63%. J,; (CDCl;) 2.71 (3H, s, CH;),
7.30 (1H, d, J 7.8, H*), 7.43 (1H, ddd, J 8,7, 0.9 H), 7.61 (1H,
dd, J 8.4, 0.9, H°), 7.77 (1H, ddd, J 8, 7, 1.5 H®), 8.32 (1H, dd,

J 8, 1.5, H°), 8.60 (1H, d, J 7.8, H*); 6. (CDCl;) 25.2 (CH,),
114.3 (C*), 118.6 (C°), 121.3 (C?), 121.8 (C*), 124.7 (C), 126.7
(C%), 135.5 (C?), 137.4 (C*), 155.8 (C”), 160.0 (C"), 165.2 (C?),
177.7 (C®); m/z (ESMS*) 233.7 (IM + Na], 100%); HRMS (ES*),
found: 212.0707 [M + H], C,;H,,NO, requires 212.0706; UV-vis
(H,0) Apax (¢/mol~" dm?® cm™") 289 (16,180) and 334 nm (8790).

2-Methyl-1-azaxanthone-/V-oxide. 2-Methyl-1-azaxanthone

(45 mg, 213 pumol) was dissolved in trifluoroacetic acid (TFA)
(400 pL) and H,0, (100 pL, 37%) and the resulting solution
boiled under reflux for 4 hours. A further two additions of
TFA (400 pL) and H,O, (100 pL, 37%) were made at 4 hour
intervals and then the reaction was evaporated to dryness under
reduced pressure. The residue was taken up in aqueous NaHCO,
(10 cm?) and extracted with CH,Cl, (2 x 10 cm®). The combined
organics were washed with aqueous NaCl solution (10 cm?), dried
(Na,S0,), filtered and evaporated under reduced pressure to give
the crude compound as a yellow solid. Subsequent purification
via column chromatography (silica, CH,Cl, to 2% EtOH) yielded
the title compound (24 mg, 106 pmol, 50%) as a pale yellow solid,
R; 0.33 (silica, 3% EtOH:CH,Cl,), m.p. 191-2 °C. Found: C, 66.2;
H, 4.15; N, 5.83%; C,;HyNO;.H,0 requires C, 66.1; H, 4.27; N,
5.93%.

84(CDCl;). 8.32(d, 1H, J 7.9 Hz, H®), 8.09 (d, 1H, J 8.2 Hz,
H*), 7.88-7.80 (m, 2H, H**), 7.51 (t, IH, H"), 7.34 (d, 1H, J 8.2 Hz,
H?), 2.74 (s, 3H, CHj).

dc (CDCLy). 176.2 (C%), 155.2 (C?), 155.1 (C"), 154.9 (C”),
136.3 (C*), 126.9 (C%), 126.0 (C"), 122.7 (C*), 121.3 (C*), 120.7
(C%), 119.1 (C?), 117.5 (C*), 18.9 (CHL,).

(m/z) ESMS*228 (M + HJ*, 5%), 250 ((M + Na]*, 100%), 477
(I2M + Nal*, 20%).

Found: (ES*) 250.0473; C;;H,NO;Na requires 250.0475, [M +
Nal*.

2-Bromomethyl-1-azaxanthone, 1c. 2-Methyl-1-azaxanthone
(0.200 g, 0.947 mmol) was dissolved in CCl, (10 cm?) and the
reaction heated to 80 °C under argon. N-Bromosuccinimide
(NBS) (85 mg, 0.475 mmol, 0.5 eq.) was added along with benzoyl
peroxide (3 mg) with stirring and the reaction mixture was stirred
at room temperature under argon, using a tungsten lamp for
activation. The reaction was monitored using TLC (SiO,, toluene—
CH,Cl,-McOH, 48.5 : 48.5 : 3) and '"H NMR. After 8 hours and
the addition of 2 equivalents of NBS and benzoyl peroxide, the
crude reaction mixture was allowed to cool to room temperature
and then filtered. The solvent was removed under reduced pressure
and the residue purified by column chromatography on silica gel
(toluene-DCM, 80 : 20) to yield the title compound as a white
crystalline solid (0.102 g, 0.35 mmol, 37%), m.p. 169-171 °C;
R; (Si0O,, toluene—dichloromethane-MeOH, 48.5 :48.5 : 3): 0.67.
Found C, 53.9; H, 2.74; N, 4.85%. C,sHgNO,Br requires: C, 53.8;
H, 2.78; N, 4.83%. 5 (CDCl;) 4.61 (2H, s, CH,Br), 7.45 (1H, ddd,
J8,7.2,1.0,H"), 7.58 (1H, d, J 8, H?), 7.62 (1H, d, J 8, H’), 7.80
(1H, ddd, J 8,7.2,1.6, H®), 8.31 (1H, d, J 8, Hf), 8.72 (1H, d, J
8, H*); d. (CDCl;) 32.3 (CH,Br), 116.1 (C*), 118.6 (C°), 120.9
(C%), 121.7 (C¥), 125.0 (C7), 126.8 (C%), 135.9 (C*), 138.8 (C*),
155.8 (C”), 158.8 (C"), 162.1 (C?), 177.2 (C); m/z (ESMS*) 290.1
(IM + H], 100%), 312.1 (IM + Na], 20%). HRMS (ES*) found:
289.9817 [M + H], C;;HyBrNO, requires 289.9811.
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2-(4-Methoxycarbonylphenoxy)-6-methylnicotinic acid. Sodium
methoxide (660 mg, 12.2 mmol) was dissolved in dry MeOH
(5 cm?) with stirring, followed by methyl-4-hydroxybenzoate
(4.26 g, 28 mmol) and 6-methyl-2-chloronicotinic acid (1.0 g,
5.9 mmol). The methanol was removed under reduced pressure
and the reaction heated for 24 hours at 180 °C with stirring. The
reaction mixture was left to cool to ~120 °C and poured onto
ice (~40 g) to give a white suspension, which was treated with
diethyl ether (3 x 50 cm?®). The separated aqueous solution was
acidified with acetic acid yielding a pale yellow precipitate, which
was filtered, washed with water and dried thoroughly to yield the
title compound as a white crystalline solid (1.005 g, 60%), m.p. 118
120 °C. Found C, 59.2; H, 4.52; N, 4.49. C;sH;5;NO;.H,O requires
C, 59.0; H, 4.95; N, 4.59%. o4 (CDCl,) 2.41 (3H, s, 'CHj;), 3.91
(3H, s, OCH,), 7.02 (1H, d, J 8, H?), 7.18 (2H, d, J 9, H¥), 8.07
(2H,d,J9,H"),8.32(1H, d, J 8, H*); 6 (CDCl;) 24.4 (CH5,), 52.3
(OCH,), 111.3(C?), 119.3 (C), 121.0 (C*¥), 126.6 (C*), 131.4 (C*),
143.4 (C*), 157.6 (C"), 160.6 (C?), 163.2 (C°), 166.7 (COOCH,),
168.2 (COOH); m/z (ESMS~) 242 (IM — COOH], 75%)), 286 (IM —
H], 100%); HRMS (ES*) found: 288.0869 [M + H], C;sH,;;NO;
requires 288.0866.

7-Methoxycarbonyl-2-methyl-1-azaxanthone, 3a. Polyphos-
phoric acid (70 g) was added to 2-(4-methoxycarbonylphenoxy)-
6-methylnicotinic acid (0.90 g, 3.1 mmol) and the reaction mixture
heated at 120 °C for 18 hours under argon with stirring. The
resulting brown liquid was cooled to room temperature and
then slowly and carefully poured into a beaker containing cold
MeOH (100 cm®) with stirring until a homogeneous solution
formed. The solution was carefully adjusted to an apparent pH of
approximately 7 by the addition of 10% aqueous KOH solution.
The resulting white suspension was extracted with chloroform
(3 x 50 cm?) and the solvent removed from the combined organic
washings to yield the title compound as a pale yellow crystalline
solid (0.428 g, 1.6 mmol, 51%), m.p. 194-196 °C; R; (SiO,,
toluene—dichloromethane-MeOH, 48.5 : 48.5 : 3): 0.30. Found C,
66.5; H, 4.14; N, 5.13%. CsH;,NO, requires C, 66.9; H, 4.12; N,
5.20%.

Jon (CDCLy) 2.73 (3H, s, CH3), 3.98 (3H, s, OCHs;), 7.24 (1H,
d, J 9, H%, 7.65 (1H, d, J 9, H°), 8.41 (1H, d, J 9, H*), 8.61
(1H, d, J 9, H*), 9.0 (1H, s, H®); d. (CDCl;) 25.2 (CHj;), 52.6
(OCH,), 114.4 (C¥), 1189 (C%), 121.4 (C%), 121.8 (C%), 126.8
(C7), 129.2 (C%), 136.0 (C*), 137.6 (C*), 158.3 (C”), 160.0 (C"),
165.72 (CO,Me), 165.75 (CN), 176.9 (keto); m/z (ESMS*) 291.8
(IM + Na], 100%), 269.7 (M + H], 25%); HRMS (ES*), found:
270.0760 [M + H], C;sH,;,NO, requires 270.0761; UV-vis (H,0)
Amax (€/mol™! dm® cm™") 288 (12,860) and 334 nm (5720).

7-Methoxycarbonyl-2-bromomethyl-1-azaxanthone, 3b. 7-
Methoxycarbonyl-2-methyl-1-azaxanthone (0.215 g, 0.798 mmol)
was dissolved in a mixture of CCl, and MeCN (2 : 1 ratio,
10 cm®) and the reaction heated to 80 °C under argon. NBS
(71 mg, 0.399 mmol, 0.5 eq.) was added along with AIBN
(~2 mg) with stirring and the reaction monitored using TLC
(SiO,, EtOAc-hexane, 50 : 50) and 'H NMR. After 4 days and
the addition of 7 equivalents of NBS and AIBN the reaction
was halted and the crude reaction mixture allowed to cool to
room temperature before being filtered. The solvent was removed
under reduced pressure and the residue purified by column
chromatography on silica gel (hexane-EtOAc, 50 : 50) to yield the

title compound as a white crystalline solid (0.140 g, 0.40 mmol,
50%), m.p. 156-158 °C; R; (SiO,, EtOAc-hexane, 50 : 50): 0.65.
Found C, 49.4; H, 3.34; N, 4.07%. C;sH,,NO,Br.H,O requires C,
49.2; H, 3.30; N, 3.83%.

Ju (CDCl,) 3.98 (3H, s, OCH,;), 4.62 (2H, s, CH,Br), 7.62 (1H,
d, J 8, H?), 7.68 (1H, d, J 8.5, H’), 8.44 (1H, dd, J 8.5, H*), 8.74
(1H, d, J 8, H*), 9.00 (1H, d, J 2,H®); . (CDCl;) 32.3 (CH,Br),
52.8 (OCHj;), 116.2 (C*), 119.2 (C?), 121.5 (C*), 121.6 (C?), 127.3
(C"), 129.4 (C°), 136.6 (C*), 139.0 (C*), 158.4 (C”), 159.8 (C"),
162.7 (C?), 165.8 (CO,Me), 176.7 (C); m/z (ESMS*) 348.1 (M +
H], 100%), 370.1 ((M + Na], 30%).

6-Methyl-2-(4'-tert-butylphenoxy)nicotinic acid. To a solution
of sodium (1.03 g, 44.6 mmol) dissolved in dry MeOH (25 ml) was
added 2-chloro-6-methylnicotinic acid (3.62 g, 21.1 mmol) and 4-
tert-butylphenol (15.17 g, 101.0 mmol) and the mixture stirred
for 10 min. MeOH was removed in vacuo to afford a viscous
orange oil which was heated for 2 h at 180 °C with stirring.
After cooling, the cream coloured gum was treated with H,O
(200 cm®) and washed successively with Et,O (3 x 200 cm?).
The aqueous solution was acidified to pH 5 with acetic acid
and the off white precipitate that formed collected by filtration
and washed with H,O. The crude product was recrystallised from
CH,Cl,-hexane and dried (MgSO,) to afford 6-methyl-2-4'-tert-
butylphenoxynicotinic acid as a white powder (4.60 g, 16.1 mmol,
76%), m.p. 179-181 °C. Found: C, 71.28; H, 6.76; N, 4.96%.
C,;H;y)NO; requires: C, 71.56; H, 6.71; N, 4.91%. dy (300 MHz,
CDCL,), 1.38 (9H, s, C(CHs),), 2.45 (3H, s, CH;), 7.05 (1H, d, J
7.8, H?), 7.14 (2H, d, J 8.8, H¥), 7.46 (2H, d, J 8.8, H"), 8.43
(IH, d, J 7.8, H*); dc (CDCl,), 24.68 (CHj;), 31.68 (C(CHs,)s),
34.79 (C(CH,;),), 110.25 (C°), 119.64 (C%), 121.20 (C*), 126.76
(C¥), 143.79 (C*), 148.92 (C¥), 149.81 (C"), 160.46 (C?), 163.46
(C%), 164.84 (COOH); m/z (ESMS*) 286 (IM + H], 25%), 308
(IM + Na], 100%); HRMS (ES*), found: 308.1256 [M + Nal;
C,;H;y)NO;Na requires 308.1257.

2-Methyl-1-aza-7-tert-butylxanthone, 4. Polyphosphoric acid
(80 g) was added to 6-methyl-2-4'-tert-butylphenoxynicotinic acid
(1.91 g, 6.96 mmol) and the reaction heated at 120 °C for 20 h. The
light brown mixture was poured whilst still hot onto crushed ice
(300 g) and carefully basified to pH 12 by addition of KOH. The
yellow precipitate was collected by filtration and the crude product
recrystallised from CH,Cl, and dried (MgSO,). Removal of all
solvents in vacuo afforded yellow crystals of the title product
(1.57 g, 5.88 mmol, 88%), m.p. 117-119 °C. Found: C, 76.3; H,
6.38; N, 5.23%. C;;H;NO, requires: C, 76.4; H, 6.41; N, 5.24%.
Ju (300 MHz, CDCl,), 1.39 (9H, s, C(CHj;);), 2.70 (3H, s, CH,),
7.28 (1H, d, J 7.9, H?), 7.54 (1H, d, J 8.7, H*), 7.82 (1H, dd,
J 8.7, H), 8.28 (1H, d, J 2.4, H¥), 8.59 (1H, d, J 7.9, H*); J.
(CDCly), 25.34 (CHj;), 31.57 (C(CHs);), 35.06 (C(CHs);), 114.47
(C%), 118.34 (C%), 121.23 (C¥), 122.63 (C¥), 133.62 (C¥), 137.64
(C¥), 148.10 (C*), 154.03 (C*), 160.22 (C"), 165.15 (C?), 165.15
(C%), 178.00 (CO); m/z (ESMS*) 290 (IM + Nal, 35%), 557 ([2M +
Na], 100%); HRMS (ES*) 290.1152 [M + Na]; C,;H;;NO,Na
requires: 290.1152.

2-(4-Methoxyphenoxy)-6-methylnicotinic acid. Sodium (1.44 g,
62.6 mmol) was dissolved in dry MeOH (27 cm?), followed by the
addition of 6-methyl-2-chloronicotinic acid (5.09 g, 29.6 mmol)
and 4-methoxyphenol (17.50 g, 0.14 mol) under argon, forming a
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yellow solution. The solvent was removed under reduced pressure,
and the brown melt heated for 22 hours at 190 °C under argon with
stirring. The melt was treated with water (200 cm®) producing a
pale yellow suspension, which was washed with diethyl ether (3 x
200 cm®). The aqueous layer was acidified with acetic acid to pH 4,
yielding a fine white precipitate upon cooling. This was collected
by filtration, and dried thoroughly to yield the title compound as a
pale yellow solid (3.51 g, 46%), m.p. 138-139 °C. Found: C, 64.8;
H, 5.05; N, 5.48%. C,;H;NO, requires C, 64.8; H, 5.06; N, 5.40%.
Jn (CDCl;) 2.40 (3H, s, CH;), 3.85 (3H, s, OCHs;), 6.95 (2H, dd, J
6.8,2.2, H", 7.02 (1H, d, J 7.8, H%), 7.11 (2H, dd, J 6.8, 2.2, H¥),
8.41 (1H, d, J 7.8, HY); d. (CDCl;, 125 MHz) 24.4 (CH;), 55.6
(OCH,), 109.7 (C?), 114.6 (C¥), 119.3 (C?), 122.8 (C*), 143.6 (C*),
145.1 (C"), 157.3 (C*), 160.4 (C?), 163.2 (C*), 164.3 (COOH); m/z
(ESMS*) 282.1 ([M + Nal, 100%). HRMS (ES*), found: 282.0734
[M + Na]; C,,H;;NO,Na requires 282.0737.

7-Methoxy-2-methyl-1-azaxanthone, 5a. 2-(4-Methoxy-
phenoxy)-6-methylnicotinic acid (2.00 g, 7.71 mmol) was
dissolved in polyphosphoric acid (60 g) forming a yellow thick
solution that was heated for 20 hours at 120 °C under argon
resulting in a brown melt. After cooling, the melt was dissolved
in cold concentrated sodium hydroxide solution (200 cm?®). The
pH of the yellow solution was adjusted to 8 by further addition of
concentrated NaOH solution, forming a fine yellow precipitate.
The product was extracted into diethyl ether (3 x 100 cm?),
and the solvent removed under reduced pressure. The product
was recrystallised using ethanol, and the solid that formed on
standing was collected and dried to yield the title compound as
pale yellow crystals (548 mg, 30%), m.p. 170-171 °C. Found: C,
69.5; H, 4.61; N, 5.85%. C,H,;,NO; requires C, 69.7; H, 4.60; N,
5.80%. dy (CDCL,) 2.71 (3H, s, CH;), 3.93 (3H, s, OCH,), 7.30
(1H,d, J 8.0, H%), 7.37 (1H, dd, J 9.2, 3.0, H*), 7.55 (1H, d, J 9.2,
H?), 7.67 (1H, d, J 3.0, H®), 8.60 (1H, d, J 8.0, H*); d. (CDCl;,
125 MHz) 25.1 (CH;), 56.0 (OCH,;), 105.9 (C®), 119.6 (C*), 119.9
(C), 121.0 (C%), 122.0 (C¥), 125.3 (C¥), 137.3 (C*), 150.4 (C*),
156.5 (C7), 159.8 (C"), 165.0 (C?), 177.4 (C°); m/z (ESMS*) 242.1
(IM + HJ, 30%), 264.1 (M + Na], 40%), 505.2 (2M + Na],
100%), 746.1 ([3M + Na], 50%). HRMS (ES*), found: 264.0632
[M + Na]; C,,H;;NO;Na requires 264.0631. The structure was
confirmed by single crystal X-ray diffraction.}

7-Methoxy-2-methyl-1-azaxanthone-/V-oxide. 7-Methoxy-2-
methyl-1-azaxanthone (55 mg, 0.23 mmol) was dissolved in TFA
(0.4 ml) and H, 0, (0.1 ml, 30%) forming an orange solution which
was refluxed at 125 °C under argon. Two further additions of
TFA (0.4 ml) and H,0, (0.1 ml, 30%) were made at two hour
intervals, and the reaction mixture refluxed for 16 hours. After
cooling the orange brown solution, the solvents were removed
under reduced pressure yielding an orange brown solid. The crude
product was dissolved in aqueous NaHCO; solution (10 cm?®), and
washed with dichloromethane (2 x 10 cm?), and the combined
organics were then washed with aqueous NaCl (10 cm®) and dried
(Na,SO,). The resulting solution was filtered and the solvent

1 Cy Hyy N Os, M, = 241.24, Monoclinic (P2,/n), a = 12.191Q2) A, b =
3.8876(8) A, ¢ =22.922(4) A, §=90.223(6)°, Z =4, 1 =0.105mm"' D, =
1.475 Mg m~*, T = 120(2) K, 2132 independent reflections [R(int) =
0.1274], R, = 0.0620, wR, = 0.1416 [I > 2sigma(/)]. CCDC 296392.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b601357k

removed under reduced pressure yielding an orange solid. The
crude product was purified by column chromatography (silica,
DCM — DCM-EtOH 97 : 3) yielding the title compound as a
pale orange crystalline solid (40 mg, 68%), m.p. 220-222 °C. dy
(CDCl) 2.72 (3H, s, CH;), 3.91 (3H, s, OCH,), 7.33 (1H, d, J 8.2,
H?*),7.41(1H,dd, J9.2,3.2, H®), 7.74 (1H, d, J 3.2, H®), 7.74 (1H,
d, /9.2, H%, 8.12 (1H, d, J 8.2, H*); m/z (ESMS*) 258 (M + H,
100%), 280 (M + Na, 65%). HRMS (ES*), found: 258.0761 [M +
H]; C,,H;NO, requires 258.0761.

2-(2-Methoxyphenyl)-6-methylnicotinic acid. Sodium (1.44 g,
62.6 mmol) was dissolved in dry MeOH (27 cm?), followed by the
addition of 6-methyl-2-chloronicotinic acid (5.09 g, 29.6 mmol)
and 2-methoxyphenol (15.50 cm?®, 0.14 mol) under argon, forming
a dark green solution. The MeOH was removed under reduced
pressure, and the dark green melt heated for 40 hours at 155 °C
under argon with stirring. The melt was treated with water
(200 cm?) producing a pale yellow suspension, which was washed
with diethyl ether (3 x 200 cm®). The aqueous layer was then
acidified with acetic acid to pH 4, yielding a fine white precipitate
upon cooling. The product was extracted using ethyl acetate
(3 x 200 cm®) and the solvent removed under reduced pressure,
through drying yielded the title compound as a pale yellow solid
(4.52 g, 60%), m.p. 160-161 °C. Found: C, 64.7; H, 5.05; N, 5.36%.
C,H;NO, requires C, 64.8; H, 5.06; N, 5.40%. oy (CDCl;) 2.42
(3H, s, CHj;), 3.80 (3H, s, OCH,), 7.03 (1H, dd, J 8.0, 1.5, HY),
7.04 (1H, d, J 7.5, H°), 7.06 (1H, td, J 8.0, 1.5, H*), 7.29 (1H, td,
J 8.0, 1.5, H"), 7.45 (1H, dd, J 8.0, 1.5, H*), 8.41 (1H, d, J 7.5,
H*); 6. (CDCl;, 125 MHz) 24.7 (CH;), 56.1 (OCH;), 110.3 (CY),
112.6 (C¥), 119.8 (C), 121.0 (C¥), 124.4 (C*), 127.1 (C¥), 141.3
(C), 143.8 (C*), 151.4 (C*), 160.3 (C?), 163.1 (C*), 164.9 (COOH);
m/z (ESMS~) 214 (IM — COOH], 60%), 258 (IM — H], 100%).
HRMS (ES), found: 258.0768 [M — H]; C,H;NO, requires
258.0772.

9-Methoxy-2-methyl-1-azaxanthone, 5b. 2-(2-Methoxyphenol)-
6-methylnicotinic acid (2.50 g, 9.6 mmol) was dissolved in
polyphosphoric acid (60 g) forming a yellow thick solution, and
heated for 20 hours at 120 °C under argon resulting in a brown
melt. Upon cooling, the melt was dissolved in cold concentrated
sodium hydroxide solution (200 cm®). The pH of the yellow
solution was adjusted to 8 by the further addition of concentrated
aqueous NaOH solution, forming a fine yellow precipitate. The
product was extracted into diethyl ether (3 x 100 cm?), dried
(K,CO:;), and the solvent removed under reduced pressure. The
product was recrystallised using ethanol, and the solid that formed
upon standing was collected and dried to yield the title compound
as pale yellow crystals (480 mg, 21%), m.p. 183-185 °C. Found:
C, 68.5; H, 4.59; N, 5.67. C,,H,;NO;.0.25H,0 requires C, 68.4;
H, 4.73; N, 5.70%. dy (CDCl;) 2.73 (3H, s, CH;), 4.05 (3H, s,
OCHs;), 7.29 (1H, dd, J 8.0, 1.5, H®), 7.31 (1H, d, J 8.0, H*), 7.35
(14, t, J 8.0, H"), 7.87 (1H, dd, J 8.0, 1.5, Hf), 8.60 (1H, d, J
8.0, H*); dc (CDCl;, 125 MHz) 25.4 (CH;), 56.6 (OCH,), 114.3
(C*), 116.3 (C7), 117.5 (C%), 121.6 (C%), 122.9 (C”), 124.5 (C¥),
137.5 (C*), 146.4 (C¥), 149.3 (C°), 160.1 (C"), 165.6 (C?), 178.0
(C%); m/z (ESMS*) 242 (IM + H], 70%), 264 (M + Na], 75%),
505 ([2M + Na], 100%), 746 ([3M + Nal, 10%). HRMS (ES*),
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found: 242.0812 [M + H]; C,H,,NO; requires 242.0812. The
structure was confirmed by single crystal X-ray diffraction.§

2-[(3-(NN-Acetyl-N-ethylamino)phenoxy]-6-methylnicotinic acid.
2-Chloro-6-methylnicotinic acid (2.88 g, 16.7 mmol) was added
to a stirred solution of 3-(N-acetyl-N-ethylamino)phenol (3.0 g,
16.7 mmol) in NaOMe solution (2 M, 16.8 cm®) and stirred for
5 minutes at room temperature under an argon atmosphere. The
solvents were removed under reduced pressure and the residue
dissolved in DMF (15 cm®). K,CO; (1.16 g, 8.4 mmol) and Cul
(0.1 g, 0.5 mmol) were added to the mixture and the resulting
suspension heated at 140 °C for 12 hours, monitoring the reaction
using tlc. Upon completion, the reaction was cooled to room
temperature and the solvents removed under reduced pressure.
The residue was taken up in water (150 cm?®) and filtered. The
aqueous solution was acidified with aqueous HCI (1 M) and the
resulting precipitate collected via filtration and dried thoroughly.
Recrystallisation from MeOH yielded the title compound as a
colourless solid, (3.5 g, 64%), m.p. 159-60 °C.

on 8.32 (d, 1H, J 7.8 Hz, H*), 7.43 (t, IH, H¥), 7.16 (d, 1H, J
7.8 Hz, H*), 7.01 (d, 1H, J 8.1 Hz, H*), 7.00 (s, 1H, H*), 6.99 (d,
1H, J 7.8 Hz, H®), 3.76 (q, 2H, J 7.1 Hz, CH,), 2.37 (s, 3H, CH,),
1.92 (s, 3H, COCH,), 1.12 (t, 3H, J 7.1 Hz, CH,CH,).

d¢ 170.7 (C=0i)), 167.4 (C=Opiae)), 162.5 (C°), 160.7 (C?),
154.2 (C"), 143.3 (C%, 130.5 (C%), 1244 (C*¥), 122.3 (C¥),
121.0 (C%), 118.9 (C%), 111.4 (C%), 44.0 (CH,), 24.4 (CH;), 22.8
(COCH,), 13.1 (CH,CH;). ESMS™ (m/z) 313 (IM — H]", 100%).
HRMS (ES*) 337.1151; C;;HsN,O,Na requires 337.1159, [M +
Na]*). Found: C, 64.8; H, 5.76; N, 8.78%; C,;H;sN,O, requires C,
64.9; H, 5.77; N, 8.91%.

N-Substituted-1-azaxanthones. 2-[(3-(NV-Acetyl-N-ethylamino)-
phenoxy]-6-methylnicotinic acid (2.0 g, 6.4 mmol) was added to
PPA (100 g) and heated at 120 °C under an argon atmosphere
with stirring for 16 hours. The resulting viscous solution was
poured onto ice (300 g) and stirred until a homogeneous solution
formed. The solution was then basified to pH 12 using aqueous
KOH (50%) and the yellow precipitate that formed upon cooling
was isolated via filtration. The resulting brown solid consisted of a
mixture of three major products which were separated by column
chromatography (silica, CHCI; 1 to 5% MeOH) and recrystallised
from the stated solvent.

6-Ethylamino-2-methyl-1-azaxanthone, 6. (130 mg, 0.5 mmol,
8%) recrystallised from MeOH, m.p. 142-144 °C.

on 9.31 (brs, 1H, NH), 8.46 (d, 1H, J 7.9 Hz, H*), 7.47 (t, 1H,
H®), 7.22 (d, 1H, J 7.9 Hz, H?), 6.68 (d, 1H, J 8.8 Hz, H"), 6.47
(d, 1H, J 8.5 Hz, H%), 3.31 (q, 2H, J 7.2 Hz, CH,), 2.67 (s, 3H,
CH,), 1.38 (t, 3H, J 7.2 Hz, CH,CH). d  180.1 (C), 164.2 (C?),
159.5 (C"), 157.5(C”), 151.9 (C%), 136.61 (C*), 136.57 (C?), 120.7
(C), 114.6 (C*), 106.4 (C%), 104.5 (C"), 102.7 (C*), 37.8 (CH,),
25.0 (CH;), 14.4 (CH,CH,).

ESMS* (m/z) 255 ((IM + HJ*, 50%), 277 (IM + Na]*, 100%),
531 ([2M + NaJ*, 70%).

Found: C, 66.1; H, 5.77; N, 10.0%; C,sH,N,O,-H,O requires
C, 66.2; H, 5.92; N, 10.3%. The structure was confirmed by single
crystal X-ray diffraction.q

8-N-Ethylamino-2-methyl-1-azaxanthone, 9. (410 mg, 1.6 mmol,
25%) recrystallised from toluene, m.p. 177-178 °C.

on 8.54 (d, 1H, J 7.9 Hz, H*), 8.06 (d, 1H, J 8.8 Hz, H®), 7.23
(d, 1H, J 7.9 Hz, H?), 6.59 (dd, 1H, J 8.8, 2.1 Hz, H’), 6.54 (d,
1H, J 2.1 Hz, H°), 3.28 (q, 2H, J 7.2 Hz, CH,), 2.67 (s, 3H, CHs),
1.33(t, 3H, J 7.2 Hz, CH,CH,).

dc 176.0 (C%), 163.5 (C?), 160.1 (C"), 158.4 (C”), 154.4 (C¥),
137.1 (C%), 128.1 (C°), 120.7 (C%), 114.7 (C*¥), 112.2 (C*), 112.0
(C"), 96.9 (C°), 38.1 (CH,), 25.0 (CH;), 14.5 (CH,CH;). ESMS*
(m/z) 255 (M + HJ*, 15%), 277 ((M + Nal*, 40%), 532 ([2M +
Nal*, 100%). HRMS (ES*) 277.0946; C,sH,;N,O,Na requires
277.0945, [M + Na]*. Found: C, 69.9; H, 5.80; N, 10.8%;
C,sH4N,0,-0.25H,0 requires C, 69.6; H, 5.65; N, 10.8%.

8-(/V-Acetyl- N -ethylamino)-2-methyl-1-azaxanthone, 11.
(490 mg, 1.7 mmol, 26%) recrystallised from EtOH, m.p.
180-182 °C.

Jc 8.60 (d, 1H, J 7.9 Hz, H*), 8.36 (d, 1H, J 8.4 Hz, Hf), 7.41
(d, IH, J 2.0 Hz, H®), 7.34 (d, 1H, J 7.9 Hz, H?), 6.25 (dd, 1H, J
8.4,2.0 Hz, H"), 3.85 (q, 2H, J 7.1 Hz, CH,), 2.73 (s, 3H, CH,),
1.98 (s, 3H, COCH,), 1.17 (t, 3H, J 7.1 Hz, CH,CH,).

0c 176.6 (C°), 169.4 (NC=0), 165.5 (C?), 160.0 (C"), 156.1 (C”),
149.2(C*),137.4(C*), 128.3(C%), 124.5(C"), 121.7(C?), 120.8 (C*),
117.6(C%), 114.3(C"),44.4(CH,), 25.2(CH;), 23.0(COCH;), 13.4
(CH,CH;). ESMS* (m/z) 297 ((M + HJ*, 30%), 319 ((M + NaJ*,
100%), 615 ([2M + Na]*,70%). Found: C, 68.5; H, 5.38; N, 9.41%;
C;H (N, O; requires C, 68.9; H, 5.44; N, 9.45%.

6-(IV-Acetyl-N-ethylamino)-2-methyl-1-azaxanthone, 8. Acetyl
chloride (13.5 pL, 190 umol) was added dropwise to a stirred solu-
tion of 6-ethylamino-2-methyl-1-azaxanthone (48 mg, 190 pmol)
in ethyl acetate (10 cm?) under an argon atmosphere. Following
the addition, the reaction was stirred at room temperature for a
further 4 hours during which time a yellow precipitate formed.
The solvents were removed under reduced pressure to give a pale
yellow solid. The solid residue was suspended in CHCl; (15 cm?)
and quickly washed with saturated NaHCO; solution (5 cm?).
The organic solvents were dried (K,CO,), filtered and evaporated
under reduced pressure to give the title compound (55 mg, 98%)
as a pale yellow solid, which was recrystallised from ethanol.
m.p. 171-173 °C. Found: C, 68.7; H, 5.47; N, 9.44%; C;H4N,O;
requires C, 68.9; H, 5.44; N, 9.45%.

oy (CDCl;) Major diastereoisomer (~80%) 8.53 (d, 1H, J
7.9 Hz, H*), 7.80 (t, 1H, H*), 7.67 (d, 1H, J 8.5 Hz, H’), 7.31
(d, 1H, J 7.9 Hz, H%), 7.20 (d, 1H, J 7.6 Hz, H), 4.31 (dq, 1H,
J 13.9, 7.3 Hz, CH,), 3.22 (dq, 1H, J 13.9, 7.3 Hz, CH,), 2.71 (s,
3H, CH,), 1.76 (s, 3H, COCH,;), 1.10 (t, 3H, J 7.3 Hz, CH,CH;)

Jdc (CDCl;) Major diastereoisomer only 176.2 (C°), 169.5
(C=O\miae), 165.4 (C?), 159.0 (C"), 157.3 (C”), 142.3 (C®), 137.6
(C*), 135.0(C*), 127.0(C"), 121.6 (C?), 119.4(C*), 118.2(C*), 114.8

§Cyy Hyy N O;, M, = 241.24, Monoclinic (P2,), a = 3.8200(6) A b=
9.5681(16) A, ¢ = 14.756(2) A, p = 93.5794)°, Z = 2, p = 0.106 mm'
D, =1.488 Mgm—, T'=120(2) K, 1380 independent reflections [R(int) =
0.027], R, = 0.0276, wR, = 0.0297 [I > 2sigma(/)] CCDC 296391.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b601357k

9C;s Hy N, O,, M, =254.28, Monoclinic (P2,/c), a = 4.5840(3) A b=
11.1889(7) A, ¢ = 24.2034(15) A, f =90.953(3)°, Z =4, 1 = 0.092 mm™*
Dy = 1.361 Mg/m?, T = 120(2) K, 2722 independent reflections [R(int) =
0.1251], R, = 0.0560, wR, = 0.1174 [I > 2sigma(])]. CCDC 296393.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b601357k
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(C*), 43.8 (CH,), 25.1 (CH;), 22.7 (COCHj;), 12.9 (CH,CHs).
ESMS* (m/z) 297 (M + HJ*, 30%), 319 (M + Na]*,100%),
615 (2M + Na]*, 70%). HRMS (ES*) 319.1052; C;;H;,N,O;Na
requires 319.1053, [M + Na]".

2-(1-Azaxanthonylmethyl)-1,4,7-tris(zert-butoxycarbonylmethyl)-
1,4,7,10-tetraazacyclododecane. 1,4,7-Tris(tert-butoxycarbonyl-
methyl)-1,4,7,10-tetraazacyclododecane (0.127 g, 0.246 mmol)
was combined with 2-bromomethyl-1-azaxanthone (70 mg,
0.243 mmol) and Cs,CO; (83 mg, 0.255 mmol) and dry
acetonitrile was added (5 cm?). The reaction mixture was heated
to reflux (85 °C) under argon with stirring for 16 hours and the
reaction monitored by TLC to confirm that all the brominated
starting material had been consumed. The solvent was removed
under reduced pressure and DCM (50 cm?®) added and the solvent
again removed under reduced pressure. The resulting solid was
dissolved in a small volume of DCM (5 cm®) and the solution
filtered to remove any solid CsBr. The crude mixture purified by
column chromatography on alumina (DCM-MeOH, 99.5:0.5) to
yield the title compound as a pale-yellow crystalline solid (0.152 g,
0.21 mmol, 86%), m.p. >250 °C; R; (SiO,, DCM-MeOH, 95 : 5):
0.51; 0y (CDCLy) 1.46 (27H, s, t-Bu), 3.15 (16H, m br, cyclen ring),
3.45 (2H, s, acetate CH,), 3.59 (4H, s, 2 x acetate CH,’s), 4.59
(2H, s, CH,), 7.45 (1H, t, J 8, H"), 7.53 (1H, d, J §, H?), 7.60 (1H,
d,J 8, H%), 7.77 (1H, t, J 8, H%), 8.31 (1H, d, J 8, H®), 8.67 (1H,
d, J 8, H*); m/z (ESMS*) 746.4 ((M + Na], 100%), 724.4 (M +
H], 20%). HRMS (ES*), found: 724.4279 [M + H]; C;HsN;Oy
requires 724.4280.

2-(1-Azaxanthonylmethyl-1,4,7 - tris(carboxymethyl)-1,4,7,10-
tetraazacyclododecane, 17. A mixture of trifluoroacetic acid
(1cm?®)in DCM (0.5 cm?®) was added to 2-(1-azaxanthonylmethyl)-
1,4,7-tris(tert-butoxycarbonylmethyl)-1,4,7,10-tetraazacyclodo-
decane (0.107 g, 0.148 mmol) and the reaction mixture left under
argon for 48 hours at room temperature. The solvents were
removed under reduced pressure and a small volume of DCM (3 x
5 cm®) was added and removed, again under reduced pressure to
yield the title compound as a pale-orange crystalline solid (69 mg,
0.124 mmol, 84%), m.p. >250 °C; R; (SiO,, DCM-MeOH, 95 : 5):
0.50; 0y (CD;CN) 2.75-3.27 (16H, m br, cyclen ring), 3.36 (2H, s,
acetate CH,), 3.77 (4H, s, 2 x acetate CH,%), 4.51 (2H, s, CH,),
748 (1H,t,J 8, H"), 7.51 (1H, d, J 8, H?), 7.73 (1H, d, J §, H),
7.87(1H,t,J 8,H*),8.20(1H,d, J 8, H®),8.58 (1H,d, J 8, H*). m/z
(ESMS*) 556.2 (M + H, 100%), 578.2 (M + Na, 15%). HRMS
(ES*), found: 556.2398 [M + H]; C,;H3,N;Oq4 requires 556.2402.

[Tb.17]. 2-Methyl-1-azaxanthone-1,4,7-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane (40 mg, 71 pmol) was added to
TbCl;.6H,O (27 mg, 72 pmol) and the solids dissolved in a
MeOH-H,0 mixture (1 : 1, 3 cm®). The solution was then
carefully adjusted to an apparent pH of approximately 5.5 by the
addition of 10% aqueous NaOH and the reaction heated at 55 °C
under argon for 16 hours. The reaction was followed by TLC
(DCM-MeOH, 70 : 30) and upon completion the pale yellow
solution was adjusted to an apparent pH of approximately 10
by the addition of aqueous NaHCO; solution and the resulting
white precipitate removed via a fine syringe filter. The solvents
were removed under reduced pressure and the residue purified
by column chromatography on alumina (DCM-MeOH, 50 : 50)
to yield the title compound as a white crystalline solid (10 mg,

14 umol, 20%), m.p. >250 °C; oy (D,0, 500 MHz, 298 K) multiple
resonances from & — 440 to +400 ppm, indicating the presence
of 2 major paramagnetically shifted species, exchanging slowly on
the '"H NMR timescale; m/z (ESMS*) 734.2 (M + Na, 100%);
HRMS (ES*), found: 734.1248 (M + Na), C,;H;N;O0,TbNa
requires 734.1241; Zps (H,0): 336 nm; 74,0 1.82 ms; 7p,0: 2.73 ms;
du,0: 0.24.

[Eu.17]. 2-(1-Azaxanthonylmethyl)-1,4,7-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane (10 mg, 18 pmol) was added to
Eu(OAc);.3H,0 (5.9 mg, 18 umol) and the solids dissolved in
a MeOH-H,0 mixture (1 : 1, 3 cm?®). The solution was then
carefully adjusted to an apparent pH of approximately 5.5 by the
addition of 10% aqueous NaOH and the reaction heated at 55 °C
under argon for 16 hours. The reaction was followed by TLC
(DCM-MeOH, 70 : 30) and upon completion the pale yellow
solution was adjusted to an apparent pH of approximately 10
by the addition of aqueous NaHCO; solution and the resulting
white precipitate removed via a fine syringe filter. The solvents
were removed from the clear colourless solution under reduced
pressure to yield the title compound as a pale yellow crystalline
solid (11 mg, 15.6 pmol, 87%), m.p. >250 °C; dy (D,0, 500 MHz,
298 K) multiple resonances from 6 — 24 to +40 ppm, indicating
the presence of at least 2 diamagnetically shifted components,
exchanging slowly with respect to the '"H NMR timescale; m/z
(ESMS*) 726.1 (M + Na], 100%); HRMS (ES*), found: 726.1188
[M + Na], C;;H;N;OsEuNa requires 726.1185; A,, (H,O):
336 nm; 7y,0: 0.57 ms; Ty,0: 2.02 ms; ¢y,0: 0.069.

[Gd.17]. The Gd complex was prepared in an analogous
manner to the Tb complex. m.p. >250 °C; m/z (ESMS*) 733.0
(M + Na, 100%); HRMS (ES*), found: 733.1228 [M + Na],
C,;H;)N;03GdNa requires 733.1228; r,, (H,O, 310 K, 60 MHz) =
2.94mM" s

77 - Methoxycarbonyl - 2 - (1 - azaxanthonylmethyl)-1,4,7-tris(zert-
butoxycarbonylmethyl) - 1,4,7,10 - tetraazacyclododecane. 1.4,7-
Tris(tert-butoxycarbonyl-methyl)-1,4,7,10-tetraazacyclododecane
(92 mg, 0.178 mmol) was combined with 7-methoxycarbonyl-2-
bromomethyl-1-azaxanthone (62 mg, 0.178 mmol) and K,CO;
(0.025 g, 0.181 mmol) and dry acetonitrile (5 cm?) was added.
The reaction mixture was heated to reflux (80 °C) under argon
with stirring for 16 hours and the reaction monitored by TLC
to confirm that all the brominated starting material had been
consumed. The solvent was removed under reduced pressure
and DCM (50 cm®) added and the solvent again removed under
reduced pressure. The resulting solid was dissolved in a small
volume of DCM (5 cm?) and the solution filtered to remove any
solid KBr. The crude mixture purified by column chromatography
on silica gel (DCM-EtOH, 99 : 1) to yield the title compound as
a 50 : 50 mixture of two distinct stereoisomers in the form of a
pale-yellow foam (0.076 g, 0.097 mmol, 54%), m.p. >250 °C; R;
(Alumina, DCM-EtOH, 97 : 3): 0.40/0.60.

Jou (CDCl;, 300 MHz) 1.44 (27H, s, t-Bu), 3.16 (16H, m br,
cyclen ring), 3.44 (2H, s, acetate CH,), 3.58 (4H, s, 2 x acetate
CH.,%), 3.97 (3H, s, OCH,;), 4.59 (2H, s, CH,), 7.51 (1H, d, J 8§,
H?), 7.68 (1H, d, J 8.5, H®), 8.40 (1H, dd, J 8.5, H*), 8.68 (1H, d,
J 8, H*), 8.98 (1H, s, H®); m/z (ESMS*) 804.8 ((M + Na], 100%),
782.2 (M + H], 25%).
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7-Carboxy-2-(1-azaxanthonylmethyl)-1,4,7-tris(carboxymethyl)-
1,4,7,10-tetraazacyclododecane, 18. 7-Methoxycarbonyl-2-
(1-azaxanthonylmethyl)- 1,4,7 - tris(zert - butoxycarbonylmethyl)-
1,4,7,10-tetraazacyclododecane (60 mg, 77 umol) was suspended
in HCI (6 M, 4 cm®) and the reaction mixture heated to reflux
(100 °C) under argon with stirring for 16 hours. The acid was
removed under reduced pressure to yield the title compound as a
pale-yellow solid (46 mg, 77 umol, 100%), m.p. >250 °C; dy (D,O,
200 MHz) 3.16 (16H, m br, cyclen ring), 3.44 (2H, s, acetate CH.,),
3.58 (4H, s, 2 x acetate CH,’s), 4.59 (2H, s, CH,), 7.49 (1H, d, J 8,
H%), 7.61 (1H, d, J 8.5, H®), 8.15 (1H, dd, J 8.5, H®), 8.36 (1H, s,
H°), 8.49 (1H, d, J 8, H*); m/z (ESMS*) 600.7 ((M + H], 100%).

[Th.18]. 7-Carboxy-2-methyl-1-azaxanthone-1,4,7-tris(carboxy-
methyl)-1,4,7,10-tetraazacyclododecane (42 mg, 70 pumol) was
dissolved in H,O (2 cm?) and a solution of TbCl;.6H,O (34 mg,
91 umol) in H,O (1 cm?®) added. The solution was then carefully
adjusted to a pH of approximately 5.5 by the addition of
10% aqueous KOH solution and the reaction heated at 90 °C
under argon for 16 hours. The reaction was followed by TLC
(DCM-MeOH, 70 : 30) and upon completion the pale yellow
solution was adjusted to a pH of approximately 10 by the addition
of aqueous NaHCO; solution and the resulting white precipitate
removed via a fine syringe filter. The solvents were removed from
the clear colourless solution under reduced pressure to yield the
title compound as a white crystalline solid (37 mg, 49 umol, 70%),
m.p. >250 °C; dy (D,0, 500 MHz, 298 K) multiple resonances
from 6 —440 to +400 ppm, indicating the presence of 2 major
paramagnetically shifted isomers, exchanging slowly on the 'H
NMR timescale; m/z (ESMS~) 754.1 (M — H], 100%); A
(H,0): 336 nm; ty1,0: 1.89 ms; 7y,0: 2.88 ms; ¢yy,0: 0.12.

2-(4-Methyloxycarbonylphenylthio)-6-methylnicotinic acid.
To a stirred solution of methyl-4-thiobenzoate (5 g, 29.7 mmol)
and 2-chloro-6-methylnicotinic acid (4.25 g, 24.8 mmol) in DMF
(28 ml) was added copper(1) bromide (220 mg, 1.53 mmol) and
the resulting mixture was heated at 120 °C for 10 minutes. K,CO,
(5.21 g, 37.7 mmol) was added, followed by DMF (20 ml).
The reaction mixture was heated to 150 °C overnight and then
allowed to cool down. After being diluted by water (150 ml), the
resulting solution was washed with ether (4 x 150 ml). The pH
of the solution was adjusted to 4 by addition of acetic acid. The
precipitated product was collected by filtration and dried under
reduced pressure to yield the title compound as a pale yellow solid
(4.8, 64%), m.p. 190-192 °C; (found C, 59.23; H, 4.25; N, 4.47.
CsH;;NO,S requires C, 59.39; H, 4.32; N, 4.62%); o5 (DMSO,
500 MHz) 2.23 (3H, s, CH;), 3.86 (3H, s, OCH;), 7.11 (1H, d,
J 7.8, H%),7.61 (2H,d,J 8.1, H", H*), 7.95 (2H, d, J 8.1, H?,
H¥), 8.13 (1H, d, J 7.8, H*); . (DMSO, 125 MHz) 24.7 (CHs,),
52.9 (OCHs;), 120.3 (C%), 121.4 (C%), 129.9 (C¥), 129.9 (C¥, C¥),
135.5 (C¥, C¥), 138.4 (C"), 140.1 (C*), 159.4 (C*), 162.1 (C°),
166.6 (COOCH;), 167.7 (COOH); m/z (ESMS~) 302 (M — HJ,
100%).

7-Methoxycarbonyl-2-methyl-1-azathioxanthone, 12a. A mix-
ture of 2-(4-methoxycarbonylphenlythio)-6-methylnicotinic acid
(4 g, 13.2 mmol) and polyphosphoric acid (120 ml) was heated to
120 °C and vigorously stirred for 24 h. The reaction was allowed to
cool down to room temperature and was diluted by dry methanol
(300 ml). The reaction mixture was heated under reflux for a

further 16 h. The majority of the methanol was removed under
reduced pressure to give a sticky syrup, which was diluted by water
to give 1000 ml of solution. The pH of the solution was adjusted to
8 by the addition of NaOH pellets and was extracted with CHCI;,
(3 x 300 ml). The solvent was removed under reduced pressure
to yield the title compound as a pale greenish solid (3.25 g, 86%),
sublimes 190-194 °C; (found C, 62.4; H, 3.71; N, 4.81. C;sH,,NO;S
requires C, 63.4; H, 3.89; N, 4.91%); 6, (CDCl;) 2.69 (3H, s, CH,),
3.99 (3H, s, OCH;), 7.32 (1H, d, J 8.0, H*), 7.70 (1H, d, J 8.5, H’),
8.25(1H, dd, J 8.5, 2.0, H®), 8.58 (1H, d, J 8.0, H*), 8.88 (1H, d,J
2.0, H%); 6. (CDCl;, 125 MHz) 25.2 (CH,), 52.7 (OCHj;), 122.7
(C3), 124.4 (C*), 127.0 (C°), 128.8 (C*), 129.0 (C"), 131.7 (C°),
132.8 (C*), 138.1 (C*), 142.6 (C*), 157.8 (C"), 164.3 (C?), 166.2
(COOCH,), 180.1 (C%); m/z (ESMS*) 286 ((M + H]*, 30%), 308
(IM + NaJ*, 100%), 593 ([2M + Na]*, 15%).

2-Bromomethyl-7-methoxycarbonyl-1-azathioxanthone,  12b.
N-Bromosuccinimide (NBS) (175 mg, 0.98 mmol) and dibenzoyl
peroxide (10 mg, 0.04 mmol) were added to a solution of 7-
methoxycarbonyl-2-methylazathioxanthone (500 mg, 1.75 mmol)
in CCl, (30 ml). The reaction mixture was heated under reflux for
2 h after which NBS (175 mg, 0.98 mmol) and dibenzoyl peroxide
(10 mg, 0.04 mmol) were added again. The reaction mixture
was heated under reflux for further 34 h. Further additions of
dibenzoyl peroxide were made at 4 h (10 mg, 0.04 mmol), 6.5 h
(10 mg, 0.04 mmol), 9.5 h (20 mg, 0.08 mmol), 24 h (10 mg,
0.04 mmol) and 29.5 h (10 mg, mmol) after the reaction start.
Further additions of NBS (90 mg, 0.51 mmol) were made at 24 h
and 29.5 h after the reaction start. The reaction mixture was
allowed to cool down, filtered and the solvent was removed under
reduced pressure. The residue was purified by chromatography on
silica (gradient elution: CH,Cl,—toluene 1 : 1 to 2% CH;OH-49%
CH,C1,-49% toluene) to yield the title compound as a light yellow
solid (90 mg, 25%), R; 0.42 (silica, 2% MeOH: 49% toluene: 49%
CH,Cl,), sublimes 186-190 °C; (found C, 49.2; H, 2.70; N, 3.84.
CsH(BrNO;S requires C, 49.5; H, 2.77; N, 3.85%); oy (CDCl;,
500 MHz) 4.00 (3H, s, CH,), 4.61 (2H, s, CH,), 7.61 (1H, d, J 8.5,
H?%),7.71 (1H, d, J 8.5, H?), 8.28 (1H, dd, J 8.5, 1.5, H®), 8.82 (1H,
d, J 8.5, H*), 9.20 (1H, d, J 1.5, H%); 6 (CDCl;, 125 MHz) 32.4
(CH,), 52.8 (CHs), 122.3 (C?), 125.8 (C*), 127.1 (C*), 128.9 (C*),
129.2 (C7), 131.8 (C%), 133.2 (C®), 139.3 (C*), 142.3 (C”), 157.8
(C"), 161.5 (C*), 166.1 (COOCH,), 179.8 (C?); m/z (ESMS*) 364
(IM + HJ*, 20%), 386 (IM + Na]*, 100%), 749 ([2M + Nal*, 55%).

1-(7-Methoxycarbonyl- 2 - methyl - 1 - azathioxanthone)-4,7,10-
tris-tert-butoxycarbonylmethyl-1,4,7,10-tetraazacyclododecane.
A solution of 2-bromomethyl-7-methoxycarbonyl-1-azathioxan-
thone (90 mg, 0.25 mmol), 1,4,7-tris-tert-butoxycarbonylmethyl-
1,4,7,10-tetraazacyclododecane (130 mg, 0.25 mmol) and Cs,CO;
(84 mg, 0.26 mmol) in acetonitrile (5 ml) was heated under
reflux for 20 h. The solvent was removed under reduced pressure,
the residue was dissolved in CH,Cl, (20 ml), filtered and the
solvent was removed under reduced pressure again. The residue
was dissolved in CH,Cl, (20 ml), the suspension was filtered to
remove the salts and the solvent was removed under reduced
pressure. The residue was purified by chromatography on alumina
(gradient elution: CH,Cl, to 2% CH;OH-CH,Cl,) to yield the
title compound as a brown glass (60 mg, 30%), R; 0.48 (alumina,
5% MeOH-CH,Cl,). §,; (CDCl;, 500 MHz) 1.32 (18 H, s, CH,),
1.59 (9H, s, CHj;), 2.05-3.90 (24H, br m, CH, ring, CH,CO, CH,),
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3.99 3H, s, OCH;), 7.44 (1H, d, J 8.5, H°), 7.52 (1H, d, J 8.2, H),
8.26 (1H, dd, J 8.5, 1.5, H®), 8.81 (1H, d, J 8.2, H*), 9.21 (1H, d,
H°); dc (CDCL, 125 MHz) 21.6 (CH.), 28.3 (CH,), 52.9 (OCH,),
49.5-58.2 (CH, ring, CH,CO), 82.4 (C™®), 123.0 (C°), 125.4
(C*), 126.3 (C°), 128.8 (C*), 129.1 (C7), 131.8 (C®), 133.2 (CY),
138.9 (C%), 142.3 (C”), 158.4 (C"), 164.5 (C?), 166.0 (COOMe),
173.2 (COOBu), 179.9 (C%); m/z (ESMS*) 798 ([M + HJ*, 20%),
820 (M + NaJ*, 100%). Found: (ES*) 820.3926 (C,;HsN;0,SNa
requires 820.3926, [M + Na]J*).

[Tb.19]. A solution of 1-(7-methoxycarbonyl-2-methyl-1-
azathioxanthone)-4,7,10-tris-tert-butoxycarbonylmethyl-1,4,7,10-
tetraazacyclododecane (80 mg, 0.10 mmol) in TFA (3 ml) and
CH,Cl, (0.2 ml) was stirred at room temperature for 18 h. The
solvents were removed under reduced pressure. The residue was
repeatedly (3x) dissolved in CH,Cl, and the solvent removed
under reduced pressure. The residue was analysed by '"H NMR
spectroscopy. The residue was dissolved in water (8 ml) and
MeOH (3 ml) and TbCl;.6H,O (45 mg, 0.12 mmol) was added.
The pH of the solution was adjusted to 5.5 by the addition of
IM KOH solution. The reaction mixture was stirred at 65 °C
overnight. The pH dropped to 2.8 and was adjusted back to 5.5
and the mixture was stirred at 65 °C for a further 10 h. Methanol
was removed under reduced pressure and the remaining solution
was diluted with water (10 ml). The reaction mixture was filtered.
Water was removed by freeze-drying and the residue was purified
by HPLC to yield the title compound (15 mg, 13%). Found:
(ES™) 784.1078 (C,H; N;O,STb requires: 784.1091, [M — H]").
Aws(MeOH) 372 nm; &(MeOH) 5360 M~ cm™', 71,(H,0) 0.49 ms,
715(D,0) 0.62ms; ¢, (H,0) = 0.021.

[Eu.19]. A solution of 1-(7-methoxycarbonyl-2-methyl-1-
azathioxanthone)-4,7,10-tris-tfert-butoxycabonylmethyl-1,4,7,10-
tetraazacyclododecane (60 mg, 0.076 mmol) in TFA (2 ml) and
CH,CI, (0.1 ml) was stirred at room temperature for 18 h. The
solvents were removed under reduced pressure. The residue was
repeatedly (3x) dissolved in CH,Cl, and the solvent removed
under reduced pressure. The residue was analysed by '"H NMR
spectroscopy. The residue was dissolved in water (5 ml) and MeOH
(2 ml) and EuCl;.6H,0 (30 mg, 0.082 mmol) was added. The pH
of the solution was adjusted to 5.5 by the addition of 1M KOH
solution. The reaction mixture was stirred at 65 °C overnight. The
pH dropped to 3.5 and was adjusted back to 5.5 and the mixture
was stirred at 65 °C for further 10 h. Methanol was removed
under reduced pressure and the remaining solution was diluted
with water (10 ml). The reaction mixture was filtered. Water was
removed by freeze drying and the residue was purified by HPLC
to yield the title compound (10 mg, 17%). Found: (ES™) 778.10605
(CyH;3 EuN;OyS requires 778.10604, [M — HJ]7). A,(MeOH)
372 nm; eMeOH) 5360 M~! cm™!, 75,(H,0) 0.51 ms, 7:,(D,0)
1.62ms; ¢g, (H,0) = 0.022.

6-Methyl-2-thiophenoxynicotinic ~ acid. 2-Chloro-6-methyl-
nicotinic acid (5.00 g, 29.2 mmol) and thiophenol (3.80 g,
34.5 mmol), were dissolved in DMF (30 cm®) with stirring,
followed by CuBr (0.25 g, 17.5 mmol), and K,CO; (6.00 g,
43.5 mmol). The reaction was heated for 15 minute at 130 °C
followed by 18 hour at 150 °C generating a light yellow solution.
The mixture was cooled down and treated with water (170 cm?)
to give a yellow suspension, which was washed with ether (3 x

80 c¢m®). The aqueous solution was acidified with acetic acid
yielding a very light yellow precipitate upon cooling, which was
filtered, washed with water and dried thoroughly to yield the title
compound as a pale yellow, crystalline solid (5.90 g, 83%), m.p.
170-2 °C. Found C, 63.7; H, 4.44; N, 5.60; S, 13.0% C;;H,,NO,S
requires C, 63.7; H, 4.49; N, 5.73; S, 13.1%. Jy (CDCl;) 13.40 (1H,
br s, -OH), 8.13 (1H, d, J 8 Hz, H*), 7.42-7.52 (5H, m, H*-¥),
7.09 (1H, d, J 8 Hz, H°), 2.23 (3H, s, CH5); 6. (CDCl;) 24.8 (CH,),
119.8 (C%), 121.4 (C*), 129.6 (C?), 130.1 (C¥*), 131.8 (C"), 136.1
(C¥%), 139.9 (C*), 160.4 (C?), 160.8 (C°), 167.4 (COOH); m/z
(ESMS*) 246 [M + H], 268 [M + Nal].

2-Methyl-1-azathioxanthone, 15a. Polyphosphoric  acid
(60 cm®) was added to 6-methyl-2-thiophenoxynicotinic acid
(5.50 g 22.4 mmol) and the mixture heated at 120 °C for 4 hours
under argon with stirring. The resulting brown liquid was
cooled to room temperature and then slowly poured onto cold
concentrated aqueous sodium hydroxide solution (300 cm?) with
vigorous stirring. The light yellow precipitate that formed was
collected via filtration. The product was recrystallised from warm
EtOH. The crystals that formed upon standing were filtered and
dried thoroughly to yield the title compound as a yellow crystalline
solid (4.61 g, 90%) %), m.p. 145-7 °C. Found C, 68.4; H, 3.95;
N, 6.17; S, 14.0%. C;;HyNOS requires C, 68.7; H, 3.89; N, 6.10;
S, 14.0%. o, (CDClLy) 8.73 (1H, d, J 8.2 Hz, H*), 8.60 (1H, d, J
8 Hz, H°), 7.65 (2H, m, H*’), 7.48 (1H, m, H’), 7.31 (1H, d, J
8.2 Hz, H?), 2.70 (3H, s, CH,); 6. (CDCl;) 25.2 (CH;), 121.7 (C%),
124.8 (C), 127.3 (C%), 127.5 (C%), 129.6 (C”), 130.4 (C*), 133.5
(CY, 137.5 (C*), 138.5 (C*), 158.0 (C"), 162.1 (C?), 181.0 (C°);
m/z (ESMS*) 228 [M + H], 250 [M + Na], 477 [2M + Na]. The
structure was confirmed by single crystal X-ray diffraction.*

2-(4-Methylthiophenoxy)nicotinic acid. 2-Chloronicotinic
acid (4.57 g, 29.2 mmol), 4-methylthiophenol (4.22 g, 34.5 mmol),
were dissolved in DMF (30 cm?) with stirring, followed by CuBr
(0.25 g, 17.5 mmol), and K,CO; (6.00 g, 43.5 mmol). The reaction
was heated for 15 minutes at 130 °C followed by 18 hours at 150 °C
to form a light yellow solution. The mixture was cooled and
treated with water (170 cm®) to give a yellow suspension, which
was washed with ether (3 x 80 cm?). The aqueous solution was
acidified with acetic acid yielding a very light yellow precipitate
upon cooling, which was filtered, washed with water and dried
thoroughly to yield the title compound as a white crystalline solid
(6.14 g, 87%), m.p. 190-192 °C. Found C, 63.5; H, 4.50; N, 5.64;
S, 13.1 C3H; NO,S requires C, 63. 7; H, 4.49; N, 5.73; S, 13.1%.
Jn (CDCly) 13.60 (1H, brs,~OH), 8.41 (1H, d, J 7.5 Hz, H®), 8.20
(1H, d, J 7.5 Hz, H°), 7.38 (2H, m, H***'), 7.20 (3H, m, H*'%"),
2.31 (3H, s, CH;); J. (CDCl,) 20.2 (CHj;), 120.2 (C¥), 123.2 (C),

*Cp; Hy N O S, M, = 227.27, Monoclinic (P2,), a = 3.8693(5) A b=
12.3848(16) A, ¢ = 10.4698(13) A, f =95.0152)°, Z =2, u = 0.296 mm "
D =1.510Mgm~, T=120(2) K, 2632 independent reflections [R(int) =
0.0551], R, = 0.0634, wR, = 0.1510 [/ > 2sigma(])]. CCDC 296394.
For crystallographic data in CIF or other electronic format see DOI:
10.1039/b601357k
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127.7 (CY), 130.5 (C*), 136.3 (C**), 139.6 (C"), 140.0 (C*),
152.9 (C°), 162.1 (C?), 167.4 (COOH); m/z (ESMS*) 246 [M +
HJ, 268 [M + Na].

7-Methyl-1-azathioxanthone, 13. Polyphosphoric acid (60 cm?)
was added to 2-4-methylthiophenoxy-nicotinic acid (5.50 g
22.4 mmol) and the mixture heated at 120 °C for 4 hours
under argon with stirring. The resulting a brown liquid was
cooled to room temperature and then slowly poured onto cold
concentrated aqueous sodium hydroxide solution (300 cm?®) with
vigorous stirring and the light green precipitate that formed was
removed via filtration. The product was recrystallised from warm
EtOH. The crystals that formed upon standing were filtered
and dried thoroughly to yield the title compound as a yellow
microcrystalline solid (4.32 g, 87%), m.p. 139-41 °C. Found C,
68.6; H, 4.07; N, 5.89; S, 13.9%; C,;H,NOS requires C, 68.7; H,
3.95; N, 6.17; S, 14.1%. 4 (CDCl,) 8.85 (1H, d, J 7.9 Hz, H?),
8.72 (1H, d, J 7.9 Hz, H*), 8.50 (1H, s, H®), 7.78 (1H, d, J 8.2 Hz,
H°), 7.63 (2H, m, H*®), 3.29 (3H, s, CH;); . (CDCl;) 22.9 (CH,),
123.1 (C?), 127.5 (C”), 128.2 (C7), 129.5 (C*), 129.6 (C*), 130.0
(C®), 136.3 (C%), 138.7 (C*), 139.4 (C*), 156.9 (C"), 159.7 (C?),
179.8 (C%); m/z (ESMS*) 228 [M + H], 250 [M + Na].

2-(2’-Methylthiophenoxy)nicotinic acid. This was prepared as
described above for the para isomer to yield the title compound as
a pale yellow, crystalline solid (6.02 g, 85%), m.p. 166-8 °C. Found
C, 64.1; H, 4.29; N, 5.39; S,12.8%; C,sH;,NO,S requires: C, 63.7;
H, 4.49; N, 5.73; S, 13.1%. Jy4 (CDCl;) 13.55 (1H, br s, —-OH), 8.36
(1H, d, J 7.2 Hz, Hf), 8.22 (1H, d, J 7.2 Hz, H®), 7.45 (1H, d, J
7.6 Hz, H"), 7.34 (2H, m, H*-"), 7.20 (2H, m, H**) 2.20 (3H, s,
CH,); . (CDCl;) 21.5 (CHs), 120.3 (C¥), 127.2 (C%), 131.1 (C?),
131.6 (C*¥), 137.0 (C%), 137.2 (C¥), 143.2 (C"), 143.7 (C*), 153.6
(C%), 162.0 (C?), 167.4 (COOH); m/z (ESMS*) 246 [M + H], 268
[M + Nal.

9-Methyl-1-azathioxanthone, 16. This was prepared as de-
scribed for the isomer above yield the title compound as a light
yellow crystalline solid (4.73 g, 95%), m.p. 135-7 °C. Found: C,
68.8; H, 3.97; N, 6.24; S, 13.9%; C,;H,NOS requires: C, 68.7; H,
3.95; N, 6.17; S, 14.1%. 6,; (CDCl;) 8.92 (1H, dd, J 8, 1.8 Hz, H?),
8.74 (1H, dd, J 8, 1.8 Hz, H*), 8.34 (1H, dd, J 8, 2 Hz, H®), 7.76
(1H, dd, J 8, 2 Hz, H®), 7.67 (1H, t, J 8 Hz, H?), 7.54 (1H, t, J
8 Hz, H"), 2.52 (3H, s, CH,;); J. (CDCl,) 20.1 (CHj;), 123.8 (C%),
126.0 (C¥), 127.3 (C7), 127.8 (C%), 129.1 (C*), 135.0 (C?), 135.2
(C), 136.6 (C”), 138.1 (C*), 157.2 (C*), 158.9 (C"), 181.4 (C°);
m/z (ESMS*) 228 [M + H], 250 [M + Na].

2-(3'-Methylthiophenoxy)nicotinic acid. This was prepared as
described above for the para isomer yielding the title compound as
a pale yellow crystalline solid (6.02 g, 85%), m.p. 160-2 °C. Found
C, 63.9; H, 4.45; N, 5.26; S, 13.3%; C,;H,;NO,S requires C, 63.7;
H, 4.49; N, 5.73; S, 13.1%. o4 (CDCl;) 13.60 (1H, br s, —-OH),
8.41 (1H, d, J 7.9 Hz, H®), 8.20 (1H, d, J 7.9 Hz, H*), 7.28 (5H,
m, H¥4 223 (3H, s, CH;); 6. (CDCl;) 21.7 (CH;), 120.1
(C¥), 122.0 (C?), 129.7 (C¥), 130.2 (C**), 134.0 (C*), 137.3 (C*),
138.7 (C"), 139.8 (C*), 153.2 (C*), 158.1 (C?), 167.4 (COOH); m/z
(ESMS*) 246 [M + HJ, 268 [M + Nal].

6-Methyl-1-azathioxanthone, 14 and 8-methyl-1-azathioxan-
thone, 15b. Polyphosphoric acid (60 ¢cm®) was added to 2-3'-
methylthiophenoxy-nicotinic acid (5.50 g 22.4 mmol) and the

mixture heated at 120 °C for 4 hours under argon with stirring.
The resulting a brown liquid was cooled to room temperature
and then slowly poured onto cold concentrated aqueous sodium
hydroxide solution (300 cm®) with vigorous stirring and the light
grey precipitates that formed were removed via filtration. The
product was washed with water and dried thoroughly to yield a
1 : 1 mixture (obtained from "H-NMR) of the title compounds
as a light yellow powder. Products were separated by column
chromatography (silica, toluene-CH,Cl,~EtOAc 45 : 45 : 10), Pure
fractions were combined together and the solvents removed by
reduced pressure. Products were recrystallised from warm EtOH,
to yield the given compound as a light yellow crystalline solid.

6-Methyl-1-azathioxanthone, 14. Yield 0.41 g (8%) m.p. 184—
186 °C. Found C, 69.1; H, 4.04; N, 6.02.; S, 13.8%; C,;H,NOS
requires: C, 68.7; H, 3.95; N, 6.17; S, 14.1%. é,; (CDCl;) 8.81 (1H,
dd, J 8 Hz, H?), 8.79 (1H, d, J 8 Hz, H*), 8.34 (1H, m, H’), 7.42
(2H, m, H*"), 7.31 (2H, m, H**), 2.23 (3H, s, CH;); J. (CDCl;)
22.3 (CH;), 122.5 (C?), 126.2 (C?), 127.1 (C¥), 128.7 (C7), 129.8
(C*), 138.8 (C"), 139.1 (C?), 142.3 (C¥), 152.7 (C*), 159.2 (C¥),
180.8 (C°); m/z (ESMS*) 228 [M + H], 250 [M + Nal].

8-Methyl-1-azathioxanthone, 15b. Yield 0.56 g (11%) m.p.
126-128 °C. Found C, 68.7; H, 3.99; N, 5.81.; S, 14.1%; C;;H,NOS
requires C, 68.7; H, 3.95; N, 6.17; S, 14.1%. dy (CDCl;) 8.72 (1H,
d,J 8 Hz, H?), 8.66 (1H, d, J 8 Hz, H*), 7.52 (1H, s, H’), 7.50 (1H,
d,J7.9Hz, H),7.41 (1H,t,J 8 Hz, H*),7.30 (1H,d, J 7.9 Hz, H")
2.88 (3H, s, CHy;); ., (CDCl;) 24.5 (CH;), 121.8 (C?), 125.5 (C°),
128.3 (C"), 130.7 (C"), 131.6 (C°), 131.8 (C”), 138.3 (C*), 138.8
(C*), 142.4 (C?), 153.3 (C?), 157.8 (C¥) 182.1 (C®); m/z (ESMS*)
228 [M + H], 250 [M + Nal].
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We here show that the pK, (error limit: 0.01 to 0.03 pK, unit) of a nucleobase in a nucleotide can be
modulated by the chemical nature of the 2’'-substituent at the sugar moiety. This has been evidenced by
the measurement of nucleobase pK, in 47 different model nucleoside 3',5'-bis- and
3’-mono-ethylphosphates. The fact that the electronic character of each of the 2’-substituents (Fig. 1)
alters the chemical shift of the H2' sugar proton, and also alters the pK, of the nucleobase in the
nucleotides has been evidenced by a correlation plot of pK, of N3 of pyrimidine (T/C/U) or pK, of N7
of 9-guaninyl with the corresponding dH2' chemical shifts at the neutral pH, which shows linear
correlation with high Pearson’s correlation coefficients (R = 0.85-0.97). That this modulation of the
pK, of the nucleobase by a 2'-substituent is a through-bond as well as through-space effect has been
proven by ab initio determined pK, estimation. Interestingly, experimental pK,s of nucleobases from
NMR titration and the calculated pK,s (by ab initio calculations utilizing closed shell HF 6-31G**
basis set) are linearly correlated with R = 0.98. It has also been observed that the difference of ground
and protonated/de-protonated HOMO orbital energies (AHOMO, a.u.) for the nucleobases
(A/G/C/T/U) are well correlated with their pK,s in different 2'-substituted 3',5-bis-ethylphosphate
analogs suggesting that only the orbital energy of HOMO can be successfully used to predict the
modulation of the chemical reactivity of the nucleobase by the 2’-substituent. It has also been
demonstrated that pK, values of nucleobases in 3,5 -bis-ethylphosphates (Table 1) are well correlated
with the change in dipole moment for the respective nucleobases after protonation or de-protonation.
This work thus unambiguously shows that alteration of the thermodynamic stability (7,,) of the
donor—acceptor complexes [ref. 20], as found with various 2’-modified duplexes in the antisense, sSiIRNA
or in triplexes by many workers in the field, is a result of alteration of the pseudoaromatic character of
the nucleobases engineered by alteration of the chemical nature of the 2'-substitution.

Introduction

Modification at C2’ of the sugar moiety is widely used to make
oligonucleotides thermodynamically and nucleolytically stable as
well as to recruit RNase H'? (through the well-known gapmer
or mixmer strategies) in the antisense**® approach for the down-
regulation of gene expression.” These 2'-modified nucleosides
have been also found to be extremely useful in the design of
unique binding properties of aptamers® to a specific ligand by
in vitro evolution (SELEX)® as well as to understand the general
mechanism of RNA catalysis’**® (ribozyme),® DNAzyme' and
small interfering RNAs (RNAI).”*"7 Clearly, any change of the
pseudoaromatic character'®' of the nucleobase has a profound
consequence in terms of its hydrogen-bonding ability in the
formation of donor—acceptor complex in general. Every pK, unit
increase for T or U or G aglycon in the antisense strand should
result in the destabilization of A-T or A-U or C-G basepairing
contribution in AG®,s by 5.8 kJ mol~!, whereas every pK, unit

Department of Bioorganic Chemistry, Box 581, Biomedical Center, Uppsala
University, SE-75123 Uppsala, Sweden. E-mail: jyoti@boc.uu.se; Fax: +46-
18554495

T Electronic supplementary information (ESI) available: Fig. S1-S5 and
Tables S1-S3. See DOI: 10.1039/b601460g

increase in C or A aglycon in the antisense strand would result
in 5.8 kJ mol™" stabilization of G-C or U-A basepairing in the
sense—antisense duplexes. The exact basepairing contribution in
AG°,s in a duplex will, however, be modulated by the sequence-
context specific modulation of the pseudoaromaticity,” owing to
the nearest-neighbor stacking interactions. We have earlier shown
that the aglycons in 2'-deoxyribonucleotides® are in general more
basic than those in the ribonucleotide counterpart because of the
electron-withdrawing effect of the 2-OH group® in the latter:
Thus, 9-adeninyl in dA is more basic by 0.11 pK, unit than that
in rA (AAG® x, = 0.6 kJ mol™), 9-guaninyl in dG is more basic
by 0.3 pK, unit than that in rG (AAG®, = 1.7 kJ mol™), 1-
uracilyl in dU is more basic by 0.33 pK, unit than that in rU
(AAG®,k, = 1.8 kJ mol™), and 1-cytosinyl in dC is more basic
by 0.1 pK, unit than that in rC (AAG°, = 0.8 kJ mol™).
Similarly, the net stabilization® of r(C-G) basepair over d(C-G)
basepair and r(A-T) basepair over d(A-T) basepair are 0.20 and
0.76 kJ mol~" respectively. Thus, any modulation observed in the
relative acidity/basicity of the nucleobase by the chemical nature
of the 2'-substituent (Table 1) should affect the donor—acceptor
properties, and accordingly should influence the strength for H-
bonding®?! as well as the stacking with the nearest-neighbor in
a potential duplex or triplex. We here present a general picture

This journal is © The Royal Society of Chemistry 2006
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Table 1 The experimental pK, of nucleoside phosphates (see Figure 1 for compound numbers) obtained by NMR titration

pK'du
N3

pK.*

pK.“

pK‘du

pK,“

N7 N1/N3 N7 N1/N3 N7 N1/N3 N7

N1/N3

1’,2’-Azetidine or 2'-NH,

1.82(0.02)

(d4a) 3.68 (0.01) H8/H2

2.46(0.01) (4b) 9.74(0.03) HS

(3a) 3.83(0.01) H8/2

221(0.01) (3b) 9.59(0.02) HS

(2a) 3.77(0.02) H8/H2

221(0.02) (2b) 9.73(0.02) HS

(1a) 3.69 (0.01) H8/H2
(1b) 9.27 (0.02) H8

6.08 (0.02) H6
5.88 (0.02) H6
5.90 (0.03) H6

(5d) 9.60 (0.02) H6/CHj
(5¢) 9.11 (0.03) H6/H5

(5¢) 3.24(0.02) H6/5

(d4¢) 3.54(0.01) H6/H5
(4d) 9.51 (0.02) H6/CHj
(4¢) 8.93 (0.02) H6/H5
(4f) 3.59 (0.02) H8/H2

2.17(0.01) (dg) 9.64(0.01) HS

10.12 (0.01) H6/CHj

(3¢) 4.35(0.01) H6/H5

(3d)

(2¢) 4.26 (0.01) H6
(2d) 9.94 (0.02) H6/CHj

(1) 4.24(0.01) H6/H5
(1d) 9.78 (0.01) H6/CHj
(1) 9.26 (0.02) H6/H5
(1) 3.11(0.02) H8/H2

(1g) 9.27(0.01) HS

(3e) 9.59 (0.02), H6/H5
(3 3.35(0.01) H8/H2

1.94(0.02) (3g) 9.40(0.01) H8

5.99(0.01) H6
5.74 (0.02) H6
5.61(0.02) H6
6.35 (0.02) HI'
5.87(0.02) HI’
5.69(0.02) H6

9.33 (0.03) H6/CHj
8.93 (0.03) H6/H5

(5h) 3.09(0.02) H6/HS5
(51)
(5D

1.61(0.01)

9.32 (0.02) H6/CH;
8.74 (0.01) H6/H5

(dh) 3.48 (0.01) H6/H5

(4i)
)

(3h) 4.12(0.01) H6/HS
9.93(0.01) H6/CH;
9.35(0.01) H6/5

(3i)
(€)

@2f) 3.46 (0.01) H8/H2
9.72 (0.02) H6/CH;

1.90(0.01) (2g) 9.31(0.01) H8
(2h) 4.03 (0.02) H6/H5

(2i)

9.67 (0.02) H6/CH;
9.21 (0.01) H6/H5

(1h) 3.84(0.01) H6/H5

(1i)
1

9.70 (0.01) H6/CHj

(6d) 9.76 (0.01) H6/CH;

(6i)

(6¢) 3.51(0.03) H6/HS
“Reporter 'H and *'P used for the pH-dependent titration are shown by aromatic H5/H6/H8/H2/CH;(T) and 5'- and 3'-phosphodiester-phosphorus respectively. The error for the curve-fitting/Hill

Plot analysis for pK, determination is shown in parenthesis (see Experimental Section). ® HS is buried with H1” in 2¢. We observe no significant 5'-phosphate protonation (pK, 1.6-1.8) as evident from

the negligible Ad*'P(5') shift between pH 1 to 7 (0.051 ppm upfield for 1b, 0.014 ppm upfield for 2b, 0.052 ppm upfield for 3b and 0.043 ppm upfield for 4b). On the other hand, we see some definite
3'-phosphate protonation in 1b and 2b, but not in 3b and 4b between pH 1 to 7 (Ad*'P(3): 0.230 ppm upfield for 1b, 0.215 ppm upfield for 2b, 0.085 ppm upfield for 3b and 0.033 ppm upfield for 4b).

of how a change of the electronic character of the 2'-sugar-
substitution affects the electronic properties of the nucleobase
basing on 47 different model nucleoside 3',5'-bis- and 3'-mono-
ethylphosphates as shown Fig. 1.

We here provide unambiguous pK, evidence (Table 1) showing
that the electronic character of the nucleobase is dynamically
modulated as the substitution pattern in the pentose-sugar moiety
changes in the model 47 different analogs of nucleoside 3',5-bis-
ethylphosphates and nucleoside 3'-mono-ethylphosphates® (series
1-6in Fig. 1). Since these model compounds are monomers and all
the measurements have been made at a low concentration (1 mM),
we can safely rule out any stacking interactions or any effect of
the nearest-neighbor promoted modulation'®* of the electronic
properties.'® "

It has been known for some time now that due to the electrostatic
interactions between the negatively charged 5'-phosphate and the
nucleobase, the pK, value of the nucleobase in nucleoside 5'-
phosphate increases by ca. 0.2-0.5 pK, unit. Hence all differ-
ences in pK, found for nucleobases between nucleoside 3',5-bis-
ethylphosphates (1a—e/2a-d/3a—e/4a—e/5c—e/6d) and the corre-
sponding 3'-mono-ethylphosphate analogs with 5-OH group (1f-
i/2f-i/3f—j/4f—j/5h—j/6i) can be attributed to the electrostatic
effect of the 5'-phosphate group.

Results and discussion

The error for the pK, estimation reported in this work using pH-
dependent 'H chemical shift is found to be 0.01-0.03 [Table 1 and
the Supplementary informationt]. The following is a summary of
our observations, based on the pK, determinations (Table 1) of 47
compounds (Fig. 1), on how the alteration of the chemical nature
of 2'-substituent alters the nucleobase pK,:

(1) Substituent effect of 2'-OMe versus 2'-OH or 2'-deoxy in the
alteration of the nucleobase pK,

Comparison of the pseudoaromatic properties of 9-guaninyl in
guanosine 3',5-bis-ethylphosphates shows that the -OMe substi-
tution at C2' (compare 1b/2b/3b) drives the pK, of N1 in 9-
guaninyl to be more basic than that in nucleotides with 2’-OH
or in the 2’-deoxy counterpart in contradistinction to those in
the corresponding adenine series (compare 1a/2a/3a), cytosine
series (compare 1¢/2¢/3c¢), or thymine series (compare 1d/2d/3d).
On the other hand, the pK, of N1 in 9-guaninyl in guanosine
3’-mono-ethylphosphates is almost identical for both 2’-OH and
2'-OMe analogs, 1g and 2g, respectively. In contrast, the N1 of 9-
adeninyl moiety in 2’-O-methyladenosine 3'-mono-ethylphosphate
2f is more basic than those of compound with free 2'-OH
1f and 2'-deoxy counterparts 3f, and also in comparison with
the corresponding guanosine, cytosine and thymine derivatives
(compare 1g/2g/3g, 1h/2h/3h, 1i/2i/3i, Table 1).

(2) Comparison of the 2’-OMe effect with
1’,2’-conformationally-constrained oxetane systems

(i) Comparison of the pK, of NI, N3 or N7 in 2'-O-methyl-
ribonucleoside 3',5'-bis-ethylphosphates 2a-2d with those of the
North-East conformationally-constrained oxetane? counterparts
4a—4d show that the 1’,2'-cis-fused oxetane moiety is probably
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exerting more electron-withdrawing effect on N7 of the 9-guaninyl
derivative [compare 2b with 4b: ApK,("G) = 0.39] and N3 of
the pyrimidine nucleobases [compare 2¢/4cApK,(*C) = 0.72 and
2d/4d ApK,(™*T) = 0.43]. (ii) In contradistinction, a comparison
of the pK, of N1, N3 or N7 amongst the corresponding 3'-mono-
ethylphosphate analogs with free 5-OH group shows [2f-2i versus
4f—4i] that the basicity of N1 (A/G) of 2-OMe analogs in the
purine series (2f/2g) is less than that in the oxetane constrained
purine analogs (4f/4g) [ApK.(N1)ome-oxetane = — 0.13 and —0.33
pK, unit for A and G residues, respectively], whereas in the
oxetane constrained pyrimidine (T/C) analogs (4h/4i) the pK,s
(N3) have been found to be less compared to the 2’-OMe analogs
(2h/2i) [ApK.(N3)ome-oxetane = 0.40 pK, unit for T residues and 0.55
pK, unit for C residues].

We see here an interplay of three competing effects: (i) the
5'-phosphate effect”®** near the nucleobase, (ii) the anomeric
effect® [no,’ — 6*c1’ ni/ng ), and (iii) the distance-dependent in-
ductive effect between the 2'-substituent and the protonation/de-
protonation site in the pyrimidine and purine nucleobases.

While the pK, of N1 in the adenosine and guanosine 3'-
monophosphates (1f/1g) is more acidic (3.11/9.27, respectively)
compared to that of the corresponding oxetane (4f/4g: 3.59/9.64,
respectively) and the 2'-OMe-(2f/2g: 3.46/9.31, respectively)
counterparts, the pK,s of N7 in the guanosine 3'-monophosphates
[1g (1.90)/2g (1.94)/4g (1.61)] follow a different trend with the
conformationally constrained oxetane derivative (4g) being the
most acidic (1.61) and conformationally free ribo- and 2’-OMe-
nucleotides (1g/2g) being similarly more basic (1.90/1.94). This
suggests that the oxetane group in 4g has a profound effect in
withdrawing the charge density from the imidazole part of the
9-guaninyl base compared to that of the 2'-OMe and 2'-OH sub-
stituents in 2g/1g. The examination of the oxetane effect vis-a-vis
2'-OMe effect on the pK, of N3 in pyrimidine nucleosides (4h/2h
and 4i/2i) shows that the 1',2"-cis-fused oxetane group has indeed a
more electron-withdrawing influence at N3 in 1-cytosinyl-oxetane
derivative 4h by 0.55 pK, unit compared to that of 1-cytosinyl-2'-
OMe analog 2h. Similarly, the N3 in 1-thyminyl-oxetane derivative
4i is 0.40 pK, unit less basic compared to that of 1-thyminyl-2'-
OMe derivative 2i. Hence, these comparisons of relative basicity
of purines and pyrimidine nucleotides with 2'-OMe substituent
(2b—d/2g-i) with those of fused-oxetane counterparts (4b—d/4g—i)
show that the electron-withdrawing effect of the oxetane works
most effectively on the reduction of the electron-density in the
pyrimidine moieties in 4c/4d/4h/4i as well as on the imidazole
part of the purine system (for example, compare pK, of N7 in
oxetane-guanine analogs 4b/4g with that of the 2’-OMe analog
2b/2g in Table 1), whereas the back-donation of the charge by the
anomeric effect?®? works best for the pyrimidine part of oxetane
constrained 9-adeninyl (4a/4f) and 9-guaninyl (4b/4g) (evidenced
by an increase of the N1 basicity) because of the North-East
constrained nature of the sugar in which the anomeric effect is
overwhelmingly preferred.?*?

(3) Effect of the conformationally-constrained 1',2'-cis-fused
azetidine systems

A comparison of the pK,s amongst the 1',2'-cis-fused azetidine-
nitrogen® in the pyrimidine nucleotides (5c—e) uniquely shows
that the azetidine-nitrogen in the 1-cytosinyl nucleotide (5¢) is

~0.2 pK, unit more basic compared to that of the azetidine
constrained 1-thyminyl (5d) or 1-uracilyl (5e) nucleotides, thereby
showing the donation of the charge from 1-cytosinyl moiety to the
azetidine part owing to the relatively high electron-rich aromatic
character of the 1-cytosinyl residue in 5¢ compared to the 1-
thyminyl 5d or 1-uracilyl 5e moieties. A very similar comparison of
azetidine-nitrogen pK, in azetidine constrained? cytidine 3',5'-bis-
ethylphosphate Sc with that of its 3’-mono-ethylphosphate analog
5h shows that the former is more basic compared to the latter.
In a similar way, azetidine nitrogens in the 1-thyminyl analog 5d
and 1-uracilyl analog 5e are more basic compared to that in their
corresponding 3'-mono-ethylphosphate analogs 5i and 5j by ca.
0.2 pK, unit.”” An identical pK, was observed for the azetidine-
nitrogen for 3',5-bis-ethylphosphate azetidine constrained 1-
thyminyl and 1-uracilyl residues (5d/5e), whereas the azetidine-
nitrogen in 3’-mono-ethylphosphate analog of 1-uracilyl 5j is
0.13 pK, unit more acidic compared to that of corresponding
1-thyminyl analog 5i. This suggests that the 5-methyl group in
1-thyminyl derivative 5i can increase the constituent azetidine-
nitrogen basicity through its electron donating effect which is
absent in the 1-uracilyl derivative 5j.

(4) Comparison of the effect of conformationally-constrained
1’,2'-cis-fused-azetidine and -oxetane systems on the modulation of
the nucleobase pK,

The larger reduction of basicity at N3 of the 1-cytosinyl residue
in the conformationally-constrained azetidine blocks (5¢/5h)
compared to those of the oxetane counterparts (4¢/4h) is owing to
the fact that azetidine-nitrogen becomes almost fully protonated
when the pH of the medium is equal to the pK, of the 1-
cytosinyl-N 3, thereby exerting a reduced N3 basicity by 0.30 (3',5'-
bis-ethylphosphate) and 0.39 (3'-mono-ethylphosphate) pK, units
respectively.

(5) Comparison of nucleobase pK, modulation in
conformationally-constrained azetidine modified nucleotide with
that of 2’-amino analogs

In order to understand the effect of conformational constraints
introduced by the azetidine ring in 1-cytosinyl S¢ and 1-thyminyl
5d derivatives, we have compared the pK, of the azetidine-
nitrogen with the corresponding 2’-amino group in analogs 6c¢
and 6d: (a) Interestingly, the pK, of the 2’-amino group in the
1-cytosinyl analog 6¢ (6.35) shows that it is more basic compared
to that of the azetidine-nitrogen in Sc¢ (6.08) [ApK, = 0.27].
On the other hand in the 1-thyminyl analogs, the pK, of 2'-
amino group in 6d and that of the azetidine-nitrogen in 5d were
identical. (b) In contradistinction, the more electron withdrawing
nature of the azetidine ring compared to the -NH, group is
reflected from the relative pK, of N3 of l-cytosinyl-azetidine
(3.24) versus 1-cytosinyl-2’-amino (3.51) analogs (5¢/6¢: ApK, =
0.27) compared to 1-thyminyl-azetidine (9.60) versus 1-thyminyl-
2’-amino (9.76) analogs (5d/6d: ApK, = 0.16). It shows that
the 1',2'-cis-fused azetidine ring has a more profound electron-
withdrawing effect compared to the freely rotating 2’-amino

group.
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(6) Correlation of the chemical shifts of the H-2' in different
2'-substitueted derivatives with the modulated pK, of the
nucleobases

Since our above observations show that the chemical nature of the
2'-substituent affects the electronic properties of the imidazole part
(N7) of guanine base and the N3 of the pyrimidines, we argued that
the magnitude of the electronegativities of different 2’'-substituents
and also of the 1',2’-conformationally constrained system (oxe-
tane/azetidine) probably affects the chemical shift of H2'-sugar
proton in various nucleotides (Fig. 1). Hence, we have plotted pK,
of N7 of 9-guaninyl for different 2'-substituted and 1’,2’-oxetane
constrained 3',5-bis-ethylphosphate analogs [Fig. 2D] as well as
the pK, of N3 of 3,5-bis-ethylphosphate pyrimidine (T/U/C)
derivatives [Fig. 2A—C] with their corresponding dH2' at neutral
pH. Indeed, we find a straight correlation with high Pearson’s
correlation coefficients (0.85-0.97), thereby demonstrating that
the chemical nature of 2'-substituent which alters the chemical
shift of the H2" also directly alters the pseudoaromaticity of the
nucleobases (Fig. 2).

Theoretical pK, of nucleoside

In order to understand the mechanism of modulation of the pK,
in the constituent nucleobases by different 2'-substituents, we have
performed a set of ab initio calculations utilizing the closed shell
Hartree-Fock (HF) method and 6-31G** basis set to calculate pK,
values from the traditional thermodynamic cycle (1):

A)
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A key problem of the absolute pK, determination using the
thermodynamic circle above are the values to use for AG,(H*) and
AG(H*) which in the literature® vary in the range from 258.32 kcal
mol~' to —264 kcal mol~' and from —6.04 to —7.76 kcal mol~',
respectively. Since we have aimed to use the theoretical pK,s not as
absolute values but as a tool to understand the mechanistic basis
of the observed modulation of the experimental pK,s, the choice
of these energies introduces only systematic error which is taken
care of by the correlation parameters, thus allowing to make an
arbitrary choice which was AG,(H*) = — 262.5 kcal mol~',* and
AG(H*) = — 6.28 kcal mol™'.*°

The theoretical pK, values obtained for different nucleosides
have been compared with the experimental pK,s of respective
nucleosides 3',5-bis-ethylphosphate. Due to hardware limitations
the explicit phosphates have not been included in the simula-
tions, but a good correlation between the NMR titration based
experimental pK, values and ab initio based theoretical pK,s
(Fig. 3, Table 2) has however been observed for N3, N1 and
N7 protonation/de-protonation of 2’-deoxy-, ribo-, methoxy-,
amino-, oxetane- and azetidine-nucleosides as well as for N3 and
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Fig. 2 Correlation plots of pK,s of N3 of 3'5'bis-ethyl-phosphates of T/U/C, (see Fig. 1 for structures and Table 1 for pK,). [panels A, B, C] and
3',5'bis-ethyl phosphates of N7(G) [panel D] with different 2’-substituents versus their JH2' (neutral pH) show that the pK,s of pyrimidine N3 and
imidazole N7 in 9-guaninyl derivatives show that they are linearly correlated, giving high Pearson’s correlation coefficients (R) (shown in the top right

hand corners of the plots).
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Fig. 3 Correlation between experimental pK,s obtained by NMR titration (Table 1) and the calculated pK,s (Table 2, Table SI in the Supporting
Information). Compound numbers (Fig. 1) of the corresponding 3',5-bis-ethylphosphates are shown in parenthesis.

N7 of cytosine, guanine, thymine and uracil nucleobases. Although
the phosphate effect can clearly be seen in the experimental
data (compare pairwise pK, values in 3',5-bis-ethylphosphate-
versus 3'-mono-ethylphosphate with free 5-OH in the ribo-series
1: 1a/1f, 1b/1g, 1c¢/1h, 1d/1i, 1e/1j as well as in the other
series of compounds in 2-6 in Fig. 1 and Table 1), the linear
correlation (R = 0.98, pK, (exp) = 0.4690 (£0.0170) * pK,
(calc) —2.1087 (£0.3270)) between experimental pK, values for
the bis-ethylphosphates and calculated pK, values for nucleosides
(Fig. 4) suggests that the phosphate effect is very similar for the
protonation/de-protonation at pK,s far away from the phosphate
pK, of 1.3-2.1, which probably leads to a systematic error in the
calculated pK,s. Thus, only calculations of pK, corresponding
to N3 protonation in cytosines (compounds 1¢/1h, 2¢/2h, 3¢/3h,
4c¢/4h,5¢/5h) and N7 protonation in guanines (compounds 1b/1g,

2b/2g, 3b/3g.4b/4g) as well as probably the azetidine nitrogen
pK,s in compounds 5c¢-5j should be sensitive to exclusion of
the explicit phosphates in the model compounds. This linear
correlation also indicates that even such a restricted model allows
us to calculate the absolute values of nucleobase pK,s in various
nucleotide analogs (corrected using above mentioned parameters
of the correlation line) from the ab initio simulation with up to 0.5
pK, unit accuracy).

Method of calculations

Molecular geometries of all protonated and de-protonated nu-
cleosides have been optimized in the gas phase and the effect of
solvation has been estimated using Baron and Cossi’s implementa-
tion of the polarizable conductor CPCM model®*! as implemented

12 ;
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Fig. 4 Correlation between experimental pK, (Table 1) and the difference of ground and protonated (de-protonated) HOMO orbital energies AE
(HOMO1-HOMO?2, a.u.) (Table 3, Table S2 in the Supporting Information). Compound numbers (Fig. 1) of the corresponding 3',5'-bis-ethylphosphates

are shown in parentheses.
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Table 2 Theoretical proton affinities (PA), Gibbs free energies (gas phase and solvation), and the theoretical pK, values of the nucleobases in ribo-,
2'-deoxy-, 2'-amino-, 2’-methoxy-, oxetane and azetidine nucleosides as well as the experimental pK, values for the corresponding bis-ethylphosphate
nucleotides (Table 1). Complete table is provided in the Supporting Information (Table S1)T

Nucleobase/nucleoside” PA (gas)/kcal mol™! AAG,,.. AAG,/kcal mol™! AAG; kcal mol™! pK, (calc) pK, (exp)®
Adenine: N1 231.61 285.53 53.46 12.12 3.88
Guanine: N1 352.26 301.54 —51.02 23.85 10.00
Thymine: N3 362.65 304.32 —58.33 25.89 10.47
Cytosine: N3 236.87 286.01 48.80 12.47 4.56
Uracil: N3 362.70 304.08 —58.58 25.71 10.06
Deoxy-A: N1 238.18 287.65 49.92 13.67 3.83 (3a)
Deoxy-G: N1 349.59 302.05 —47.78 24.22 9.59 (3b)
Deoxy-C: N3 247.64 288.18 41.21 14.06 4.35 (3¢)
Deoxy-T: N3 358.99 303.62 —55.53 25.37 10.12 (3d)
Ribo-A: N1 236.32 288.13 52.62 14.02 3.69 (1a)
Ribo-G: N1 349.89 301.93 —48.41 24.13 9.27 (1b)
Ribo-C: N3 242.93 291.00 48.69 16.12 4.24 (1¢)
Ribo-U: N3 350.05 304.54 —46.03 26.05 9.26 (1e)
Oxe-A: N1 233.02 285.13 52.31 11.82 3.68 (4a)
Oxe-G: N1 344.36 302.23 —42.71 24.35 9.74 (4b)
Oxe-C: N3 238.46 283.33 44.98 10.50 3.54 (4c)
Oxe-T: N3 352.40 302.72 —50.25 24.72 9.51 (4d)
Oxe-U: N3 352.34 302.68 —50.18 24.69 8.93 (de)
Aze-A: N1 232.94 285.54 52.98 12.12 —

‘N 247.97 285.99 40.16 12.45
Aze-G: N1 348.28 301.25 —47.51 23.63

Nz 231.55 290.00 57.28 15.39
Aze-C: N3 241.65 276.91 35.42 5.80 3.24 (5¢)

N.. 232.96 287.18 53.74 13.32 6.08 (5¢)
Aze-T: N3 355.13 303.37 —52.32 25.19 9.60 (5d)

Nuze 227.41 288.04 59.41 13.96 5.88 (5d)
Aze-U: N3 357.30 302.56 —55.16 24.59 9.11 (5e)

Nz 230.45 286.74 55.90 13.00 5.90 (5e)
CH,0-A: N1 237.98 287.61 50.73 13.64 3.77 (2a)
CH,;0-G: N1 346.56 304.05 —43.700 25.69 9.73 (2b)
CH;0-C: N3 249.41 287.74 39.84 13.74 4.26 (2¢)
CH,0-T: N3 355.55 305.32 —50.98 26.62 9.94 (2d)

*Calculated pK,s of phosphates-free nucleosides are compared to the corresponding experimental pK,s of 3',5-bis-ethylphosphate nucleotides. The
protonation or de-protonation sites are shown by atom name and numbering. * Compound numbers (Fig. 1) of the 3',5'-bis-ethylphosphates are shown

in parenthesis.

in the Gaussian 98% program package. The accurate prediction
of absolute pK, values presents a considerable challenge to the
theoretical chemistry community, even to date, due to the fact
that relatively small errors in the gas-phase thermodynamics and
the solvation energy calculations lead to often large errors in
absolute pK, values. For example, an error of 1.36 kcal mol™
in the total free Gibbs energy results in error of 1 pK, unit (for
discussion see Liptak and Shields® and references therein). We
therefore have adopted an empirical correction scheme similar to
that of Klicic and co-workers.** This allows us to compensate for
deficiencies in both ab initio and solvation models and with the
“right” set of training compounds (we have used a full set of A, G,
C, T, U native nucleobases and deoxy-A,G,C,T and ribo-A,G,C,U
nucleosides; 24 compounds altogether in the dataset) it provides
reasonably good correlation (with errors of up to 0.5 pK, unit)
to experimental pK, values via the following correction scheme:
pK., (scaled) = A pK, (calc) + B, where A and B are constants
determined from the correlation of the training set of compounds.
Generally, these coefficients are basis set and theoretical method
dependent; they can as well vary drastically for different functional
groups® and thus cannot be applied to calculate absolute pK,s in
a diverse groups of chemical compounds. This correlation scheme
has also assumed a systematic error obeying linear free-energy

relationship which can generally be doubtful. However, the scope
of achieving 0.5 pK, accuracy with reasonable computational
efforts and within well-grounded theoretical (ab initio) model,
overweighs the deficiencies of the empirical correction per se and
prompts for a cautious use of this model.

Relationship between pK, and frontier orbital structure and energy

Clearly, any rationalization and prediction of the sugar substitu-
tion effect at C2' on the nucleobase pK, in the form of Hammett
constant-like correlation, as in substituted aromatic systems, is not
possible as the experimental pK,s exhibit different trends for the
different sets of nucleotides (see Fig. 1 and Table 1). Thus, for the
adeninyl (A) group the pK, follow the following trend: oxetane-
(4a) ~ ribo-(1a) < MeO-(2a) < deoxy-(3a); for the guaninyl (G)
group it is ribo-(1b) < deoxy-(3b) < MeO-(2b) ~ oxetane-(4b); for
the cytosinyl (C) group it is azetidine-(5¢) < amino-(6¢) ~ oxetane-
(4¢) < ribo-(1c) ~ MeO-(2¢) < deoxy-(3¢); and for the thyminyl
(T) group, the trend is oxetane-(4d) < azetidine-(5d) < amino-(6d)
~ ribo-(1d) < MeO-(2d) < deoxy-(3d), which is similar to the trend
found for Us: oxetane-(4e) < azetidine-(5e) < ribo-(le) < deoxy-
(3e). The explanation of these trends and the intrinsic mechanism
behind the 2’-sugar modification effect on the nucleobase pK, can
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be derived from the molecular orbital description of the electronic
structure of corresponding nucleosides (Table 3 and Table S2 in
Supporting Informationt). The frontier orbital theory*** suggests
that only the highest occupied (HOMO) and lowest unoccupied
(LUMO) molecular orbitals (MOs) should be taken into account
to predict the chemical reactivity. We have cautiously adopted this
approach, but have also taken into account the lower occupied
valence and higher unoccupied virtual MOs.

According to the frontier orbitals approach,*? the main
interactions to consider are overlap between HOMO of nucleoside
and LUMO of hydroxonium ion H;O" and vice versa. Since the
protonation (de-protonation) process does not change the number
of electronsin a given compound, and the HOMO of hydroxonium
ion is much lower in energy than LUMO of the nucleoside
(Scheme 1, off the scale), the overlap between the HOMO of
the nucleosides and LUMO of the hydroxonium ion should play
a decisive role. Since the hydroxonium ion’s LUMO energy is
constant for all the compounds in question, it is reasonable to
expect that experimental pK,s correlate only with the energy of
nucleoside’s HOMO orbitals which change upon protonation/de-
protonation. Indeed a good correlation (R = 0.97) between
energy difference of the ground state HOMO and protonated/de-
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N1 de-protonated

Ground state

protonated HOMO (AHOMO) molecular orbitals, obtained using
CPCM solvation model, and the experimental pK, (Fig. 4) has
been observed. The gas phase AHOMO energies versus experimen-
tal pK,s have also shown somewhat lower correlation (R = 0.95).
Although the AHOMO energy represents only part of the total
energy change in the system due to protonation/de-protonation,
it appeared to show a good correlation even for the nitrogen pK,s
of azetidine modified nucleosides (abs error of 0.3 pK, units).
This somewhat better correlation probably reflects variation of
an error in estimation of solvation energy by the CPCM model.
Despite a good correlation between HOMO orbital energies and
pK.s, the HOMO orbital itself appeared to give only limited clues
to the protonation (de-protonation) mechanism as it was found
to be a typical © orbital 100% localized on the nucleobase for
all purine nucleosides (protonated and de-protonated) and 55—
98% localized on the nucleobase for the pyrimidine nucleosides
(Table 3, Table S2 in the Supporting Informationt). As the
MO energy effectively includes (through HF Hamiltonian) all
interactions for the particular electron(s) on the HOMO, its
energy indeed reflects properties (such as pK,) attributed to these
electron(s), but the orbital structure does not reflect total electron
distribution which is greatly influenced by the valence electrons

LUMO

——LUMO-1

HOMO-1

H;0"

Scheme 1 MO diagram (gas phase, MO energy shown in Table 3) of the deoxy-G in the N1 de-protonated and ground states shown with the LUMO
and LUMO + 1 orbitals of the hydroxonium ion. Occupied MOs with the orbital energies below —0.6 a.u. are not shown.
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Table 3 Frontier orbitals and their respective energies (a.u.) of the ground, protonated and de-protonated states of deoxy A,G,C, T and ribo-U nucleosides.
Complete table of the frontier orbitals of the 2'-ribo, 2’-deoxy, 2'-amino-, 2’-methoxy-, oxetane- and azetidine-nucleosides is provided in the Supporting

Information (Table S2). MOs have been visualized using gOpenMol**

HOMO-1

HOMO

LUMO

LUMO + 1

dA ground state
rd

MO energy (a.u) —0.36188(—0.37104) —0.30677(—0.31318)
dA N1 protonated
MO energy (a.u) —0.51492(—0.40391) —0.46701(—0.34055)
dG ground state
MO energy (a.u) —0.38989(—0.39480) —0.29724(—0.30490)
dG N1 deprotonated \.0‘
MO energy (a.u) —0.19183(—0.34728) —0.12450(—0.27368)
dC ground state f t. Ji -

29 © PO

%
MO energy (a.u) —0.37048(—0.37725) —0.32956(—0.33362)
dC N3 protonated :
MO energy (a.u) —0.49830(—0.43517) —0.05996(—0.36364)
>® P
dT ground state -
o

MO energy (a.u) —0.34313(—0.34003)

® ®
dT N3 deprotonated & %‘ - { r
Y .,

Ne

—0.42556(—0.42012)

0.28839 (0.17518)

0.11524 (0.11881)

-

0.16432 (0.15528)

—0.02470(0.10780)

0.30231 (0.19678)

0.19234 (0.18366)

0
e
“’3.- N "
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Table3 (Cont.)

HOMO-1

HOMO

LUMO

LUMO + 1

MO energy (a.u)

—0.17866(—0.35020)

—0.17533(=0.30774)

0.28690 (0.15558)

0.29572 (0.21448)

rU ground state

'S

MO energy (a.u) —0.42612(—0.41494)
rU N3 deprotonated ' ! 8
Y °
- °

MO energy (a.u) —0.19997(—0.35654)

2
¥ C
I e 9
(] ...-é )
é
—0.36243(—0.34880)

£

—0.18637(—0.31726)

) ,

¥

'g ;

0.10560 (0.11912)

)

0.16963 (0.18040)

0.28485 (0.15633) 0.30898 (0.20640)

occupying energy levels below HOMO. The electrons on HOMO-
1 are expected to give highest contributions to the substitution
effect as they are the closest in energy to HOMO electrons.

Clearly, the HOMO electrons contributions to the observed
changes in pKa are negligible for the purines and the main effect
comes from lower lying HOMO-1 7 orbital (Table 3, Table S2
in the Supporting Information). In fact, the chemical nature
of this orbital is changed upon protonation as HOMO-1 of
the pyrimidines in the de-protonated state is stabilized so much
that HOMO-2 or HOMO-3 (exact orbital number depends on
the substituent) takes its place (see example of MO diagram
in Scheme 1 shown for deoxy-G protonation/de-protonation
which qualitatively describes the situation for all the nucleosides
reported here). On the other hand, the observed changes in pK, of
pyrimidines are apparently dependent on the electrons occupying
both the HOMO and HOMO-1 orbitals in the protonated
and de-protonated states (Table 3, Table S2 in the Supporting
Information). Similar to the effect observed for purines, the nature
of HOMO-1 orbitalis also changing upon protonation (Scheme 1).
For both the purines and pyrimidines, the aglycon part of the
HOMO-1 orbitals remains essentially the same in the particular
protonated state of the nucleoside within the substitution series
while the major variations are observed in the sugar moiety
(Table 3, Table S2 in the Supporting Information).

Relation between dipole moment and pK,

Due to the essentially electrostatic nature of the protonation effect,
one could expect it to be dependent on the total charge distribution
changing upon protonation (de-protonation) which manifests in a
first approximation as a change in the dipole moment. Indeed, the
acid-base difference of the respective dipole moments correlates
linearly with the values of pK,s (Fig. 5). However, this dependence
is not universal and the smaller changes in dipole moments for the
aromatic systems like nucleobases lead to bigger changes in the
pK,s (green triangles and squares in Fig. 5).

Conclusions and implications

(1) The cis-fused 1',2-oxetane or -azetidine moiety (shown in
Fig. 1) has a stronger electron-withdrawing effect than that of 2'-

OMe substituent, which has been evidenced from the pK, of N3
of 1-cytosinyl, 1-thyminyl, 1-uracilyl and pK, of N7 of 9-guaninyl
analogs (Table 1). On the other hand, the cis-fused 1',2’-oxetane
moiety has a poorer electron-withdrawing effect on the N1 of
9-adeninyl and 9-guaninyl system.

(2) Comparison of nucleobase pK, for 3',5-bis-phosphates with
that of 3'-monophosphate with 5-OH group shows that the 5'-
phosphate electrostatically enhances the basicity of the nucleobase.

(3) Comparison of pK, for N1 in 9-adeninyl (4f) and in 9-
guaninyl (4g) in the 3'-monophosphate series shows that the oxe-
tane modification exerts a stronger anomeric effect in sugar moiety
[nos = o* i nimg ¥ compared to that of the corresponding
2’-OMe analogs of 9-adeninyl 2f and 9-guaninyl 2g., probably
because of its fully-constrained North-East-type conformation.?

(4) Correlation plots of the pK, of N3 of pyrimidine (T/C/U) or
pK, of N7 of 9-guaninyl with the corresponding dH2' at the neutral
pH (Fig. 2) shows that these properties are linearly correlated
with high Pearson’s correlation coefficients (0.85-0.97) which
reflects that the pseudoaromatic character of the nucleobases
can be tuned depending upon the chemical nature of the 2'-
substituent,® which also explains why the 7, of a duplex can be
modulated®?-334 by the chemical nature of the 2’-substituent. The
high correlation of dH2' with the pK, of the constituent nucleobase
clearly suggests that the comparison of the chemical shifts for
H2' in the sugar moiety in a series of 2’-modified nucleosides or
oligonucleotides can provide neat information (bypassing direct
pK, measurement) for interrogation of how the pseudoaromatic
character of the genetic alphabets has been altered as a function
of the electronegativity of the 2’-substituent.

(5) The 5-phosphate group not only enhances the pK, of
nucleobases but also enhances the pK, of the 2'-substituent
(compare the pK, of amine or azetidine nitrogen protonation for
3',5-bis- and 3'-mono-ethylphosphate derivatives in Table 1).

Experimental section

(A) pH-dependent "H NMR measurement

All NMR experiments were performed in Bruker DRX-500
and DRX-600 spectrometers. The NMR samples of all 2-OH
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Fig. 5 Correlation of the experimental NMR-titration derived pK,s (Table 1) of the 3',5-bis-ethylphosphate nucleotides with the acid—base difference
of the calculated dipole moments (Table S3 in Supporting Information) of the respective nucleosides. Compound numbers (Fig. 1) of the corresponding

3',5'-bis-ethylphosphates are shown in parenthesis.

(1a-1j), 2-OMe (2a-2i), 2'-deoxy (3a-3j), oxetane con-
strained (4a—4j) and azetidine constrained (5¢-5j) series
of nucleoside 3',5-bis-ethylphosphates, Etp(2’-OH/2-OMe/2'-
deoxy/Oxe/Aze)B pEt (B = Nucleobase), and nucleoside
3’-mono-ethylphosphates, (2’-OH/2'-OMe/2'-deoxy/Oxe/Aze)B
pEt (B = Nucleobase), were prepared in D,0O solution (concentra-
tion of 1 mM in order to rule out any chemical shift change owing
to self-association) with dpgs = 0.015 ppm as internal standard.
All pH-dependent NMR measurements have been performed at
298 K. The pH values [with the correction of deuterium effect]
correspond to the reading on a pH meter equipped with a calomel
microelectrode (in order to measure the pH inside the NMR
tube) calibrated with standard buffer solutions (in H,O) of pH 4,
7 and 10. The pD of the sample has been adjusted by simple
addition of micro liter volumes of NaOD solutions (0.5M, 0.1M
and 0.01M). The pH values are obtained by the subtraction of 0.4
from corresponding pD values [pH = pD — 0.4]. All 'H spectra
have been recorded using 128 K data points and 64 scans.

(B) The pH titration of aromatic protons and phosphorus of 3' and
5’ phosphates and pK, determination from Hill plot analysis

The pH titration studies were done over the range of pH (1.8 <
pH < 12.2), with [0.2-0.3] pH interval for all 2OH (1a-j),
2’-OMe (2a-i), 2'-deoxy (3a—j), oxetane constrained (4a—j) and
1',2" azetidine constrained (5c¢—j) series of nucleoside 3',5-bis-
ethyl-phosphates, Etp(2-OH/2" OMe/2-deoxy/Oxe/Aze)pEt,
and (2'-OH/2" OMe/2'-deoxy/Oxe/Aze)pEt for nucleoside 3'-
ethylphosphates. All pH titration studies consist of ~20-33 data
points and the corresponding sigmoidal pH metric titration curves
for 2’-OMe (2a-i), (4a—j), (5¢—j), and (6¢—i) compounds are given
in the Supporting Information (Fig. S2)1. For 2 OH (1a—j) and
2'-deoxy (3a—j) pH metric titration plots (see ref. 20). The pH-

dependent [over the range of pH 1.8 < pH < 12.2, with an
interval of pH 0.2-0.3] 'H chemical shifts (6, with error £0.001
ppm) for all compounds show a sigmoidal behavior. The 6*'P also
shows sigmoidal behavior during the protonation of nitrogens of
azetidines and amines in (5c—j) and (6c—i) [Fig. S4 in Supporting
Information]. The pK, determination is based on the Hill plot
analysis using equation: pH = log ((I — a)/a) + pK,, where
a represents fraction of the protonated species. The value of a
is calculated from the change of chemical shift relative to the
de-protonated (D) state at a given pH (Ap, = dp — J for de-
protonation, where J,,, is the experimental chemical shift at a
particular pH), divided by the total change in chemical shift
between neutral (N) and de-protonated (D) state (Ag). So the
Henderson-Hasselbach type equation can then be written as pH
=log[(Ar — Ap)/Ap] + pK,. The pK, is calculated from the linear
regression analysis of the Hill plot.

Acknowledgements

Generous financial support from the Swedish Natural Science
Research Council (Vetenskapsradet), the Swedish Foundation for
Strategic Research (Stiftelsen for Strategisk Forskning) and the
EU-FP6 funded RIGHT project (Project no. LSHB-CT-2004-
005276) is gratefully acknowledged.

References

1 M. Nowotny, S. A. Gaidamakov, R. J. Crouch and W. Yang, Cell, 2005,
121, 1005.

2 E. Zamaratski, D. Ossipov, P. I. Pradeepkumar, N. Amirkhanov and J.
Chattopadhyaya, Tetrahedron, 2001, 57, 593.

3 J. Kurreck, Antisense technologies, Eur. J. Biochem., 2003, 270, 1628.

4 D. Kirn, Oncogene, 2000, 19, 6660.

5 G. G. Carmichael, Nat. Biotechnol., 2003, 21, 371.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1675-1686 | 1685





6 1. Lebedeva and C. A. Stein, Annu. Rev. Pharmacol. Toxicol., 2001, 41,
403.

7 C. H. Thomas, J. H. Collier, C. S. Sfeir and K. E. Healy, Proc. Natl.
Acad. Sci. USA, 2002, 99, 1972.

8 R. A. Stull and F. C. Szoka, J. Pharm. Res., 1995, 12, 465.

9 W. J. Dower and L. C. Mattheakis, Curr. Opin. Chem. Biol., 2002, 6,
390.

10 W. G. Scott, Curr. Opin. Struct. Biol., 1998, 8, 720.

11 D. M. Lilley, ChemBioChem, 2001, 2, 729.

12 D. M. Lilley, ChemBioChem, 2001, 2, 31.

13 D. M. Lilley, Trends Biochem. Sci., 2003, 28, 495.

14 M. Levy and A. D. Ellington, Bioorg. Med. Chem., 2001, 9, 2581.

15 G. Ramaswamy and F. J. Slack, Chem. Biol., 2002, 9, 1053.

16 B. Bartel, Nat. Struct. Mol. Biol., 2005, 12, 569.

17 P. Y. Lu, F. Y. Xie and M. C. Woodle, Trends Mol. Med., 2005, 11, 104.

18 S. Acharya, P. Acharya, A. Foldesi and J. Chattopadhyaya, J Am.
Chem. Soc., 2002, 124, 13722.

19 S. Acharya, J. Barman, P. Cheruku, S. Chatterjee, P. Acharya, J.
Isaksson and J. Chattopadhyaya, J. Am. Chem. Soc., 2004, 126, 8674.

20 P. Acharya, P. Cheruku, S. Chatterjee, S. Acharya and J. Chattopad-
hyaya, J. Am. Chem. Soc., 2004, 126, 2862.

21 J. L. Hougland, S. K. Deb, D. Maric and J. A. Piccirilli, J. Am. Chem.
Soc., 2004, 126, 13578.

22 P. 1. Pradeepkumar, P. Cheruku, O. Plashkevych, P. Acharya, S. Gohil
and J. Chattopadhyaya, J. Am. Chem. Soc., 2004, 126, 11484.

23 C. Thibaudeau, P. Acharya and J. Chattopadhyaya, Stereoelectronic
Effects in Nucleosides and Nucleotides and their Structural Implications,
2nd ed., Uppsala University Press, Uppsala, 2005.

24 W Saenger, Principles of Nucleic Acid Structure, Springer-Verlag, New
York, 1983.

25 1. Luyten, C. Thibaudeau and J. Chattopadhyaya, J. Org. Chem., 1997,
62, 8800.

26 D. Honcharenko, O. P. Varghese, O. Plashkevych, J. Barman and J.
Chattopadhyaya, J. Org. Chem., 2006, 71, 299-314.

27 S Chatterjee, W Pathmasiri and J. Chattopadhyaya, Org. Biomol.
Chem., 2005, 3, 3911.

28 M. D. Liptak and G. C. Shield, J. Am. Chem. Soc., 2001, 123, 7314.

29 G. J. Tawa, I. A. Topol, S. K. Burt, R. A. Caldwell and A. A. Rashin,
J. Chem. Phys., 1998, 109, 4852.

30 I. A. Topol, G. J. Tawa, S. K. Burt and A. A. Rashin, J. Chem. Phys.,
1999, 111, 10998.

31 V. C. M. Barone, J. Phys. Chem. A, 1998, 102, 1995.

32 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.
Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E.
Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels,
K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.
Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I.
Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-
Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe,
P. M. W. Gill, B. G. Johnson, W. Chen, M. W. Wong, J. L. Andres, M.
Head-Gordon, E. S. Replogle and J. A. Pople, GAUSSIAN 98 ( Revision
A.6), Gaussian, Inc., Pittsburgh, PA, 1998.

33 J.J. E R. A. Klicic, S.-Y. Liu and W. C. Guida, J. Phys. Chem. A, 2002,
106, 1327.

34 K. Fukui, T. Yonezawa and C. Nataga, Bull. Jpn. Chem. Soc., 1954, 27,
423,

35 K. Fukui, T. Yonezawa and C. Nataga, J. Chem. Phys., 1957, 26, 831.

36 K. Fukui, T. Yonezawa, C. Nataga and H. Shingu, J. Chem. Phys.,
1954, 22, 1433.

37 H. Ford, Jr., F. Dai, L. Mu, M. A. Siddiqui, M. C. Nicklaus, L.
Anderson, V. E. Marquez and J. J. Barchi, Jr., Biochemistry, 2000,
39, 2581.

38 S. M. Freier and K.-H. Altmann, Nucleic Acids Res., 1997, 25(22),
44294443,

39 T. H. Keller and R. Haner, Nucleic Acids Res., 1993, 21(19), 4499-4505.

40 J. Wengel, Acc. Chem. Res., 1999, 32, 301-310.

41 D. L. Bergman, L. Laaksonen and A. Laaksonen, J Mol. Graph.
Modell., 1997, 15, 301-306.

42 L. Laaksonen, J. Mol. Graph., 1992, 10, 33-34.

1686 | Org. Biomol. Chem., 2006, 4, 1675-1686

This journal is © The Royal Society of Chemistry 2006






PAPER

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

The conformational bias of aryl, arylsulfonyl geminally substituted tertiary
carbon centers: applications in substrate-based stereocontrol

Jeremy P. Scott,** Peter R. Mullens,” Sarah E. Brewer,” Karel M. J. Brands,” Jennifer R. Chilenski,”
Antony J. Davies,” Andrew D. Gibb,* David R. Lieberman,* Steven F. Oliver* and Ul{-H. Dolling?

Received 2nd February 2006, Accepted 10th March 2006
First published as an Advance Article on the web 3rd April 2006
DOI: 10.1039/b601647b

Intramolecular nitrile oxide—olefin cycloaddition to form hexahydrobenzisoxazole 14, which engenders
a phenylsulfonyl, 2,5-difluorophenyl geminally substituted carbon substructure, proceeds with up to
99% ds. A rationalization of the high level of substrate-based stereo-induction observed in this and
related ketone and acrylonitrile metallohydride reductions, supported by single crystal X-ray

crystallography, is presented.

Introduction

As part of a programme at Merck Research Laboratories directed
toward the identification of y-secretase inhibitors,! we have
prepared a number of cyclohexane derivatives 1 bearing a common
structural motif, in which one of the six membered ring carbons
is geminally substituted with an aryl and arylsulfonyl moiety
(Fig. 1). During the course of our synthesis of these derivatives, we
encountered a number of substrate-controlled diastereoselective
transformations in which unanticipated high levels of stereo-
induction were observed. Herein we document our observations
and propose a rationalization for the observed stereochemical
outcomes.

Ar
Ny common
O//SXAr structural motif
R1 J/\g\ R3 1
R2

Ar = substituted phenyl

Fig. 1

Results and discussion

The 4-[4-(chlorophenyl)sulfonyl]-4-(2,5-difluorophenyl)cyclo-
hexanone 2 served as a key intermediate through which
structure—activity relationships were explored (Scheme 1). Early
in our synthetic studies, we examined metallohydride reductions
of 2 and found that using NaBH, in EtOH at —10 °C, the

“Department of Process Research, Merck Sharp & Dohme Research
Laboratories, Hertford Road, Hoddesdon, Hertfordshire, UK EN11 9BU.
E-mail: jeremy_scott@merck.com

*Department of Process Research, Merck Research Laboratories, P.O. BOX
2000, Rahway, New Jersey 07065, USA

T Electronic supplementary information (ESI) available: stereochemical
assignments of 9, 10 and 14 and the single crystal X-ray structures of 2
and 4 (CIF files). Copies of "H and “C spectra for 3, 10 and 12. See DOI:
10.1039/b601647b

Arls0, Ar? Ar'SO, Ar? ArlS0O, Ar?
X a . b .
- —_—
95:5ds 90:10ds
3 &n (94%) 25 (98%) 4 Ou
Scheme 1 Reagents and conditions: (a) NaBH,, EtOH, —10 °C; (b)

L-Selectride®, THF, —70 °C; H,0,, NaOH, NaCl, H,0, 5 °C. Ar' =
4-chlorophenyl; Ar? = 2,5-difluorophenyl.

trans-cyclohexanol product 3 was obtained preferentially with
95% ds (94% yield).? Switching to the sterically encumbered
L-Selectride® reagent® the sense of induction was reversed,
affording the cis-cyclohexanol 4 preferentially with 90% ds (98%
yield). By way of comparison, sodium borohydride reduction
of 4-(tert-butyl)cyclohexanone has been reported to afford 87%
ds (0 °C, MeOH) favoring the trans 4-(tert-butyl)cyclohexanol
(axial hydride addition)* whilst L-Selectride® (—78 °C, THF)
favored the cis diastereomer to the extent of 97% ds (equatorial
hydride addition).® Reduction of exocyclic acrylonitrile derivative
5 provides a further example of the influence of the geminal aryl,
arylsulfonyl substructure on hydride reduction stereochemistry
(Scheme 2). Under the optimized conditions which use a reaction
temperature of —60 °C, L-Selectride® reduction proceeds in
a conjugate manner to afford the desired cis diastereomer 6
with >99.9 ds (94% yield). Moreover, even at T < —10 °C the
diastereoselection remains >99 : 1.°

Ar'SO, Ar? Ar'sO, Ar?

a
—_—
5 >99.9:0.1 ds 6
CN (94%) CN

Scheme 2 Reagents and conditions: (a) L-Selectride®, THF, —60 < T <
—55 °C; H,0,, NaOH, NaCl, H,0, 5 °C. Ar' = 4-chlorophenyl; Ar> =
2,5-difluorophenyl.

The stereochemical course of the hydride reductions of 2
and 5 is consistent with the rationale that the most reactive
conformers populated in solution have the 4-chlorophenylsulfonyl
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group preferentially adopting an equatorial orientation on the
substituted cyclohexane ring, whilst the 2,5-difluorophenyl group
is axial. The sense of diastereocontrol is then dictated by the
steric bulk of the hydride source employed.® The single crystal
X-ray structure’ of cyclohexanone 2 supports this rationale
(Fig. 2), with the cyclohexanone ring having a slightly distorted
chair conformation in which the 4-chlorophenyl ring of the
equatorial sulfone moiety effectively stacks with the axial 2,5-
difluorophenyl ring. The latter ring exposes the n-surface toward
the cyclohexanone ring, thereby minimizing steric interactions of
the ortho-hydrogen and fluorine with the syn axial hydrogens. The
X-ray structure of cis-cyclohexanol 4, which confirms the relative
stereochemical outcome of the hydride reductions of 2, demon-
strates a similar axial/equatorial conformational preference for
the 2,5-difluorophenyl and 4-chlorophenylsulfonyl substituents in
the solid state.’

Fig. 2 X-Ray structure of cyclohexanone 2 (CCDC 236716).

We were intrigued as to whether the conformational bias
apparently operative in the hydride reductions of 2 and 3 could
be extended to control the diastereoselection of a 5-hexenyl
intramolecular nitrile oxide-olefin cycloaddition.?® Initially we
examined the cycloaddition sequence to prepare isoxazoline 9
(Scheme 3) in which the stereo-induction afforded by an isolated
phenylsulfonyl group was evaluated. The required cycloaddition
precursor 7 was prepared by one-pot dialkylation of phenyl-
methylsulfone using LHMDS in successive deprotonations with
2-(2-bromoethyl)-1,3-dioxolane and allyl bromide as the required
alkylating agents. Although overalkylation was a significant com-
petitive pathway,' the required sulfone 7 could be isolated in 38%
yield following chromatography. Exposure of 7 to hydroxylamine
hydrochloride in a 1 : 1 CH;CN-H,O mixture at 60 °C then
allowed dioxolane deprotection and formation of the oximes 8 (1 :
1 E : Z), avoiding the necessity for isolation of the intermediate
primary aldehyde. These oximes were also not isolated but directly
oxidised with chloramine-T" to effect nitrile oxide formation and
[3 + 2] dipolar cycloaddition. Temperature was found to impact
the observed diastereoselection in the formation of isoxazolines
9 and 10 (Table 1) and a preparative run at 5 °C afforded 93 : 7
ds (85% yield). The relative stereochemistries of these isoxazolines
were secured by NOE studies (see Supporting Informationt) and
are consistent with the phenylsulfonyl group occupying a pseudo-
equatorial orientation in preferred transition state TS-1, thereby
leading to 9 as the major diastereomeric product (Scheme 3).

a b
PhSO,Me - > N -
o
38%
S O
(e}
PhSO,
X
N .
Z “OH 93:7 ds
8 (85%)

Scheme 3 Reagents and conditions: (a) LHMDS, 2-(2-bromoethyl)-
1,3-dioxolane, THF, DMPU, 0 — 25 °C; LHMDS, allyl bromide, 0 —
25°C. (b) NH,OH.HCI, CH;CN, H,O0, 60 °C. (c) Chloramine-T, 5 °C.

Next we examined the impact of the introduction of a geminal
2,5-difluorophenyl group onto sulfone 7 which would lead eventu-
ally to isoxazoline 14 (Scheme 4). The required dioxolane 12 for the
cycloaddition sequence was prepared by sequential alkylations of
2,5-difluorobenzyl phenyl sulfone 11** using LHMDS as base, in
an analogous manner to 7. In this instance, the addition of DMPU
was found to be beneficial to obtaining high conversion in the
second alkylation with allyl bromide and the sterically congested
tertiary sulfone 12 could be isolated in 74% yield. Exposure
of 12 to hydroxylamine hydrochloride in a 1 : 1 CH;CN-H,O
mixture at 60 °C then allowed deprotection and formation of the
oximes 13 (1 : 1 £ : Z) within 4 h. These underwent oxidation
and [3 + 2] ring closure on addition of chloramine-T, with a
preparative run at 25 °C affording isoxazoline 14 in 84% yield.
Strikingly, the cycloaddition diastereoselection increased with the
introduction of the additional geminal 2,5-difluorophenyl moiety,
with isoxazoline 14 formed with up to 99% ds (Table 1). The
relative stereochemistry of 14 was secured by NOE studies (see
Supporting Informationt) and is consistent with a cycloaddition
proceeding by way of TS-2 (Scheme 4).3

The additivity of conformational energies or 4 values (—AG®) in
geminally substituted cyclohexanes is generally unreliable due to

Table 1 Temperature dependence of diastereoselection in cycloadditions
to form 9 and 14

Cycloadduct Temp/°C* Diastereoselectivity®
9 5 93:7

9 25 90:10

9 50 90:10

14 5 99:1

14 25 98.5:1.5

14 50 96:4

“ Temperature at which chloramine-T was added. ® Determined by reverse
phase HPLC analysis of unpurified reaction mixtures.
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11
F
b PhSO,
A 98.5:1.5 ds
Z NWOH (84%)
13 14
______ E:
PhSOz\%gN: °
|
At H TS-2

Ar' = 2,5-difluorophenyl

Scheme 4 Reagents and conditions: (a) LHMDS, 2-(2-bromoethyl)-
1,3-dioxolane, THF, —10 — 25 °C; LHMDS, allyl bromide, THF, DMPU,
—10 — 25 °C. (b) NH,OH.HCI, CH;CN, H,O0, 60 °C. (c) Chloramine-T,
25°C.

steric interactions of the two substituents not otherwise present
in the monosubstituted parents. A well-documented example
is provided by I-methyl-1-phenylcyclohexane,* where the axial
phenyl-equatorial methyl is preferred by 0.32 kcal mol™', in spite
of the individual conformational values for methyl (1.74 kcal
mol~" at 300 K) and phenyl (2.87 kcal mol~" at 173 K).** The
A value for phenylsulfonyl is reported to be 2.94 kcal mol™' at
298 K, comparable to that of phenyl. Considering the effect
of the introduction of a phenylsulfonyl group onto the parent
4-phenylcyclohexanone conformers 15a and 15b (Scheme 5), in
which conformer 15a is favored,'*!” the origins of the underlying

H
o o H
— H H
H
H H H
15a (favored) 15b 0
5 + CgH5SO, E + CgH5SO,
i i
H o)
i — H
H _—
H 07 H
If\/ o \’\ S;
}/\ O O o
16a 16b (favored)
Scheme 5

bias toward conformer 16b becomes evident. The alternative
cyclohexane chair conformation 16a engenders a number of
energetically unfavorable interactions, notably the oxygen-inside
interaction with the syn axial hydrogens required for the sulfone to
occupy the axial orientation. This interaction has been attributed
a value of ca. 1.6 kcal mol~'." Eclipsing interactions of the two
aryl rings are also inevitable if the equatorial phenyl ring in 16a
is to maintain the otherwise preferred parallel alignment with the
symmetry plane of the cyclohexanone ring.'® A similar argument
can be applied to rationalize the cycloaddition diastereoselection
to form 14.

In summary, we have found that cyclohexanone 2 and acryloni-
trile 5 undergo stereocontrolled metallohydride reductions consis-
tent with the population of conformers in solution having a strong
bias for the 4-chlorophenylsulfonyl moiety to sit equatorial, with
the 2,5-difluorophenyl substituent axial. This conformational bias
is supported by the observed single crystal X-ray crystallographic
structures’ of cyclohexanone 2 and cis-cyclohexanol 4 and was
found to extend to controlling the relative stereochemical outcome
of an intramolecular nitrile—oxide olefin cycloaddition, affording
isoxazoline 14 with up to 99% ds. The geminal aryl, arylsulfonyl
moiety can thus be considered to behave analogously to the well-
documented conformational biasing ability of a fert-butyl group.
Further examples and applications of this stereochemical control
element encountered in our studies will be reported in due course.

Experimental

Commercially available materials were used without further
purification. Full preparative and characterisation data for 2, 5
and 6 will be reported elsewhere.

trans-4-[4-(Chlorophenyl)sulfonyl]-4-(2,5-
difluorophenyl)cyclohexanol 3

To a stirred solution of sodium borohydride (3.9 g, 104 mmol) in
EtOH (200 mL) at —10 °C was added 4-[4-chlorophenyl)sulfonyl]-
4-(2,5-difluorophenyl)cyclohexanone 2 (20.0 g, 52.0 mmol) por-
tion wise such that 7 < 0 °C. The reaction mixture was aged
for 2 h and then quenched by addition of 2 M HCI (50 mL).
Water (250 mL) and IPAc (200 mL) were added and the layers cut.
Filtration of the organic layer through a silica gel plug (using [PAc
as eluant) afforded the title compound (18.8 g, 94%) as a white
solid as a 95 : 5 mixture with 4. A diastereomerically pure sample
of 3 could be obtained by further crystallisation from IPAc; mp
156-158 °C (from IPAc); '"H NMR (400 MHz, d,-DMSO, 328
K) ¢ 7.65-7.55 (2 H, m), 7.43-7.38 (2 H, m), 7.35-7.28 (1 H, m),
7.20-7.12 (2 H, m), 4.41 (1 H, d, J 5.0), 3.59-3.45 (1 H, m), 2.79—
2.65 (2 H, m), 2.05-1.85 (4 H, m), 1.05-0.95 (2 H, m); "C NMR
(100 MHz, d,-DMSO, 328 K) 0 159.2 (d, J 245), 158.6 (d, J 248),
140.0, 134.3, 132.1, 129.5, 121.7 (dd, J 7.0 and 11.4), 119.4 (dd,
J 4.0 and 25.0), 119.2 (dd, J 9.0 and 17.0), 118.9-118.4 (m, 20),
70.7 (d, J 4.0), 68.2, 31.6, 28.7 (d, J 6.0); HRMS (ES) Calcd. for
C3H,, CIF,NO;S (M + NH,) 404.0899. Found 404.0891.

cis-4-[4-(Chlorophenyl)sulfonyl]-4-(2,5-
difluorophenyl)cyclohexanol 4

To a stirred solution of 4-[4-chlorophenyl)sulfonyl]-4-(2,5-di-
fluorophenyl)cyclohexanone 2 (2.0 g, 5.2 mmol) in THF (14 mL)
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at —70°Cwas added L-Selectride® (1 M in THF, 8.3 mL, 8.3 mmol)
dropwise over 30 min. The mixture was aged for 2 h and then
NacCl (1.5 g) in H,O (8.4 mL) added dropwise followed by 48%
NaOH (8 drops). 27% Aq. H,O, (3.4 mL) was then added at
T < 5°C and the mixture warmed to ambient and aged 30 min.
A solution of sodium metabisulfite (1.2 g) in H,O (10.4 mL)
was then added dropwise (T < 25 °C) and aged for 1 h. IPAc
(24 mL) was added and the layers cut. Brine (10% aq., 14 mL)
was added and the layers were separated. The organics were
concentrated in vacuo and then passed through a plug of silica gel
using CH,Cl, and IPAc as eluants. Evaporation in vacuo afforded
the title compound as a 90 : 10 diastereomeric mixture of 4 and
3 respectively (1.97 g, 98%). Crystallisation from IPAc-heptane
afforded diastereomerically pure 4 for analytical purposes (Found:
C, 55.83; H, 4.36. C;3sH,,CIF,0;S requires C, 55.89; H, 4.43%); mp
183-184 °C (from IPAc-heptane); '"H NMR (400 MHz, CDCl;)
0 7.42-7.38 (4 H, s), 7.14-7.02 (2 H, m), 6.92-6.83 (1 H, m), 3.94
(1H,t,J2.7),2.90-2.20 (4 H, m), 1.92-1.78 (3 H, m), 1.52-1.35
(2 H, m); *C NMR (100 MHz, CDCl;) § 159.1 (d, J 245), 158.6
(d, J 242), 140.8, 133.6, 131.7, 128.8, 121.0, 119.1 (dd, J 4.2 and
25.3), 118.2 (dd, J 9.9 and 24.0), 70.9 (d, J 4.1), 63.9, 29.3, 23.7
(d, J 6.8).

2-[3-(Phenylsulfonyl)hex-5-en-1-yl]-1,3-dioxolane 7

A stirred solution of phenyl methyl sulfone (3.0 g, 19.2 mmol) in
THF (9 mL) and DMPU (3.6 mL) was cooled to 0 °C. LHMDS
(1MinTHF,21.1 mL, 21.1 mmol) was added dropwise over 15 min
at T < 2 °C. The resulting solution was stirred for 10 min and
then 2-(2-bromoethyl)-1,3-dioxolane (2.42 mL, 20.1 mmol) added
dropwise over 10 min at 7' < 5 °C. The mixture was then warmed
to ambient and aged 1 h before recooling to —20 °C. LHMDS (1 M
in THF, 21.1 mL, 21.1 mmol) was added dropwise over 5 min and
the mixture aged for 10 min. Allyl bromide (2.50 mL, 28.8 mmol)
was added in one portion and the mixture warmed to ambient
and aged 1 h. H,O (45 mL) and IPAc (135 mL) were added and
the layers partitioned. The organics were washed with H,O (3 x
20 mL) and then evaporated in vacuo. Purification by silica gel
chromatography (34 : 66 heptane—ethyl acetate) afforded the title
compound (2.14 g, 38%) as a pale yellow oil (Found C, 60.75; H,
6.80. C;sH,,O,S requires C, 60.79; H, 6.80%); '"H NMR (400 MHz,
CDCly) 6 7.79-7.76 (2 H, m), 7.56-7.53 (1H, m), 7.47-7.43 (2 H,
m), 5.63 (1 H,ddt,J 7.1 and 9.8 and 18.9),4.99-4.92 (2 H, m), 4.66
(1 H,t, J 4.0), 3.80-3.62 (4 H, m), 3.09-3.02 (1H, m), 2.55-2.46
(1H, m), 2.27-2.17 (1H, m), 1.89-1.79 (1 H, m), 1.79-1.69 (1H, m),
1.69-1.58 (2H, m); *C NMR (100 MHz, CDCl;) ¢ 137.7, 133.7,
133.3,129.1, 128.8, 118.3, 103.6, 64.8, 63.2, 32.2, 30.1, 21 4.

cis-5-(Phenylsulfonyl)-3,3a,4,5,6,7-hexahydro-2,1-benzisoxazole 9

To a stirred solution of sulfone 7 (1.0 g, 3.4 mmol) in CH;CN
(12.5 mL) and H,O (12.5 mL) was added NH,OH-HCl (0.47 g,
6.8 mmol) and the mixture aged at 60 °C for 2 h. The mixture
was then cooled to 5 °C and chloramine-T trihydrate (1.81 g,
6.4 mmol) added in one portion. After aging at this temperature
for 2.5 h, H,O (25 mL) was added and the CH;CN evaporated in
vacuo. TPAc (60 mL) was added and the layers partitioned. The
organics were washed with NaOH (0.66 M, 12 mL), H,O (60 mL)
and evaporated in vacuo. Purification by silica gel chromatography

(50 : 50 heptane-IPAc) afforded the title compound as a 90 : 10
mixture of 9 and 10, respectively (0.76 g, 85% combined yield).
Data for 9: Found 58.60; H, 5.67; N 5.21. C;3;H,sNO;S requires C,
58.85; H, 5.70; N 5.28%; mp 128-129 °C (from IPAc-heptane); 'H
NMR (400 MHz, C;Dg) 0 7.72-7.68 (2 H, m), 7.03-6.93 (3 H, m),
3.89(1H,dd,J8.3and 10.4),3.22 (1 H, dd, J 8.3 and 10.3), 2.51
(1 H, m), 2.43-2.36 (1 H, m), 2.22-2.11 (1 H, m), 2.05-1.98 (1 H,
m), 1.91-1.84 (1 H, m), 1.35 (1 H, ddt, J 1.2 and 5.2 and 13.4 Hz),
1.32-1.17 (1 H, m), 1.16-1.06 (1 H, m); *C NMR (100 MHz,
CsDy) 0 156.1, 137.8, 133.5, 129.2, 129.1, 73.0, 61.2, 46.7, 30.9,
25.8,22.9.

2-[3-Phenyl-3-(2,5-difluorophenylsulfonyl)hex-5-en-1-yl]-1,3-
dioxolane 12

A slurry of 2,5-difluorobenzyl phenyl sulfone 112 (4.0 g,
14.9 mmol) in THF (10 mL) was cooled to —10 °C and LHMDS
(1 M in THF, 19.4 mL, 19.4 mmol) added over 5 min. The
resultant solution was aged 10 min. and then 2-(2-bromoethyl)-
1,3-dioxolane (2.98 g, 16.4 mmol) added dropwise over 2 min.
The solution was aged at ambient for 12 h and then quenched
with H,O (100 mL). IPAc (100 mL) was added and the layers
partitioned. The organic layer was evaporated in vacuo and the
residue dissolved in THF (12 mL) and DMPU (4 mL). This
solution was cooled to —10 °C and LHMDS (I M in THF,
19.4 mmol, 19.4 mL) added over 5 min. After aging 5 min, allyl
bromide (1.81 mL, 20.9 mmol) was added and the mixture warmed
to ambient and aged 0.5 h prior to quenching with H,O (150 mL).
IPAc (150 mL) was added and the layers partitioned. The organic
layer was washed with H,O (2 x 150 mL), concentrated in vacuo
and the residue purified by silica gel chromatography (70 : 30
heptane-IPAc) to afford the title compound (4.51 g, 74%) as a
colourless oil: 'TH NMR (400 MHz, CDCl;) 6 7.61-7.55 (1 H, m),
7.42-7.35 (4 H, m), 7.05-6.95 (2 H, m), 6.85-6.75 (1 H, m), 5.97—
5.86 (1 H, m), 5.28-5.13 (2 H, m), 4.88 (1 H, t, J 4.4), 3.98-3.91
(2 H, m), 3.90-3.82 (2 H, m), 3.30-3.23 (1H, m), 3.15-3.05 (1 H,
m), 2.55-2.45 (2 H, m), 2.05-1.95 (1 H, m), 1.60-1.50 (1 H, m);
BC NMR (100 MHz, CDCl;) 6 158.3 (2C, d, J 246 Hz), 135.2,
133.9, 132.3, 130.3, 128.4, 123.5 (dd, J 8.0 and 13), 119.4, 118.7
(dd, J 4.3 and 26), 117.9 (dd, J 8.5 and 29), 117.5 (dd, J 9.9 and
24), 103.8, 71.6, 65.0 (d, J 6.3), 36.3 (d, J 6.9), 28.3, 25.7 (d, J
5.4); HRMS (ES) Calcd. for C, H,,F,O,NaS (M + Na) 431.1105.
Found 431.1100.

cis-5-Phenyl-5-(2,5-difluorophenylsulfonyl)-3,3a,4,5,6,7-
hexahydro-2,1-benzisoxazole 14

To a stirred solution of sulfone 12 (2.74 g, 6.7 mmol) in CH;CN
(5 mL) and H,O (5 mL) was added NH,OH-HCI (0.93 g,
13.4 mmol) and the mixture aged at 60 °C for 4.5 h. After cooling
to 25 °C, chloramine T monohydrate (2.9 g, 12.8 mmol) was added
and the mixture aged for 1 h at this temperature. The CH,CN was
removed in vacuo and then IPAc (150 mL) and aq. NaOH (2 M,
50 mL) added. The layers were partitioned and the organic washed
with ag. NaOH (2 M, 50 mL) and H,O (50 mL). The organics were
concentrated in vacuo and the residue crystallised from IPAc and
heptane to afford the title compound (2.13 g, 84%) as a white
solid (Found: C, 60.30; H, 4.52, N 3.58. C,,H;F,NO;S requires
C, 60.47; H, 4.54, N 3.71); mp 188-190 °C (from IPAc-heptane);
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'"H NMR (600.1 MHz, d,-DMF, 350 K)6 7.77 (1 H, m), 7.58 (2 H,
m), 7.52 (2 H, m), 7.35-7.30 (2 H, m), 7.16 (1 H, ddd, J 13.6 and
9.1and 4.9),4.50 (1 H, dd, J 9.8 and 7.9), 3.87 (1 H, dd, J 10.2 and
7.9),3.32-3.22 (2 H, m), 3.17 (1 H, m), 2.84 (1 H, m), 2.23-2.15
(2 H, m), 2.09 (1 H, td, J 12.5 and 1.9); ®C NMR (150.9 MHz,
d,-DMF, 350 K) & 159.38 (dd, J 247.8 and 2.4), 158.96 (dd, J 241.1
and 2.4), 157.36, 135.35, 134.61, 130.44, 129.17, 120.74 (dd, J 11.6
and 7.3), 119.37 (dd, J 26.2 and 4.3), 118.90 (dd, J 29.3 and 8.5),
118.59 (dd, J 23.8 and 10.4),73.03, 70.62 (d, J 4.3), 45.33, 35.54
(d, J 6.1), 30.72 (d, J 7.3), 21.33.

Crystal structure determination of compounds 2 and 4

Single crystals of cyclohexanone 2 suitable for X-ray diffraction
were obtained from [PAc-heptane and for cyclohexanol 4 from
acetonitrile.

Crystal data for 2. C,H;CIF,0,S, M = 384.81, orthorhom-
bic, a = 15.450(10), b = 10.490(7), ¢ = 10.828(7) A, U = 1755(2)
A3, T =298(2) K, space group Pca2(1), Z =4, u = 0.371 mm™',
13 312 reflections measured, 3373 unique (R, = 0.1182) which
were used in the calculations. The final wR(F?) was 0.1225 (all
data). CCDC 236717. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b601647b.

Crystal data for 4. CH;CIF,0;S, M = 386.83, monoclinic,
a = 6.9274(5), b = 8.4158(6), ¢ = 29.301(2) A, U = 1706.3(2)
A3, T = 223(2) K, space group P2,/c, Z = 4, u = 0.382 mm !,
17 593 reflections measured, 3513 unique (R;,, = 0.0271) which
were used in the calculations. The final wR(F?*) was 0.1054 (all
data). CCDC 600829. For crystallographic data in CIF or other
electronic format see DOI: 10.1039/b601647b

Acknowledgements

We thank Robert A. Reamer for NMR structure determination
and Thomas J. Novak for mass spectrometry analyses.

References and notes

1 (a) D. E. Shaw, J. D. Best, K. Dinnell, A. Nadin, M. S. Shearman, C.
Pattison, J. Peachey, M. A. Reilly, B. J. Williams, J. D. J. Wrigley and T.
Harrison, Bioorg. Med. Chem. Lett., submitted for publication; (b) 1.
Churcher, D. Beher, J. D. Best, J. L. Castro, E. E. Clarke, A. Gentry,
T. Harrison, L. Hitzel, E. Kay, S. Kerrad, H. W. Lewis, P. Morentin-
Gutierrez, R. Mortishire-Smith, P. J. Oakley, M. Reilly, D. E. Shaw,
M. S. Shearman, M. R. Teall, S. Williams and J. D. J. Wrigley, Bioorg.
Med. Chem. Lett., 2006, 16, 280; (¢) M. Teall, P. Oakley, T. Harrison,
D. E. Shaw, E. Kay, J. Elliot, U. Gerhard, J. L. Castro, M. Shearman,
R. G. Ball and N. N. Tsou, Bioorg. Med. Chem. Lett., 2005, 15, 2685;

(d) 1. Churcher, K. Ashton, J. W. Butcher, E. E. Clarke, T. Harrison,
H. D. Lewis, A. P. Owens, M. R. Teall, S. Williams and J. D. J. Wrigley,
Bioorg. Med. Chem. Lett., 2003, 13, 179; (e) I. Churcher, S. Williams, S.
Kerrad, T. Harrison, J. L. Castro, M. S. Shearman, H. D. Lewis, E. E.
Clarke, J. D. J. Wrigley, D. Beher, Y. S. Tang and W. Liu, J. Med. Chem.,
2003, 46, 2275-2278.

2 In all instances, diastereoselection was determined by reverse phase
HPLC assay of unpurified samples of the reaction mixtures.

3 H. C. Brown and S. Krishnamurthy, J. Am. Chem. Soc., 1972,94, 7159.

4 P. T. Lansbury and R. E. MacLeay, J. Org. Chem., 1963, 28, 1940.

5 Over-reduction of the nitrile functionality in the product becomes a
significant competitive pathway at —10 °C.

6 E. L. Eliel, S. H. Wilen and L. N. Mander, Stereochemistry of Organic
Compounds, John Wiley & Sons, New York, 1994, 735 pp.

7 Crystallographic data for 2 and 4 have been deposited at the Cambridge
Crystallographic Data Centre. 2: CCDC 236716; 4: CCDC 600829.
See Experimental section and Supporting Information for additional
details of X-ray structures of 2 and 4.

8 Reviews: (a) V. Jager and P. A. Colinas, in Synthetic Applications of
1,3-Dipolar Cycloaddition Chemistry Towards Heterocycles and Natural
Products, A. Padwa and W. H. Pearson, ed., John Wiley & Sons, New
Jersey, 2003, ch. 6; (b) A. P. Kozikowski, Acc. Chem. Res., 1984, 17,
410; (¢) S. Kanemasa and O. Tsuge, Heterocycles, 1990, 30, 719.

9 Related diastereocontrol in an intramolecular nitrile oxide-olefin
cycloaddition has been reported: A. P. Kozikowski and K. E. Mal-
oneyHuss, Tetrahedron Lett., 1985, 26, 5759.

10 The main by-product identified by LCMS and '"H NMR was allylation
of 7 to give the diallylated tertiary sulfone adduct.

11 A. Hassner and K. Rai, Synthesis, 1989, 57.

12 J. P. Scott, D. C. Hammond, E. M. Beck, K. J. M. Brands, A. J. Davies,
U.-H. Dolling and D. J. Kennedy, Tetrahedron Lett., 2004, 45, 3345.

13 Cycloaddition to from the diphenyl substititued isoxazoline 17 is
also highly diastereoselective (>96% ds) but we were unable to
unambiguously establish the relative stereochemistry by NOE studies
due to overlapping aryl C-H '"H NMR resonances.

PhSO, Ph

\
N-0

14 (a) N. L. Allinger and M. T. Tribble, Tetrahedron Lett., 1971, 35, 3259;
(b) E. L. Eliel and M. Manoharan, J. Org. Chem., 1981, 46, 1959-1962;
(¢) H. De Beule, D. Tavernier and M. Anteunis, Tetrahedron, 1974, 30,
3573.

15 M. E. Squillacote and J. M. Net, J. Am. Chem. Soc., 1987, 109, 198.

16 E. Juaristi, V. Labastida and S. Autunez, J. Org. Chem., 2000, 65, 969.

17 The most favorable conformation of phenylcyclohexane, when the
phenyl group is equatorial, has the phenyl parallel to the symmetry
plane of the cyclohexane ring. With the phenyl axial, a perpendicular
arrangement to the symmetry plane is preferred, as the parallel
arrangement has a steric clash of the ortho-hydrogens with the syn-
axial hydrogens of the cyclohexane ring (ref. 14a).

18 Fluorine is well documented to have isosteric requirements compared
to hydrogen and thus should not impact this rationalization. See: C. G.
Wermuth, in The Practice of Medicinal Chemistry, ed. C. G. Wermuth,
Academic Press, London, 1996, 226 pp.

1810 | Org. Biomol. Chem., 2006, 4, 1806-1810

This journal is © The Royal Society of Chemistry 2006






PAPER

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

Crystal structures and catalytic mechanism of the Arabidopsis cinnamyl
alcohol dehydrogenases AtCADS and AtCAD4+

Buhyun Youn,” Roy Camacho,* Syed G. A. Moinuddin,’ Choonseok Lee,” Laurence B. Davin,”

Norman G. Lewis? and ChulHee Kang*“

Received 3rd February 2006, Accepted 24th February 2006
First published as an Advance Article on the web 4th April 2006
DOI: 10.1039/b601672¢

The cinnamyl alcohol dehydrogenase (CAD) multigene family in planta encodes proteins catalyzing the
reductions of various phenylpropenyl aldehyde derivatives in a substrate versatile manner, and whose
metabolic products are the precursors of structural lignins, health-related lignans, and various other
metabolites. In Arabidopsis thaliana, the two isoforms, AtCADS and AtCADA4, are the catalytically
most active being viewed as mainly involved in the formation of guaiacyl/syringyl lignins. In this study,
we determined the crystal structures of AtCADS in the apo-form and as a binary complex with
NADP*, respectively, and modeled that of AtCAD4. Both AtCADS and AtCAD4 are dimers with two
zinc ions per subunit and belong to the Zn-dependent medium chain dehydrogenase/reductase (MDR)
superfamily, on the basis of their overall 2-domain structures and distribution of secondary structural
elements. The catalytic Zn** ions in both enzymes are tetrahedrally coordinated, but differ from those in
horse liver alcohol dehydrogenase since the carboxyl side-chain of Glu70 is ligated to Zn?* instead of
water. Using AtCADS, site-directed mutagenesis of Glu70 to alanine resulted in loss of catalytic
activity, thereby indicating that perturbation of the Zn** coordination was sufficient to abolish catalytic
activity. The substrate-binding pockets of both AtCADS and AtCAD4 were also examined, and found

to be significantly different and smaller compared to that of a putative aspen sinapyl alcohol
dehydrogenase (SAD) and a putative yeast CAD. While the physiological roles of the aspen SAD and
the yeast CAD are uncertain, they nevertheless have a high similarity in the overall 3D structures to
AtCADS and 4. With the bona fide CAD’s from various species, nine out of the twelve residues which
constitute the proposed substrate-binding pocket were, however, conserved. This is provisionally
considered as indicative of a characteristic fingerprint for the CAD family.

Introduction

Cinnamyl alcohol dehydrogenases (CAD’s, EC 1.1.1.195) catalyze
the substrate versatile, NADPH-dependent, conversion of p-
hydroxycinnamyl aldehydes 1-5 in vitro into the corresponding
alcohols 7-11,"* (Fig. 1). The latter metabolites, in turn, are oblig-
atory precursors of e.g. structural cell-wall lignins** and health-
related lignans,*, including the antiviral agent podophyllotoxin
(13) from Podophyllum species.® Podophyllotoxin (13) finds appli-
cation in the semi-synthesis of the widely employed anticancer
compounds teniposide (14), etoposide (15) and Etopophos®
(etoposide phosphate, 16)."" CAD is also an essential step on the
pathway to other lignans, such as matairesinol (17)® and secoiso-
lariciresinol (18),>¢ which can serve as plant precursors of the
“mammalian” lignans, enterolactone (19) and enterodiol (20).'>"

In Arabidopsis, there are nine Zn**-dependent CAD’s or homo-
logues thereof' belonging to the medium chain dehydrogenase/
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WA 99164-4660, USA. E-mail: chkang@wsunix.wsu.edu; Fax: 1 509 335
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T Abbreviations: ADH, alcohol dehydrogenase; CAD, cinnamyl alcohol
dehydrogenase; MDR, medium chain dehydrogenase/reductase; PDB,
protein data bank; SAD, sinapyl alcohol dehydrogenase.

reductase (MDR) superfamily, with two Zn?** ions per subunit.'s
This MDR superfamily is found in a variety of organisms, such
as bacteria, fungi, plants, cephalopods and vertebrates, of which
the best known example is horse liver alcohol dehydrogenase.'
In Arabidopsis, two isoforms of the CAD family [AtCAD4
(At3g19450) and AtCADS (At4g34230)] are catalytically the
most active in vitro with p-hydroxycinnamyl aldehydes 1-5, albeit
differing in their relative abilities to process sinapyl aldehyde (5);
AtCADS is evidently ~270-fold more efficient than AtCAD4."
Overall, however, p-hydroxycinnamyl aldehyde (1) is the preferred
substrate for both isoforms, as well as for the catalytically less
active AtCAD2, 3, 7 and 8. The remaining 3 putative homologues
(AtCADI, 6 and 9) displayed no activities when incubated with
substrates 1-5.

In terms of the precise physiological function, a double mutant
of both AtCAD4 and 5 in Arabidopsis” markedly reduced the
ability to synthesize either coniferyl (9) or sinapyl (11) alcohols,
and hence the formation of the corresponding guaiacyl (G) and
syringyl (S) lignins. This suggests therefore that in Arabidopsis
AtCAD4 and 5 are largely responsible for the formation of 9 and
11 in lignifying tissues.

Much of our current understanding of alcohol dehydrogenases
(ADH’) stems from comprehensive studies on the aliphatic
horse liver ADH crystal structure,” and this knowledge has
been applied to many other aliphatic ADH’s. By contrast,
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Fig.1 Cinnamyl alcohol dehydrogenase substrates and products.

Oy o0y SOy

H,CO OCH;

OCH;

Podophyllotoxin (13) Teniposide (14)

HO
O L
o
l OH

Enterolactone (19)

Secoisolariciresinol (18)

little is known about aromatic alcohol dehydrogenases, such
as CAD’s, in spite of their enormous importance in vascular
plant formation, in health-related areas, in biotechnology and
so forth. There are useful reports, however, of crystal structures
of a putative CAD in yeast (Saccharomyces cerevisiae)’® and an
aspen sinapyl alcohol dehydrogenase (SAD).* These enzymes,
like horse liver ADH, show some similarity to AtCADS and
AtCAD4 in terms of their amino acid sequences, even though
their precise biochemical/physiological significance is uncertain.
S. cerevisiae lacks a biochemical pathway to either monolignols
7-11 or cinnamyl alcohol 12, and the biochemical/physiological
role of the putative SAD is also uncertain. Furthermore, cur-
rent evidence of the biochemical/physiological properties of the
Arabidopsis CAD isoforms in vitro* and in vivo'” has given no
indication that there is a SAD-specific enzyme as previously
reported.?! Indeed, from an enzymological perspective, the aspen
SAD displays considerable substrate versatility for aldehydes 1-5
in vitro, suggesting that there is no role specific to a particular
substrate. The analysis of the Arabidopsis AtCAD4 and AtCADS
double mutant also indicated that there was not a specific

R = H, Etoposide (15)
R = PO(OH),, Etopophos® (16)

(0]

H3CO ; OCH3;
OR

Matairesinol (17)

HO
OH
0P+
OH OH
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Enterodiol (20) Syringyl (S) unit, R = OCH3

SAD responsible solely for sinapyl alcohol (11) formation in
lignification."

In this study, we examined the crystal structures of the two
bona fide CAD’s, AtCAD4 and AtCADS, both of which have
established roles in monolignol, lignan and lignin formation
in vivo. In addition, we considered it instructive to conduct a
detailed comparison of AtCAD4 and AtCADS with the putative
aspen SAD and yeast CAD, particularly with respect to their
binding site geometries and amino acid compositions.

Results and discussion
Overall structure

Recombinant AtCADS was first crystallized in both its apo-form
and as a binary complex, with crystals of the latter obtained
by mixing with NADP*. The structure of the apo-form was
determined at 2.0 A resolution by molecular replacement using
coordinates of a yahK, a zinc-type alcohol dehydrogenase-like
protein (1UUF) from Escherichia coli, which at the initiation of
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our studies had the highest sequence similarity to AtCADS in
the Protein Data Bank (PDB). The binary complex structure of
AtCADS5 (with NADP*) was determined at 2.6 A resolution, using
the coordinates of the deduced structure of the apo-form.

The asymmetric unit of the AtCADS crystal is composed of
one molecule and the crystallographic 2-fold axis produces a
dimer tightly associated through two 2-fold related B strands (BF).
Consequently, its dimer forms an extended 12 stranded f-sheet
with 6 strands (BA-BF) from each subunit (Fig. 2). Additionally,
with the differences in substrate preferences noted for AtCADS
and AtCAD4 regarding sinapyl aldehyde (5),* the structure of
AtCAD4 was also modeled using the refined coordinates of
AtCADS followed by the process of energy minimization. As
expected, since AtCAD4 has 77.5% identity with AtCADS, the
overall backbone structure of the modeled AtCAD4 had no
significant changes (Fig. 2, inset).

Nucleotide
binding
domain

— Catalytic zinc

—Structural zinc

Fig. 2 Crystal structure of AtCADS5 homodimer and energy minimized
model of AtCAD4 (inset). The catalytic and nucleotide-binding domains
are colored in light blue and violet for the bottom subunit, and green and
dark orange for the upper subunit, respectively. Catalytic and structural
Zn** are depicted as red dots. Secondary structural elements have been
numbered sequentially as al-06/aA-oE and B1-B12/BA-BF for the
a-helices and B-strands, respectively.

AtCADS and AtCAD4 were studied by light scattering to
determine their tendencies to form oligomers. Both static and
dynamic light-scattering experiments further confirmed that most
of the population of AtCADS and AtCAD4 were in the dimer
form in both phosphate buffered saline (pH 7.0) and 20 mM
Tris—HCI buffer (pH 8.0) (Fig. 3). This quaternary structure of
AtCADS and AtCAD4 is similar to that of other Zn-containing
ADH’s from higher plants and mammals. In addition, the elution
volumes of both AtCAD4 and AtCADS reflected their extended
hydrodynamic volumes in agreement with the asymmetric shape
of the dimers shown in Fig. 2.

Each AtCADS subunit is composed of two distinct domains,
namely a Rossmann fold forming the nucleotide-binding domain
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Fig. 3 Molecular mass determination of AtCADS5 and AtCADA4. (a)
Multiangle laser light-scattering elution profile of AtCADS5 (red) and
AtCAD4 (blue) (~2 mg cm each). Elution profile is shown as molecular
weight versus elution time. The thin solid lines represent changes in
refractive index on an arbitrary scale that is proportional to protein
concentration. The thick solid lines indicate calculated molecular masses
(thick green line: AtCADS, thick purple line: AtCAD4). (b) Dynamic light
scattering data of AtCADS (red) and AtCAD4 (blue) (~2 mg cm~ each).
The calculated molecular radius and molecular weight are 3.86 nm and
82 kDa for AtCADS, and 3.94 nm and 83 kDa for AtCADA4, respectively.

(residues 163-301) and a catalytic domain (residues 1-162 and
302-357) (Fig. 4). Interestingly, AtCADS has a similar overall fold
to other ADH’s that belong to the same MDR superfamily in spite
of its relatively low level of sequence similarity (20-23%). Hence,
in Fig. 2 and 4, the secondary structural elements of AtCADS can
be conveniently described by comparison with horse liver ADH
(8ADH) nomenclature. The nucleotide-binding domain is thus
composed of a B-pleated sheet of six parallel strands (BA to BF)
flanked by five helices (0A to aE), whereas the catalytic domain
consists mainly of a core of antiparallel B-strands (B1 to f9) with
six helical segments (al to a6) at the surface of the molecule. As
with mammalian ADH’s, there are two Zn>* ions in AtCADS3, one
catalytic and the other structural, with both being coordinated by
residues solely from the catalytic domain (Fig. Sb—d). The catalytic
Zn?* is located inside a cleft formed between the two domains
and is positioned at the bottom of the hydrophobic substrate-
binding pocket, coordinated by four residues, Cys47, His69,
Glu70 and Cysl63, in an approximate tetrahedral symmetry
(Fig. 5b). Notably, the O atom of the carboxyl side-chain of
Glu70 coordinates the catalytic Zn** instead of water, with the
latter being more typical of other Zn-dependent MDR’s including
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Fig.4 Amino acid sequence comparisons of AtCADS5, AtCAD4, Nicotiana tabacum CAD (NtCAD, Genbank accession number X62344), aspen (Populus
tremuloides) CAD (AsCAD, Genbank accession number AF217957), Eucalyptus gunnii CAD (EgCAD?2, Genbank accession number X65631), Pinus taeda
CAD (PtCAD, Genbank accession number Z37992), putative sinapyl alcohol dehydrogenase (SAD) from aspen (AsSAD, 1YQX, Genbank accession
number AF273256), yahK from Escherichia coli (1UUF), a putative CAD from Saccharomyces cerevisiae (1Q1N), ADH from Bacillus stearothermophilus
(1RJW), ADH from Pseudomonas aeruginosa (1ILLU), ADH from Sulfolobus solfataricus (1R37) and horse liver ADH from Equus caballus (8ADH).
Secondary structural elements of AtCADS are highlighted in colored bars on top of the corresponding sequence and the nucleotide-binding domain
is boxed by a thin dotted line. The conserved glycine residues in GX(X)GXXG motif are marked with red dots. The conserved residues constituting a

substrate-binding site are highlighted by green and gray colors indicating their

belonging to different subunits. Eukaryotic 1YQX, 1QIN and 8ADH are

dimeric, whereas prokaryotic IRJW, ILLU and 1R37 are tetrameric Zn-dependent MDR’s. (The corresponding data for IlUUF has not been published.)

horse liver ADH (8ADH).”>* By contrast, the structural Zn**
is located in a short o-helix-containing loop (residues 98-116),
which protrudes somewhat from the main catalytic domain. It is
also in a tetrahedral coordination with cysteine residues, Cys100,

Cys103, Cys106 and Cysl114, respectively. Thus, taken together
the observed structural features establish that the crystal structure
of AtCADS5 belongs to the Zn>*-dependent MDR family, as
previously predicted.™
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CADS-Apo

CAD5-Binary

Fig. 5 (a) Superimposed views of AtCADS in its apo- and binary complex forms. (b) Structure of the substrate-binding pocket of the NADP* binary
form of AtCADS: The catalytic Zn** ion (red sphere) is tetrahedrally coordinated by Cys47, His69, Cys163 and Glu70 (blue) and the NADP* molecule
(orange) is held by Val192, Ser211, Ser212, Ser213, Lys216 and Gly275 (green). (¢) Ternary complex model of AtCADS with p-coumaryl aldehyde (1)
showing the structure of the substrate-binding pocket. Participating residues from one subunit are marked in green and from the other subunit in gray.
The catalytic Zn** (red sphere) is tetrahedrally coordinated by Cys47, His69, Cys163 (blue) and the aldehyde oxygen of p-coumaryl aldehyde (1) (purple).
(d) Surface representation of AtCADS active site cavity. Twelve residues (black) that constitute the substrate-binding pocket are indicated together with
the one Zn-coordinating residue, Cys163, (yellow). In figures b and ¢, possible hydrogen bonds are shown as black dotted lines.

In the binary complex, NADP* is located at the active site clefts
between the catalytic and nucleotide-binding domains centered
on the catalytic Zn** as described in detail below. Upon cofactor
binding, however, the backbone conformation of AtCADS did not
change significantly (Fig. 5a).

Comparison to other MDR’s

In terms of quaternary structure, the homodimeric MDR’s tend
to occur in higher eukaryotes, whereas tetrameric MDR’s are
found in prokaryotes and lower eukaryotes. Thus, in order to
gain a preliminary insight into the catalytic mechanism and other
functionally significant issues operative, structural comparisons
with other MDR’s were next performed, through comparison of
amino acid sequences (BLASTP), as well as 3D structures (Dali
search), respectively.

First, amino acid sequence comparisons through a BLASTP
search in the NCBI database revealed that AtCADS5 and
AtCAD#4 have the highest similarity (82.9 and 81.5%) and identity
(76.5 and 75.1%) to a bona fide tobacco (Nicotiana tabacum)
CAD."* It also indicated that the similarity and identity of aspen
SAD to AtCADS and 4 were rather low (i.e., 62.6/62.5% and
53.1/53.3%, respectively), as were those for the putative yeast
CAD (69.2/67.9% and 35.7/35.4%, respectively).

On the other hand, a Dali search® indicated that the most
similar 3D structure to AtCADS5/4 currently in the PDB was the
aspen SAD (AsSAD, 1YQX)* with a Z-score of 49.3 followed
by the putative yeast CAD (1QIN)" with a Z-score of 45.6.
Additional PDB entries included an ADH-like protein yahK
from E. coli (1UUF), an ADH from Bacillus stearothermophilus
(IRJW)* with Z-scores of 45.4 and 45.3, respectively, as
well as several other MDR’s, including 1R37 from Sulfolobus
solfataricus® and 1LLU from Pseudomonas aeruginosa® (Fig. 4).
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The amino acid sequence identities of the latter to AtCADS5/4
were much lower, i.e. TUUF (42.9/41.2%), IRJW (33.2/30.9%),
1R37(26.5/27.8%) and 1LLU (29.2/29.4%), respectively.
Detailed sequence comparisons of the above-mentioned eukary-
otic dimeric (8ADH, 1YQX, 1Q1N) and prokaryotic tetrameric
(1RJW, 1LLU, 1R37) Zn-dependent MDR’s were also carried out.
These enzymes have high sequential and structural similarities to
AtCADS, with the longest region of similarity located between
Cys163 and Asp250, which in turn covers most of the nucleotide-
binding domain (Fig. 4). Additionally, there is a substantial
amount of sequential heterogeneity among the MDR’s in both
the N and C-terminus regions, which are structurally disordered in
most cases. There are also several areas of deletions and insertions
in the amino acid sequences of the MDR’s compared. In particular,
all the sequences shown in Fig. 4 have a significant deletion in the
loop area between B8 and (39 relative to horse liver ADH (§SADH),
even though the deletion size is less severe than for tetrameric
MDR’s. In horse liver ADH (8ADH), the flexible loop between 8
and (9 is located at the entrance to the active site contributing
to substrate-binding, while at the same time restricting entry.
The same deletion occurs in a putative yeast CAD, this being
considered to explain its broad range of substrate specificity.'

Cofactor binding site

The initial Fo—Fc map using diffraction data from the binary
complex crystal, and the coordinates of the apo AtCADS, clearly
shows the electron density corresponding to NADP* (Fig. 6). The
nicotinamide ring is close to the catalytic Zn>* at the bottom of
the substrate-binding pocket (see Fig. Sb) and both the adenine
and nicotinamide rings of NADP* are in the syn-conformation.
In the apo-form, the cofactor-binding pocket contains several
water molecules, thereby forming a hydrogen-bonding network
with the side-chains of the lined residues, especially in areas where
phosphate groups reside (figure not shown). As predicted earlier,
the nicotinamide ring is in the proper orientation for the A-face
specific hydride transfer from C4 to the corresponding substrate.'*
The binary complex with NADP* maintains the same tetrahedral
geometry of Zn** being coordinated by Cys47, His69, Glu70 and
Cys163, as for the apo-form, which is different from two reported
NADP*-binary complexes: ADH’s from Thermoanaerobacter
brockii (TbADH) and Clostridium beijerinckii (CbADH).? In the

Fig. 6 Difference Fourier maps for NADP* binary complexes of At-
CADS. A difference (Fo — Fc) electron density map of the active site area
is contoured at 2.0 o.

binary complex of CbADH and TbADH with NADP*, however,
the carboxyl side-chain of Glu is no longer able to coordinate with
Zn* indicative of a perturbation of the Zn** coordination upon
cofactor-binding.?*

Cofactor-binding by AtCADS occurs through three flexible
loops. As for other typical NAD(P)(H) dependent enzymes,*!
AtCADS has a glycine-rich motif at the first B-o-f unit of the
cofactor-binding domain (**GLGGVG'?), which participates in
binding the pyrophosphate group of NADP* through a helical
dipole of 0dA. This typical GxGxxG spacing is shared by all Zn-
dependent MDR’s of high similarity in Fig. 4, except for ADH
from S. solfataricus (1R37). In particular, the pyrophosphate
group of the NADP* is within hydrogen-bonding distance to the
backbone amide nitrogen of residue Vall92 (Fig. 5b), thereby N-
capping and compensating for the helix macro-dipole.®* All the
amino acids in this tight turn located between BA and oB thus
show relatively high temperature factors which probably facilitates
their interaction with NADP* via conformational flexibility.

Another loop region composed of residues 211-216 contains
many conserved residues that also interact with NADP*. The
side-chain of the highly conserved Ser213 in this area enables a
preference for NADP(H) over NAD(H). The Ser213 is located
at the carboxy end of the BB strand forming a hydrogen bond
with the 2'-phosphate group of NADP(H), and this position is
normally occupied by aspartic acid in enzymes that preferentially
bind NAD(H), i.e. to form a hydrogen bond to both hydroxyl
groups of the adenine ribose of NAD(H).*** Moreover, site-
directed mutagenesis of the Ser212 amino acid in E. gunnii CAD2
to Asp212, followed by kinetic studies of both WT and mutant
CAD2, had previously demonstrated the involvement of this
residue in determining cofactor specificity.**

In addition to Ser213 in the AtCADS, the side-chains of
neighboring residues, Ser211, Ser212 and Lys216 are located in
the loop between BB and aC and are highly conserved among bona

fide CADs (Fig. 4). They form hydrogen bonds and electrostatic

interactions with the 2’-phosphate of the adenine ribose (Fig. 5b),
and the side-chain of Lys216 is also within hydrogen-bonding
distance of the O3’ of the same ribose ring. The third region
involves cofactor binding from 275-286 (Fig. 4), where the amide
group of NADP* interacts with the backbone of Gly275 located
in the loop between BE and BF connecting two domains of the
enzyme (Fig. 5b).

Interestingly, the direct interaction of the above-mentioned
three flexible loops, 188-191, 211-216 and 275-286, with the
cofactor has been suggested to facilitate the dissociation of the
products, a frequent rate-limiting step of many MDR enzymes."

Substrate binding

In spite of our extensive efforts to crystallize the ternary complex
for AtCADYS, the initial Fo—Fc maps for all complex data gave no
significant electron density suitable for the positional refinement
of the corresponding substrate p-coumaryl aldehyde (1). This was
also the case for both the putative yeast CAD" and the putative
aspen SAD.? On the other hand, the unique and properly sized
pocket for substrate-binding was easily deduced to be near the
catalytic Zn**. Indeed, after constraining the relevant aldehydic
oxygen atom of the substrate via coordination to the catalytic Zn**
(with the concomitant displacement of Glu70 from the Zn**), the
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resulting A-face of the nicotinamide ring was thus positioned for
pro-R hydride transfer to and from its C4 atom. For example,
Fig. 5c shows the pro-S hydrogen of the C9 atom of the modeled
p-coumaryl aldehyde (1) facing the C4 atom of the nicotinamide
ring at a proper distance (~2.0 A).

The putative substrate-binding site of AtCADS is lined with
twelve residues, mostly hydrophobic amino acids. Nine residues
from one subunit, Thr49, GIn53, Leu58, Met60, Cys95, Trp119,
Val276, Phe299, 11e300 and three residues from the other subunit,
Pro286, Met289 and Leu290, constitute the substrate-binding
pocket (Fig. 5c, 5d). The Ca carbon position of those residues
thus superimposes well with those of the horse liver ADH* and
the Eucalyptus gunnii CAD2 model.?* Notably, out of those 12
residues, nine amino acids are completely conserved among all
bona fide CAD’s (Fig. 4, residues in green). Two out of the
remaining three also show a conservative heterogeneity with either
serine or threonine for residue 49, and methionine or isoleucine
for residue 289. Only the residue at 95 shows a higher polarity
heterogeneity among bona fide CAD’s, that is, Leu, Val, Ile and
Cys (Fig. 4).

Interestingly, the entry region of the binding pocket of AtCADS
is larger than that of horse liver ADH due to the major deletion
between 38 and 9, although the precise physiological significance
of this deletion cannot be gauged fully at this time.

As observed in some other Zn**-dependent MDR’s, the modeled
substrate through its aldehydic group ligation to the catalytic Zn**
results in an extensive hydrogen-bonded network, thereby allowing
coupling through hydride abstraction, transfer and protonation
(Fig. 5c). Specifically, the aldehydic oxygen of the substrate is
within hydrogen-bonding distance to the hydroxyl group of Thr49.
In turn, the hydroxyl group of Thr49, which is conserved as either
Thr or Ser in all ADH’s compared, is within hydrogen-bonding
distance of the O2' of the nicotinamide ribose (not shown). As
shown in Fig. Sc and Fig. 7, this residue is also in close proximity to
the catalytic Zn**. Another highly conserved residue, His52, is also
within hydrogen bonding distance of the O3’ of the nicotinamide
ribose (Fig. 5b and 7). Therefore, both Thr49 and His52 not
only fix the position of the nicotinamide ring during catalysis,
but also permit hydride transfer from cofactor to substrate. As
for several other Zn**-dependent ADH’s, the Thr49 (or Ser) and
His52 in AtCADS, together with the 02" and O3’ hydroxyl groups
of the ribose ring, enable the proton relay mechanism through the
hydrogen bond network among those functional groups, i.e. by
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Fig. 7 Proposed proton shuttling mechanism during the reduction
process in the active site of the AtCADS. Solid arrows indicate the
movement of two electrons among the functional groups during substrate
reduction. The possible hydrogen bonds involved are shown with dotted
lines.

shuttling a proton from the bulk solvent to the carbonyl oxygen
of the aldehyde ligated to the catalytic Zn>* (Fig. 7).

Significantly, there are no notable differences in the local
conformations between AtCAD4 and AtCADS. Indeed, most
of the residues, within either contact or potential interacting
distances to the substrates, were conserved between both. Only
two of the 12 residues in the substrate-binding pocket differ; i.e.
Cys95 and Met289 in AtCADS were replaced by Val96 and 11e290,
respectively, in AtCADA4. This difference makes the binding pocket
of the latter slightly more hydrophobic. Importantly, Cys95 that
resides underneath Trp119 (Fig. 5c, 5d), and which corresponds
to Phe93 in horse liver ADH (8ADH), has also been proposed
to affect the substrate specificity in mammalian ADH’s and S.
solfataricus ADH (1R37) by steric hindrance.?”

In an analogous manner to AtCADS/4, provisional substrates
sinapyl (5), coniferyl (3) and cinnamyl (6) aldehydes were also
modeled into the coordinates of the binary NADP* complexes
with the putative aspen SAD (AsSAD, 1YQX)* and yeast CAD
(1QIN),* respectively.

In this regard, the presumed active site of aspen SAD sub-
stantially differed from that of AtCADS5/4. Among the above-
mentioned 12 residues constituting the proposed substrate-
binding site, only two residues were identical to AtCADS. Most
of these substitutions were non-conservative, although there was
no significant polarity change among them. As a result, the
proposed tethering mechanism for the phenolic hydroxyl group
of the corresponding substrates through the backbone carbonyl
oxygen of Ala293 in the putative aspen SAD* cannot occur
in the binding pocket of AtCADS, due to both the changed
conformation and the resulting steric hindrance. Specifically,
there were several other somewhat symmetrical substitutions,
including the two pairs of amino acid residues previously no-
ticed, namely Leu58/Pro286 and Trpl119/Phe299 in AtCADS
to Trp61/Phe289 and Leul22/Gly302 in SAD, respectively®
(Fig. 4). The bulky side-chains of the hydrophobic residues,
Trp119/Phe299, substantially shrink the size of the binding pocket
and its entrance in AtCAD4/5 compared to that in the putative
aspen SAD. Moreover, the Val276 residue in AtCAD4/5, that is in
close contact with the modeled substrate, is substituted to Ala in
aspen SAD, thus increasing the size of the pocket further. Taken
together, these differences in binding pocket (size and shape) would
appear to enable the putative aspen SAD to display even higher
substrate versatility than either the AtCADS5 or AtCADA4.

The substrate-binding site of the putative yeast CAD (1Q1N)
also substantially differs from that of AtCADS. This is reflected
in the observation that there is only one amino acid conserved
among the 12 residues, with two of the others having substitutions
of different polarity. Consequently, the funnel-shaped cavity of the
putative yeast CAD is also relatively larger than that of AtCADS.
This perhaps helps to explain further its very broad substrate
specificity range,” as well as its being more polar than that of
either AtCADA4/5 or the putative aspen SAD.

One of the two residues participating in the proton shuttle
system, His52, is exposed to the bulk solvent, and is completely
conserved among all of the compared MDR’s. This occurs even
though Thr49 is substituted to Ser in some MDR’s, probably
indicating that all of these reductases adopt an identical proton
transfer system. By contrast, the alternative proton pathway
that was proposed in horse liver ADH,?¢ from the 3OH of
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a nicotinamide ring to the backbone carbonyl oxygen of I1e269
(Pro253 in AtCADS), is not possible due to the relatively long
distance between the two acceptor and donor groups. However,
while this might be possible in the ternary complex (following
conformational changes) this was not investigated.

Site-directed mutagenesis of the fourth Zn** coordination ligand
(Glu70)

In most ADH’s, including horse liver ADH, the fourth ligand of
the catalytic Zn>* is a water molecule hydrogen-bonded to the
hydroxyl group of Thr49 (or Ser) and which can be replaced by
substrate.’” However, in some prokaryotic ADH’s, the catalytic
Zn** is instead coordinated to a strictly conserved Glu residue
located opposite to the substrate binding pocket e.g. as observed
for S. solfataricus (1R37), C. beijerinckii (CbADH) and T
brockii (TbDADH).”® Additionally, among eukaryotic ADH’s,
Zn** coordination to a Glu residue is very rare. Moreover, since
AtCADS (coordinated to Glu70) is only the second example of
such a coordination in the eukaryotes, following that of rat sorbitol
dehydrogenase,® this potentially suggested a role in catalysis.
Indeed, upon substrate-binding, the aldehydic oxygen of the
substrate is envisaged to displace Glu70 via direct coordination to
Zn*, so that it remains tetra-coordinated.?”**** The resulting free
side-chain of the Glu70 might then form a salt bridge to the nearby
Arg345 as observed in apo-horse liver ADH.?® Interestingly,
this Glu residue is also one of the most highly conserved in
class I ADH’s, whose replacement in yeast ADH resulted in a
considerable reduction in overall catalytic efficiency, even though
the residue was not directly bound to the catalytic Zn** in that
enzyme.*! It has thus been proposed that the intermittent role of
this dynamic Glu residue is both in facilitating the binding of the
aldehydic substrate and in the subsequent product release.

The Zn*-coordination of the Glu70 is, however, observed in
the apo-form of AtCADS and is maintained even after NADP*
binding, even though the opposite occurred in the case of
the NADP* complexes of both ChbADH and TbADH.*# We,
therefore, considered it instructive to replace Glu70 with Ala70
via site-directed mutagenesis (see Experimental) to ascertain what
effect, if any, this had on the overall catalytic efficacy. The resulting
mutagenized AtCADS5 (Glu70Ala) was thus next heterologously
expressed, purified to apparent homogeneity, and assayed for its
capacity to convert the corresponding aldehydes 1-5. The resulting
mutagenized protein was catalytically inactive, in agreement with
our hypothesis that perturbation of the Zn** catalytic center
coordination would adversely affect catalysis.

Conclusions

Herein we report the crystal structures of AtCADS and the
modeled structure of AtCAD4, the two catalytically most active
CAD’s from A. thaliana. The observed structures underscore
previous observations reported for various MDR-related ADH’s
and provide us with a useful tool for a comparative study of other
enzymes of putative CAD and SAD-like character. In particular,
we identified 12 residues apparently constituting the substrate-
binding site, which are well conserved among the bona fide CAD’s
from various species known thus far. By contrast, only 2 or 1 of
these residues are conserved in the putative aspen SAD and in the

putative yeast CAD, which in both cases results in significantly
larger binding pockets. The true significance of such binding
pocket differences will, however, only be objectively determined
when the actual physiological roles of each are determined in vivo
as previously noted by Bomati and Noel.* In terms of the CAD’s
whose roles are unambiguously established, it is of interest that
their overall structures, including the location and number of the
secondary structural elements, are somewhat different to horse
liver ADH, i.e. only four of the 12 amino acids are conserved.
This is also a reflection of the similarities and differences between
CAD and horse liver ADH with respect to their substrate-
binding pocket, ie. in terms of preferentially utilizing aromatic
and aliphatic substrates, respectively. Nevertheless, the horse liver
ADH coordinates were such as to enable provisional modelling
of the tobacco CAD?* (discussed in Lewis et al®) as were
the coordinates of the S. solfataricus ADH* for AtCADS5 and
AtCADA4." Finally, the relatively tight substrate-binding pocket
observed for the various hydroxycinnamyl aldehydes 1-5 examined
using AtCADS and AtCAD4 now offers the opportunity to
biotechnologically engineer the pocket to more readily utilize one
substrate over another, e.g. to more efficiently channel metabolic
flux, for example, for the formation of health-related lignans.

Experimental
Materials

Coniferyl (3), sinapyl (5) and cinnamyl (6) aldehydes were
purchased from Aldrich whereas p-coumaryl (1), caffeyl (2), 5-
hydroxyconiferyl (4) aldehydes and p-coumaryl (7), caffeyl (8),
coniferyl (9), 5-hydroxyconiferyl (10) and sinapyl (11) alcohols
were synthesized as described in Kim ef al.**

Expression and purification of AtCADS and AtCAD4

Plasmids (pET151D-TOPO® TA vector, Invitrogen) harboring
AtCADS (GenBank accession number AY302082) and A1CAD4
(GenBank accession number AY302081) were used to individually
transform ER2566 Escherichia coli cells (New England BioLabs
Inc.), with the cells grown at 37 °C with shaking (250 rpm) in Luria-
Bertani (LB) medium supplemented with ampicillin (100 pgcm ).
Over-expression of AtCADS (or AtCAD4) was induced by the
addition of isopropyl B-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.5 mM at mid-log phase (4¢, = 0.5). After
agitation (250 rpm) for 20 h at 20 °C, the cells were individually
harvested by centrifugation (3000 x g for 20 min). The cell pellets
were individually resuspended in lysis buffer (50 mM NaH,PO,,
300 mM NacCl, 10 mM imidazole, pH 8.0, 10% glycerol, 2 mM
B-mercaptoethanol), and lyzed by sonication (5 x 10 s, model
450 sonifier®, Branson Ultrasonics Co.), with the lysates cleared
by centrifugation (20000 x g for 40 min). To each supernatant,
Ni-nitrilotriacetic acid agarose (Qiagen, Hilden, Germany) was
then added, with the slurry placed on a rocking shaker at 4 °C
for 1 h. After eluting the unbound proteins and washing the resin
ten times with washing buffer (50 mM NaH,PO,, 300 mM NaCl,
20 mM imidazole, pH 8.0), the AtCADS (or AtCAD4) was then
eluted stepwise with elution buffer (50 mM NaH,PO,, 300 mM
NaCl, 100-300 mM imidazole pH 8.0) at a 50 mM increment of
imidazole concentration.
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Thereafter, AtCADS5 (or AtCAD4)-enriched fractions (150—
250 mM imidazole) were pooled, concentrated and the buffer
exchanged to 5 mM Na phosphate (pH 6.8) using Amicon YM10
membrane (Millipore). This concentrated sample was passed over
a CHT-10 hydroxyapatite column (BioRad, 1 x 10 cm), which
was pre-equilibrated in Na phosphate buffer (5 mM, pH 6.8),
at a flow rate of 3.0 cm?® min~'. Each column was eluted with a
linear gradient of Na phosphate (from 5 to 500 mM in 200 cm?).
AtCADS and AtCAD4 were individually eluted at 50 and 100 mM
Na phosphate, respectively. Fractions containing AtCADS5 (or
AtCAD4) were concentrated as described previously, with the
buffer exchanged to 50 mM Tris—HCI (pH 8.0) containing EDTA
(1 mM) and dithiothreitol (1 mM) (Buffer A). The resulting
AtCADS (or AtCAD4)-enriched protein fraction was loaded
onto a MonoQ™ GL10/100 anion exchange column (Amersham
Biosciences) equilibrated in Buffer A at a flow rate of 2 cm?® min~!,
with proteins eluted with a NaCl step gradient (0.05, 0.1, 0.2, 0.4,
and 2 M; 20 cm’® for each step); the catalytically active AtCADS5
(or AtCAD4) fractions were eluted at 0.1 M NaCl. Confirmation
of the presence and purity of the AtCADS (or AtCAD4) was made
by SDS-PAGE.

Size exclusion chromatography and multiangle laser light
scattering

Determination of the molecular mass of AtCADS (and AtCADA4)
in solution, using a static light scattering device, was performed as
described previously in Youn et al.’® by loading a solution of At-
CADS or AtCAD4 (100 ul, 2 mg cm— in PBS) onto a KW-803 col-
umn (8 x 300 mm, Shodex, Japan) pre-equilibrated in PBS bulffer.

Dynamic light scattering

The radius and molecular weight of AtCADS (and AtCAD4)
were estimated using a DynaPro-Titan (Wyatt Technology Corp.)
instrument at 22 °C. Purified AtCAD5 or AtCAD4 (2 mg cm~3) in
a freshly prepared Tris—HCI buffer (20 mM, pH 8.0), containing
1 mM EDTA and 1 mM dithiothreitol, were filtered through a
polyvinylidene difluoride filter (0.1 pm, Millipore). Scattering data
were acquired through accumulation (5 times) of 10 scans with
10 s per scan, with the laser intensity set to a range of 50-60% (30—
36 mW). The corresponding molecular weight and radius were
calculated using the software package ‘DYNAMICS V6’ supplied
with the instrument.

Crystallization of AtCADS

AtCADS was crystallized in a range of enzyme concentrations
from 4 to 10 mg cm~* in 20 mM Tris—HCl buffer (pH 8.0) contain-
ing | mM EDTA and 1 mM dithiothreitol using the hanging drop
vapor diffusion method at two different temperatures of 277 K
and 293 K. For crystallization, apo-AtCADS5 was diluted two-
fold with the reservoir solution [20% (w/v) PEG 3350 and 0.2 M
trilithium citrate tetrahydrate, pH 8.1] for a final hanging drop
volume of 3 mm?®. Diamond-shaped crystals usually appeared
after 3 days, and the best diffracting crystals with dimensions
of ~0.2 x 0.2 x 0.8 mm were obtained in about 2 weeks. Apo-
AtCADS crystallized in a tetragonal space group, P4,2,2 (a=b =
54.22, ¢ = 312.29 A), with one molecule in an asymmetric unit.
For binary complex crystals, purified AtCADS (10 mg cm~?) in

30 mM Tris—HCI buffer (pH 8.5) containing 100 mM NaCl, 2 mM
dithiothreitol and 1.5 mM NADP* was used. The binary AtCADS
crystals were obtained by mixing the above solution of AtCADS
(1.5 mm?®) with an equal volume of a reservoir solution containing
20% (w/v) PEG 3350 and 0.2 M diammonium tartrate (pH 6.6).
The binary complex was also crystallized in the same tetragonal
space group, P4,2,2, with corresponding unit cells of a = b = 54.71,
¢=303.93 A. Diffraction data for the apo-form at 2.0 A resolution,
and the binary complex at 2.6 A resolution, were collected using
an ADSC Q210 CCD detector in the beam line 8.2.1 at Berkeley
Advanced Light Source (ALS) and a Rigaku Saturn 92 CCD
detctor/MicroMax-007 X-ray generator, respectively. All data
were collected at a temperature of 100 K. Before crystal freezing,
the corresponding crystals were soaked for 5 min in cryoprotectant
(25% glycerol in the corresponding reservoir solution).

Structural solution and refinement

In order to obtain initial phase information of apo-AtCADS in-
tensity data, the coordinates of the E. coli alcohol dehydrogenase-
like protein yahK (1UUF) and the software package, AmoRe,*?
were used for molecular replacement. Rigid body refinement was
carried out with X-PLOR,* beginning with the best solution of
molecular replacement. The initial crystallographic R-value of a
solution was 40.0%, with the data resolution ranging from 15.0
to 3.0 A. After several cycles of positional and temperature factor
refinements, and a series of simulated annealing omit maps, a
reasonable quality electron density map was achieved and all
residues were fitted. The structure of the binary complex of
AtCADS was solved by the molecular replacement method using
the refined coordinates of apo-AtCADS. The final R-factors for
the apo-form and the binary complex were 19.5% (Rp.. = 23.5%
for the random 5% data) and 20.1% (Rg.. = 23.0% for the random
5% data), respectively (Table 1). The number of reflections above
20 for the apo-form was 25958 (98.2% completeness) between
10.0 and 2.0 A resolution. The crystals of the binary complex did
not diffract as well as the apo-form and gave reflection numbers
of 9631 (above 20, 93.2% completeness) between 10.0 and 2.6 A
resolution. The root mean square deviations (rmsd) (from ideal
geometry) of the final coordinates corresponding to the apo-form
and the binary complex are 0.01 and 0.02 A for bonds and 2.6
and 2.9° for angles, respectively. All AtCADS coordinates have
been deposited in the Protein Data Bank (apo-form: 2CF5, binary
complex: 2CF6).

In turn, amino acid substitutions, insertions, and deletions for
the AtCAD4 were next performed by using the graphics program
0,* starting from the refined coordinates of AtCADS5, followed
by quick-energy minimization by using X-PLOR* with potential
function parameters of CHARMMI19 as described previously.'*
The initial position of the substrate was obtained through the solid
docking module on QUANTA (BioSYM/Micron Separations),
which is based on conformational space, followed by a quick-
energy minimization by X-PLOR.*

Site-directed mutagenesis

Forward (5-CATGGTTCCTGGGCATGC*G*GTGGTAGGGG
AAGTAG-3) and reverse (5-CTACTTCCCCTACCACC*G*C
ATGCCCAGGAACCATG-3) primers were designed and
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Table 1 Crystallographic data for AtCADS

Data Apo-form Binary complex®
Beam line ALS 8.2.1 WSU (MMO007)
Wavelength/A 1.07812 1.5418
Resolution/A 50 t0 2.0 50 t0 2.6
Space group P4,2,2 P4,2,2
Cell dimensions/A a=754.22 a=5471
b=154.22 b=154.71
c=312.99 ¢=1303.93
Asymmetric unit 1 molecule 1 molecule
Total observations 129883 59808
Unique reflections 32473 14177
Completeness (%) 98.2 93.2
Ry (Y0)"¢ 5.8(13.3) 6.5 (13.5)
Refinement
Resolution/A 10 to 2.0 10 to 2.6
Number of reflections 25958 9631
Ry (%0)! 19.5 20.1
R (%0)° 23.5 23.0
rmsd’ bonds/A 0.011 0.012
rmsd angles/° 3.019 3.463
Number of atoms
Protein + ion + ligand 2667 2715
Water 199 140

“ AtCAD5 + NADP*. * Numbers in parentheses refer to the highest
shell. Ry = 211, — (I)|/Z1,, where (I,) is the average intensity
over symmetry equivalent reflections. ¢ Ryyq = Z | Fops—Feuie | /Z F s, Where
summation is over the data used for refinement. ¢ R, was calculated as
for R., using 5% of the data that was excluded from refinement. / Root
mean square deviations.

synthesized (Invitrogen, Carlsbad, USA) to convert AtCADS5
Glu70 into alanine (asterisks indicate mismatch for the Glu— Ala
substitution). Site specific mutagenesis was carried out with a
QuikChange XL site-directed mutagenesis kit (Stratagene, La
Jolla, USA) following the manufacturer’s instructions with PCR
conditions as follows: initial denaturation at 95 °C for 1 min,
followed by 18 cycles of 95 °C for 50 s, 60 °C for 50 s and
68 °C for 6 min, with 7 min at 68 °C and an indefinite hold
at 4 °C. After PCR completion, the PCR product was treated
with Dpn 1 for 1 h at 30 °C to digest the non-mutated parental
DNA template, and was transformed into E. coli TOP10 cells.
After selection on LB plates containing 100 ug cm=* carbenicillin,
a positive clone, containing the mutation Glu70— Ala70, was
confirmed by sequencing both strands (using pTrcHis2 forward
and reverse primers (Invitrogen)) to ensure that there were no
other mutation(s) in the open reading frame as a result of the
PCR. Heterologous expression of the Glu70— Ala70 mutant as
well as of recombinant AtCADS5 was carried out as described
above. Both were purified and assayed using aldehydes 1-5 as
described in Kim ez al.**
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A facile substitution of amine groups attached to the fullerene
cage occurs when 1,4-diaminofullerenes C,[NR,], are al-
lowed to react with excess of another amine R',NH; this
reaction proceeds rapidly at room temperature without any
additional initiators.

Fullerene C4 undergoes photochemical reactions with secondary
amines to yield the corresponding aminofullerenes.! These reac-
tions are mostly of low selectivity and yield complex mixtures
of products; therefore, only a few types of individual derivatives
have been isolated so far. They are single-bonded fullerene
dimers 1,4-[C,NR,],,? tetraaminofullerenes Cg[NR,],0%3 bearing
epoxide oxygen addends, and piperazinofullerenes formed from
various N,N'-disubstituted 1,2-diamines.* In addition, two 1,4-
diaminofullerenes Cg[NR,], were previously isolated as minor
byproducts in photochemical reactions of C4 with secondary
amines.”* We have developed recently an alternative approach
to the synthesis of 1,4-diaminofullerenes using a reaction of
C¢Cl; with the corresponding secondary amines at elevated
temperatures.” Here we employed an available diaminofullerene
1 as a substrate in photochemical reactions with other secondary
amines, namely, N-substituted piperazines 2a—b.

Since the reactions of 2a—b with parent fullerene C, result in the
formation of tetraaminofullerenes C4[NR,],O as major products,®
one can expect to obtain mixed tetraaminofullerenes (possessing
different amine groups attached to the cage) starting from 1. For
this purpose, 50 mg (0.048 mmol) of 1 were dissolved in 50 ml
of 1,2-dichlorobenzene and then 100 mg (0.610 mmol) of 2a or
120 mg (0.645 mmol) of 2b were added. Then the resulting mixtures
were irradiated in air by a 60 W incandescent light bulb for 5h (2a)
and 20 h (2b). Chromatographic separation gave a single isolable
product in each case, 3a and 3b, respectively.

The '"H NMR spectra§ revealed the presence of only two or
more symmetrically arranged residues of amines 2a—c in molecular
frameworks of 3a-b; thus, 2-(piridyl)piperazinyl groups were
cleaved from the fullerene cage under the reaction conditions. The
BCNMR spectra§ of 3a-b were very similar to the spectrum of the
starting diaminofullerene 1. Particularly, both spectra exhibited
single peaks at 73-74 ppm that correspond to the fullerene core
sp® carbons bearing amine groups. Thus, both the 'H and "*C
NMR spectra of 3a-b were compatible only with the structures
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of C, symmetrical 1,4-diaminofullerenes as is shown in Scheme 1.
Such a composition was also confirmed by chemical analysis data.

To rationalize the origin of such a facile substitution of N-(2-
pyridyl)piperazinyl groups by residues of 2a-b, we investigated
the reverse reaction. For this purpose, 3a was treated with an ex-
cess of N-(2-pyridyl)piperazine under photochemical conditions.
The NMR spectroscopic characterization of the crude reaction
product revealed that all (2-pyrimidinyl)piperazinyl groups were
pushed out from the fullerene cage. However, a mixture of isomeric
tetra- and even hexaaminofullerenes was formed in this case along
with a small amount of diaminofullerene 1.7 The same product
composition was obtained in a control experiment by irradiation
of 1 with N-(2-pyridyl)piperazine. Conversion of 3a to 3b and vice
versa were found to proceed smoothly and do not give much of
the polyaddition side products.

Thus, it was shown that amine groups attached to the fullerene
cage can be reversibly replaced by residues of other amines under
irradiation with visible light (Scheme 2). Further studies revealed
that this interconversion of 1,4-diaminofullerenes proceeds with
the same efficiency at room temperature even in the absence of
light and air.q Therefore, a participation of free radicals in this
reaction must be ruled out.

Substitution of tertiary amine groups by stronger nucleophiles
is well-known for aliphatic substrates. According to the known
mechanism, it starts from the protonation of the nitrogen atom fol-
lowed by elimination of R,NH and formation of the corresponding
carbocation.® The addition of R’,NH to this carbocation and the
following elimination of a proton can result in formal substitution
of R,N group by R’,N at the fullerene cage (Scheme 3, route I).

If the observed interconversion of 1,4-diaminofullerenes really
obeys such a mechanism, all other known types of aminated
fullerenes, in particular, compounds 4 and 5 (Scheme 3), should
also be reactive under the given conditions. In contrast, we
observed no exchange of amine groups in 4 and 5 even under
continuous irradiation in air.

Therefore, some peculiarities of the molecular structure of
1,4-diaminofullerenes are presumably responsible for the facile
substitution of amine groups. We believe that the first step
of the reaction is addition of R,NH to 1,4-C4(NR,), that
gives “allyl-like” intermediate A.* The formation of a similar
intermediate from 4 is not possible because two amine groups
are attached to adjacent carbons in this molecule (1,2- but not 1,4-
addition pathway); tetraaminofullerene 5 already has a stabilizing
cyclopentadienyl moiety in its molecular framework that makes
this compound quite inert towards further additions." Following
hydrogen transfer may convert A to B; the following elimination
of R,NH accomplishes the substitution of one amine group by an-
other (Scheme 3, route II). All stages of the suggested mechanism
are reversible, so an excess of the reagent (corresponding amine)
shifts it to the desired direction.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1647-1649 | 1647





Scheme 1

QBQ NR; . éas NR?
HNR, . q
Og!ﬂ ", OQ!" NR’

Scheme 2

H H
NR NR' NR:
NR; 2 ® 2 2
He ~¢\ -HNR2 HNR~RE  —H*
[ | | | |
NR2 NR2 N RZ NR2 NR3

Scheme 3

To the best of our knowledge, we have serendipitously observed
the first example of a very easy substitution of one amine
group by another in carbocyclic systems. The structure of the

1,4-diaminofullerene substrate makes possible formation of a
relatively stable zwitterionic allyl-type intermediate that provides
a possible route for substitution of amine groups at the fullerene
surface. It can be expected that the reported novel reaction
will find many applications, particularly, when a wider range
of nucleophiles is introduced in the reactions with 1,4-diamino-
fullerenes.

This work was partially supported by INTAS (04-83-3733),
Russian Foundation for Basic Research (04-03-32870) and Russian
Science Support Foundation.
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90 A) pre-eluted with 1 : 1 v/v hexane : toluene mixture. Passing toluene:
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yields, respectively. A further increase in polarity of the eluent (going
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column. The NMR spectroscopy revealed it to be a complex mixture of
products.
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6.56 (t, 2H), 8.39 (d, 4H) ppm. *C NMR (100 MHz, CS,-C¢D,, 10 : 1):
0 = 44.31, 50.02, 73.57, 109.85, 138.19, 139.78, 140.35, 141.10, 142.09,
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reactions.}
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This paper describes the development of a straightforward experimental protocol for copper-mediated
cross-coupling of amino acid derived B-amido-alkylzinc iodides 1 and 3 with a range of acid chlorides.
The present method uses CuCN-2LiCl as the copper source and for organozinc reagent 1 the
methodology appears to be limited to reaction with more stable acid chlorides, providing the desired
products in moderate yields. When applied to organozinc reagent 3, however, the protocol is more
general and provides the products in good yields in all but one of the cases tested.

Introduction

In connection with a total synthesis project,' we recently became
interested in cross-coupling reactions involving acid chlorides and
the two amino acid derived B-amido-alkylzinc iodides 1 and 3 to
give coupling products 2 and 4, respectively (Scheme 1).2 Although
our initial interest was focused on the synthesis of 2a and 4a, we
also tested the generality of our developed methodology on a range
of selected acid chlorides and the results are presented in this
paper, along with a comparison with alternative cross-coupling
techniques.

W H
N« a) N« R
UT Oy
(0]
1 2a-f
(0] Znl (0]
a) R
Meow — MeOJvW
NHBoc BocHN O
3 da-f
a: R = C(=CHOCH3)CH,CH3
b: R =Ph
c: R =CH=CH,
d: R = CH,0Ac
e: R = 2-furyl
f: R = (CH5)4,CH3

Scheme 1 Cross-coupling reactions of B-amido-alkylzinc iodides 1 and
3 with acid chlorides to give derivatives 2 and 4, respectively. Key: (a)
transmetallation, RCOCI.

L-Pyroglutamic acid derived organozinc reagent 1 has pre-
viously been used in Cu() mediated reactions with various
electrophiles using either CuBr-DMS or the THF-soluble copper
salt CuCN-2LiCI® as copper source.* Thus, reaction of 1 with
propargylic tosylates in DMFE,* 1-iodo alkynes in THF-DMF,*
and bromoallene in DMF,* gave the derived products in moderate
yields (49-59%). Although reaction of 1 with an acid chloride

Department of Chemistry, Building 201, Technical University of Denmark,
Kemitorvet, DK-2800, Kgs. Lyngby, Denmark. E-mail: dt@kemi.dtu.dk;
Fax: + 4545933986, Tel: + 454525 21 88

has not been documented, reaction of an analogous L-serine
derived organozinc reagent with benzoyl chloride in THF after
transmetallation with CuCN-2LiCl has been reported to give the
coupling product in 71% yield.?

More thorough investigations of organozinc reagent 3 have been
published,® and Pd(0)-catalysed reaction of this L-glutamic acid
derivative with a range of acid chlorides has been reported to give
coupling products 4b—e in moderate yields (45-52%) while failing
to provide 4f (Scheme 1).%

Since no method for cross-coupling of organozinc reagent 1
with acid chlorides had been reported previously we decided to
use this reagent as the basis for the present study. Furthermore,
since relatively little work concerning this type of reagent has been
published, we likewise decided to synthesize and test the stability
and reactivity of N-protected f-amido-alkylzinc iodide 5 and f-
amino-alkylzinc iodides 6 and 7 (Scheme 2). To our knowledge,
the generation and use of these reagents has not been reported in
the literature.

Elioc Znl ﬁ;oc Znl ﬁin %nl

Oﬁ'.‘\\l N "\\\l N o
5 6 7

Scheme 2 Other protected pyroglutamic acid-derived (5) and proline-
derived (6 and 7) organozinc reagents of interest.

Results and discussion
Acid chlorides

All but one of the required acid chlorides were commercially
available. Synthesis of the last acid chloride, 10, was achieved
in three steps from methyl 2-bromobutyrate in 57% overall yield
(Scheme 3).

Ester 8 was obtained in 87% yield by a Reformatsky reaction
of methyl 2-bromobutyrate with a,a-dichloromethyl methyl ether
in the presence of zinc dust.” Although this method makes use
of the toxic a,a-dichloromethyl methyl ether, the relative ease and
the good yield of this reaction makes it preferable over the other
reported pathway to 8 in two steps in 78% overall yield starting
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c)l

Scheme 3 Synthesis of acid chloride 10 from methyl 2-bromobutyrate.
Key: (a) Zn, MeOCHCI,, Et,0, A, 87%; (b) 2 M NaOH, A; then HCI,
76%; (c) (COCl),, DMF (cat.), benzene, rt, 86%.

from commercially available, but expensive, ethyl 2-ethylacrylate.?
Hydrolysis of 8 to 9 was effected in 76% yield by refluxing with
2 M NaOH,? and 10 was then obtained in 86% yield by reaction
of 9 with oxalyl chloride.?

Synthesis of proline, glutamic acid and pyroglutamic acid derived
iodides

The synthesis of 12 and 13 as precursors to organozinc reagents 1
and 5, respectively, is shown in Scheme 4.

| O |
|
Oﬁ-ﬂ‘J%H a), b) Oﬁ o), d)

L-Pyroglutamic acid 1 12

13

Scheme 4 Synthesis of iodides 12 and 13. Key: (a) SOCl,, MeOH, —15°C
to rt; (b) NaBH,, EtOH, 0 °C to rt, two steps, 91%; (c) TsCl, Et; N, DMAP,
CH,Cl,, rt; (d) Nal, MeCN, A, two steps, 94%; (e) Boc,O, NaH, THF,
—20 °C to rt, 64%.

L-Pyroglutamic was converted into alcohol 11 by reaction with
SOCI, in MeOH followed by reduction of the crude methyl ester
with an excess of NaBH, in EtOH. The overall yield for these two
steps was 91% and this route is based on a modified literature
procedure.’ Todide 12 was then obtained by tosylation of 11 with
TsCl in the presence of Et;N and DMAP," followed by refluxing
a mixture of the crude product and Nal in MeCN™" (94% yield
for the two steps and 86% overall yield from L-pyroglutamic acid).
Todide 13 was obtained by reaction of 12 with Boc,O using NaH
as base,” in 64% yield.

Synthesis of iodide 15 (Scheme 5) as precursor to 6 was
achieved in two steps from commercially available N-Boc L-proline
following literature procedures.

IIBOC 0 I|300 OH
N JlL a) N
R ——

. o b) N
15

14
Scheme 5 Synthesis of iodide 15. Key: (a) BH;-DMS, THEF, rt to reflux,
73%; (b) 1,, imidazole, PPh;, Et,O or CH,Cl,, rt, 83%.

$oc |

Reduction of the acid functionality in N-Boc L-proline with
BH;-DMS in refluxing THF" provided alcohol 14 in 73% yield
after workup and crystallization. Further conversion into the
desired iodo derivative 15 was effected in 83% yield by reaction
with I,, imidazole and PPh, in Et,O or CH,Cl,."* We found that
use of a 2:1 mixture of Et,O—CH,Cl, as solvent for this reaction
proved to be optimal, giving 15 in 61% overall yield.

Todide 16 was prepared from commercially available N-benzyl
L-prolinol (Scheme 6). Only 38% yield was obtained; the product
was found to be unstable and was thus used as soon as possible
after isolation.

Elin OH

N

o |
K a) N “\\‘
16

Scheme 6 Synthesis of iodide 16. Key: (a) I,, imidazole, PPh;, CH,Cl,,
rt, 38%.

Todide 19, the precursor to organozinc reagent 3, was synthe-
sised as shown in Scheme 7.

(0] (0] (0] (0]
a), b)
HO OH MeO OH
NH, 17 NHBoc
L-Glutamic Acid
c)‘
(0] | (0] OH
d)
MeO -« MeO
19 NHBoc 18 NHBoc

Scheme 7 Synthesis of iodide 19 from L-glutamic acid. Key: (a) SOCl,,
MeOH, —15 °C to rt; (b) Boc,O, Et;N, dioxane-water, two steps, 89%;
(c) N-methyl morpholine, CICO,Et, THF, —10 °C; then NaBH,, MeOH,
THEF, 0 °C, 64%; (d) L,, imidazole, PPh;, Et,0-CH,Cl,, rt, 85%.

Selective monoesterification of L-glutamic acid was achieved
by reaction with SOCI, in MeOH using a modified literature
procedure.*** Concentration of the reaction mixture followed by
reaction with Boc,O in dioxane-water in the presence of Et;N,*
afforded the desired N-protected product 17 in 89% yield for
the two steps. Derivative 17 was then transformed into a mixed
anhydride by reaction with N-methyl morpholine and CICO,Et
and subsequent reduction with NaBH, in THF-MeOH gave
the desired alcohol 18 in 64% yield using a modified literature
procedure.” Synthesis of iodo derivative 19 was completed by
subjecting 18 to our developed conditions I,-imidazole-PPh; in
Et,0-CH,Cl, (2 : 1) giving 19 in 85% yield. Overall, the synthesis
of 19 was realized in 4 steps and 48% overall yield from L-glutamic
acid.

With the three B-amido iodides 12, 13 and 19 and the two (-
amino iodides 15 and 16 now available, we proceeded to study the
zinc insertion process.

Subjection of proline and pyroglutamic acid derived iodides to zinc
insertion

As mentioned above, organozinc reagent 1, generated by reaction
of activated zinc dust with the parent iodide 12 in DMF at
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0 °C, has earlier been used in Cu(l) mediated reactions with
various electrophiles in DMF or DMF-THF giving the desired
products in moderate yields.* An important finding was that 1
was unstable in THF at rt giving rise to substantial amounts
of B-elimination.* It has previously been reported that dipolar
aprotic solvents such as DMF, DMA, NMP and DMSO stabilize
B-amido zinc reagents,* and use of DMF as solvent for this zinc
insertion accordingly reduced B-elimination to less than 10%. B-
Elimination was completely eliminated by rinsing the activated
zinc and lowering the temperature to 0 °C.*

We decided to utilize this reported method for zinc insertion as
a basis for the study at hand with one important modification:
DMF has been reported to react with acid chlorides under similar
conditions, a problem which was suppressed by using DMA
instead of DMFE."® Therefore, we decided to make use of these
findings and replace DMF with DMA in our study which was
initially concentrated on organozinc reagents 1 and 5-7.

Not surprisingly, it was found that the quality and mode of
activation of the zinc dust was of major importance for the
insertion reaction. The most reliable results were obtained when
using zinc dust (<10 micron), purchased from Aldrich, after
activation with 1,2-dibromoethane (0.05 equiv.) at 60 °C, followed
by TMSCI® (0.04 equiv.) and sonication® at rt under N, in
DMA 34 Reaction of the activated zinc with iodides 12, 13, 15
and 16 (Scheme 8) was then followed by TLC. When no starting
material remained the reactions were quenched (with water or
0.1 M HCl) and the crude product compositions were investigated
by 'H-NMR spectroscopy. Thus, if zinc insertion had taken place
and the resulting zinc reagent was stable, one would expect to
isolate the reduced products 20, 21, 24 and 25. If the generated
organozinc intermediate was unstable toward B-elimination, one
would expect the NMR to show the presence of the unsaturated
products 22, 23, 26 and 27.

We started with the known organozinc reagent 1. Zinc insertion
in DMA was complete within 2-3.5 hours at 0 °C and as
expected, NMR of the crude product after aqueous quench
showed the presence of almost exclusively the reduced product
2071,* and only traces of 22f. Unfortunately, none of the three
other cyclic organozinc reagents were found to be stable under
these conditions: zinc insertion into 13 in DMA was complete

+ Characteristic 'H-NMR signals from the formed CH;-group in 20:5 1.19
(3H,d, J6.3).

i Characteristic '"H-NMR alkene-signals in 22: 6 4.96 (1 H, m, J 10.2),
5.02(1 H, m, J 17.2) and 5.77 (1 H, m).

Fli | Fli Znl
oﬁ o a) Oﬁ"“\‘
122.R=H 1:R=H
13: R =Boc 5:R =Boc
ﬁ{ | Fli Znl
:N: _‘\\\l a) :N __\\\l
15: R = Boc 6: R =Boc
16: R =Bn 7:R=Bn

within one hour at 0 °C but 'H-NMR of the quenched reaction
mixture showed the almost exclusive presence of 23 resulting from
B-elimination. This was perhaps not so surprising, since 5 was
expected to be less stable than 1 as a result of the better leaving
group abilities of the amide moiety and better coordinating ability
of the nitrogen protecting group with zinc. The latter effect has
been proposed to be a key parameter in B-elimination from -
amido-alkylzinc iodides.5¥*

Similarly, in our hands, the proline derived organozinc reagents
6 and 7, derived from reaction of 15 (in DMA) and 16 (in
DMA-THF 1 : 1), respectively, proved very unstable and only the
elimination products 26 and 27 were present after zinc insertion
and aqueous quench as judged by 'H-NMR. We note that
only a few applications of B-amino-alkylzinc iodides have been
reported,” and these types of reagents, as well as being prone to
elimination—degradation, also showed reduced reactivity, possibly
due to intra- or inter-molecular complexation between the nitrogen
and the metal center.>**

Reaction of pyroglutamic acid derived organozinc reagent with acid
chlorides

We thus concentrated our efforts on organozinc reagent 1 in order
to find the optimal conditions for reaction with acid chlorides,
using benzoyl chloride as standard (Scheme 9).

t 1 g ;
N \ a) N Xy b) N &\ Ph
AV e S e A
(0]

12 1 2b

Scheme 9 Desired product 2b from reaction of 1 with benzoyl chloride
after transmetallating with a copper- or a palladium source. Key: (a) Zn*,
DMA, 0 °C; (b) BzCl, copper or palladium transmetallation.

Initially, literature procedures for copper-mediated reactions*
involving 1 were directly adapted to our DMA-based system
and the results are listed in Table 1. The DMA solution of the
formed organozinc reagent 1 was first added to a solution of
CuCN-2LiCl (1.0 equiv.) in THF at —40 °C. The mixture was
then stirred for 10 minutes at 0 °C to ensure formation of the
organocopper reagent. Cooling to —30 °C followed by addition of
benzoyl chloride provided the desired product in a moderate 49%
yield after workup (entry 1). Reaction of 1 in DMA at —10 °C
with benzoyl chloride in the presence of CuBr-DMS (0.2 equiv.)
was likewise attempted (entry 2) but yielded only traces of the

R H
b o N o NHR
— @ and/or o:<_/2
20:R=H 22:R=H
21: R=Boc 23: R =Boc
R H
b) N NHR
—_— e and/or <_/:
24:R =Boc 26: R = Boc
25:R=Bn 27:R=Bn

Scheme 8 Generation and possible products from aqueous quenching of organozinc reagents 1 and 5-7 derived from 12, 13, 15 and 16. Key: (a) Zn*,
12: DMA, 0 °C, 2-3.5h,13: DMA, 0°C, 1 h, 15: DMA, —15°Ct0 0°C, 2 h, 16: DMA-THF 1 : 1, —15°C to —10 °C, 1 h; (b) water or 0.1 M HCL.
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Table 1 Results obtained from reaction of 1 with benzoyl chloride yielding 2b under different conditions

Entry Transmet. agent (equiv.) Solvent Temperature Yield (%)
1 CuCN:-2LiCl (1.0) THF-DMA 5:1 —40°C-0°C--30°C 49

2 CuBr-DMS (0.2) DMA —-10°C Trace

3 Pd(PPh;), (0.05) Toluene-DMA 5 : 1 rt 0

desired product. For comparison, we included an adaptation of
a literature procedure® for Pd(0)-catalysed cross-coupling of acid
chlorides with acyclic B-amido-alkylzinc iodides; unfortunately,
this failed completely in our hands (entry 3).

We thus decided to optimise the conditions for the use
of CuCN-2LiCl as transmetallating agent. When reacted with
organozinc reagents of the type RZnl, CuCN-2LiCl is reported
to give copper reagents tentatively described as RCu(CN)Znl, but
the exact structures of these reagents remain unknown.>* Thus,
for the system at hand, 1 would give a copper species formulated
as 28 which then provides the desired product 2b after reaction
with benzoyl chloride (Scheme 10). As will be discussed below,
a major side product of this reaction was the reduced species
20, presumably formed as a result of slow deprotonation of the
amide functionality by the organozinc reagent 1 and/or copper

H ‘zm H (‘DU(CN)ZnI
1 28
\i) fV
4 A A
O« Ph
N

g N W
oMy oy
20 29

Scheme 10 Transmetallation of 1 with CuCN-2LiCl gives a copper
reagent tentatively described as 28 which upon reaction with benzoyl
chloride gives the desired product 2a. Byproducts 20 and 29 presumably
formed as a result of self-quenching of 1 and/or 28 followed by aqueous
quench or reaction with benzoyl chloride. Key: (a) CuCN-2LiCl; (b) BzCl;
(c) quench or BzCl followed by quench.

reagent 28 which yields 20 after aqueous workup. Alternatively,
the intermediate deprotonated species could react with benzoyl
chloride giving 29** which was also observed in smaller amounts.

Our original procedure was somewhat tedious due to the
temperature changes required during the reaction, in combination
with the poor solubility of the reagents during transmetallation.
Thus, formation of a sticky precipitate was observed in the THF—
DMA solvent mixture, which hindered stirring. We therefore
performed some screening experiments, which are summarized
in Table 2.

Based on an early observation that the zinc reagent 1 and/or
copper reagent 28 were soluble in THF-DMA 5 : 1 when warmed
to 0 °C, we initially performed the reaction in this solvent
composition, but keeping the temperature at —10 °C throughout
the whole reaction (entry 1). Disappointingly, the reagents were
not soluble even at this elevated temperature and furthermore
the yield decreased from 49% to 39%, perhaps indicating that
the reagents were less stable at higher temperatures. Importantly,
though, we proved that the reaction could still provide useful yields
when kept at a constant temperature. Changing the solvent to pure
DMA made a modest improvement in the yield (44%, entry 2)
and eliminated the problems with solubility but revealed another
drawback: the presence of an increased volume of DMA relative to
THF during the reaction resulted in a crude mixture after aqueous
workup that contained substantial amounts of DMA. The result
was a slightly impure product still containing traces of DMA
even after column chromatography. It was eventually found that
concentrating the crude mixture after aqueous workup at ca.
45 °C/ca. 2 mmHg removed most of the DMA and the rest
could be removed by adding butyl benzene and concentrating the
resulting mixture at ca. 45 °C/ca. 2 mmHg. Column chromatog-
raphy then furnished the pure product and this workup procedure
remained our preferred method.

Table 2 Results obtained from reaction of 1 with benzoyl chloride yielding 2a under different conditions after transmetallating with CuCN-2LiCl

Entry Solvent Temperature 2b (%)” 20 (%)° 29 (%)°
1 THF-DMA5: 1 —-10°C 39 — —
2 DMA —-10°C 44 21 6
3 THF-DMA 1:1 0°C 29 51 13
4 THF-DMA 1:1 —-10°C 36 30 5
5 THF-DMA 1:1 —15°C 38 15 4
6 THF-DMA 1:1 -25°C 52 14 3
7 THF-DMA 1:1 -30°C 51 16 5
8 THF-DMA 1:1 —40°C 44 14 3
9 THF-DMA 2: 1 -25°C — — —

10 THF-DMA 3:1 -25°C — — —

11 Toluene-DMA 1 : 1 -25°C 49 15 3

12 THF-DMSO 1:1 —-10°C 0 — —

“Tsolated yield after column chromatography. ® Calculated yield from '"H-NMR. ¢ Not determined. 1 and 28 not sufficiently soluble under these

conditions, so further work was abandoned.
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From these two experiments, it seemed that keeping the
temperature constant during the reaction and use of an increased
volume of DMA relative to THF could improve the reaction at
hand. However, it also seemed that elevated temperatures (—10 °C)
resulted in lower yields and, since pure DMA freezes at —20 °C, a
compromise was needed. THF-DMA 1 : 1 (entries 3-8) proved to
be the solvent composition of choice. The reagents were still not
completely soluble in this solvent mixture, but the reaction mixture
remained an easily stirrable suspension. After having performed
the reaction at a range of different temperatures (entries 3-8) we
found the optimum temperature to be —25 °C which gave the
desired product 2a in 52% yield (entry 6). Above this temperature
(entries 3-5) the decrease in yield is probably a result of the lower
thermal stability of zinc reagent 1 and/or copper reagent 28. This
is supported by the substantial increase in the yield of 20 after
“self-quenching” from around 15% (entries 5-8) at —15 °C and
below to 30% at —10 °C (entry 4) and 51% at 0 °C (entry 3).
Furthermore, the yield of 29 also increased from around 4% when
performing the reaction at —10 °C or below (entries 3-7) to 13% at
0 °C (entry 2). Interestingly, it was found that less 20 was formed
at —10 °C in DMA (21%, entry 1) than in THF-DMA 1 : 1 (30%,
entry 3) indicating that the presence of THF may in fact cause a
decrease in the stability of organozinc reagent 1 and/or copper
reagent 28. Below —25 °C, the decrease in yield may be explained
by the reduced reactivity of 28 and/or that transmetallation is too
slow.

Interestingly, toluene could be used instead of THF, with
comparable yields (entry 11). Furthermore, organozinc reagent
1 could be formed in DMSO at rt (complete within ca. 2 hours),’
but when further reaction was attempted in THF-DMSO 1 : 1
(entry 12) none of the desired product was obtained.

Overall, the results of these screening experiments did not lead
to any real improvement in yield relative to the initial procedure
(52%, Table 2, entry 6 vs. 49%, Table 1, entry 1) but, importantly,
resulted in a more convenient experimental protocol.

With a convenient experimental procedure at hand, we then
tested the generality of the method by reacting copper reagent 28
with a variety of acid chlorides (Scheme 13, Table 3).

In order to test the hypothesis that the reduced species 20 is
formed by slow deprotonation of the amide functionality by the
organozinc reagent 1 and/or copper reagent 28 (Scheme 10) we
decided to synthesize the deuterated iodide 30 (Scheme 11) and
subject this to the zinc insertion procedure to yield 31. If any self-
quenching would occur one would expect to isolate the deutero-
species 32 along with, or instead of, 20.

D | D zni
b . oo N o b Oﬁ"‘\\l
30 31
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B D
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Scheme 11 Synthesis of deuterated iodide 30 followed by zinc insertion.
Key: (a) D,0, CH,Cl,, rt, 95%; (b) Zn*, DMA, 0 °C; (c) quench.

Thus, in parallel experiments, iodides 12 and 30 were subjected
to identical conditions during zinc insertion at 0 °C and the
reactions were monitored by 'H-NMR. No distinctly measurable
differences between the quenched samples from reaction of 12 and
30 were observed within the time needed for completion of zinc
insertion. This indicated that the organozinc reagents 1 and 31
were stable with respect to self-quench under the conditions used
for zinc insertion. When performing transmetallation of deutero-
species 31 with CuCN-2LiCl and further reaction with benzoyl
chloride following the optimized method in DMA-THF 1 : 1
at —25 °C (Scheme 12), we subsequently obtained the desired
product 2b in an almost unchanged 48% yield (relative to 52%
yield, Table 2, entry 6).

D ‘an D (‘?,u(CN)ZnI
31 33
\i) fV
AL
4 A

O. Ph
0o i

20:R 29:R
32:R 34:R

H 9:R =H
D 4: D
Scheme 12 Transmetallation of organozinc reagent 31 with CuCN-2LiCl
to give 33 and further reaction with benzoyl chloride yielding the desired
product 2a along with byproducts 32 and 34 presumably as a result
self-quenching of 31 and/or 33. Key: (a) CuCN-2LiCl, DMA-THF 1 :
1, =25 °C; (b) BzCl, DMA-THF 1 : 1, —25 °C to rt, 2a: 48%; (c) quench

or BzCl followed by quench.

Interestingly, however, a substantial amount of deuterium
insertion into the reduced product was observed in 'H-NMR of the
crude mixture obtained after aqueous workup. Thus, the reduced
products 20 and 32 were formed in an approximately 1 : 1 mixture
in 16% overall yield. These products could be easily recognized
by the difference in the appearance of characteristic signals in 'H-
NMR from the CH;-group in 20 and the CH,D-group in 32§.
Thus, under the conditions used for transmetallation and further
reaction with benzoyl chloride a slow deprotonation of the amide
functionality in 31 and/or 33 yielding 32 is observed. Analogously,
the byproducts 29 and 34 were observed in a ca. 1 : 1 relationship,
again readily apparent from the characteristic signals in their 'H-
NMR spectra. Since we do not know whether full transmetallation
has taken place under the experimental conditions used, we do not
know if these products derive from 31, 33, or both.

Disappointingly, this cross-coupling technique appears to work
only for relatively stable acid chlorides (Table 3, entries 1, 2 and 5),
providing the desired products in moderate yields at best. When
more reactive acid chlorides were used (entries 3, 4 and 6) none of
the desired products were obtained and NMR spectroscopy of the
crude mixtures after aqueous workup showed only the presence of
reduced product 20 and products resulting from B-elimination.

§20:01.19(3H,d, J6.3); 32: 1.17 (2 H, dt, J 1.9 and 6.3).
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Table 3 Results obtained from reaction of copper reagent 28 with a
selection of acid chlorides using the developed methodology

Entry RCOCI Product Yield (%)
1 C(=CHOCH;)CH,CH; 2a 51¢
2 Ph 2b 52
3 CH=CH, 2c 0
4 CH,0Ac 2d 0
5 2-Furyl 2e 44
6 (CH,),CH; 2f 0
“ Calculated from NMR.
H %m H (|3u(CN)ZnI
N b N
12 A, 0@-»‘ D, o s
1 28
c)l
a: R = G(=CHOCH3)CH,CH3
b:R=Ph E
¢: R =CH=CH, o) R
d: R = CH,0Ac @ \ff
e: R = 2-furyl 2a-f %
f: R = (CH,),CH;

Scheme 13 Reaction of copper reagent 28 with a selection of acid
chlorides using the developed methodology. Key: (a) Zn*, DMA, 0 °C;
(b) CuCN-2LiCl, DMA-THF 1: 1, =25 °C; (c) RCOCl, DMA-THF 1 :
1, =25 °C to rt. See Table 3 for yields.

Reaction of glutamic acid derived organozinc reagent with acid
chlorides

As mentioned above, the acyclic L-glutamic acid derived organo-
zinc reagent 3 has previously been used in Pd(0)-catalyzed
reactions with acid chlorides, giving 4b—e in moderate yields (45—
52%) but failing to provide 4f (Scheme 1).%

When we applied our optimized method to organozinc reagent
3, we were satisfied to find that this technique is generally
applicable to cross-coupling with a range of acid chlorides
(Scheme 14). For this system, organozinc reagent 3 would give
a copper species formulated as 35, and the cross-coupling results
are listed in Table 4, where they are compared to the yields reported
from use of palladium catalysis.*

As seen in Table 4 the organocopper methodology provided
the desired products in good yields (65-78%, entries 1-2 and
4-6) apart from when acryloyl chloride was used; in this case
none of the desired product was obtained (entry 3). NMR
spectroscopic investigation of the crude reaction mixture after

Table 4 Results obtained from reaction of copper reagent 35 with a
selection of acid chlorides using the developed methodology

Entry RCOCI Product  Yield (%)  Lit. yield (%)*
1 C(=CHOCH;)CH,CH; 4a 68 —
2 Ph 4b 75 51
3 CH=CH, 4c 0 48
4 CH,0Ac 4d 65 52
5 2-furyl 4e 78 45
6 (CH,),CH; 4f 77 0

“Yields reported in the literature utilizing Pd-catalysis.®

a)

NHBoc NHBoc

b)l

0 Cu(CN)znl

19

BocHN O
4a-f

NHBoc
35

a: R = C(=CHOCH3)CH,CHj4
b: R =Ph

¢: R =CH=CH,
d: R=CH,OAc
e: R = 2-furyl

f: R = (CHy)4CH3

Scheme 14 Reaction of copper reagent tentatively described as 35, derived
from organozinc reagent 3, with a selection of acid chlorides using the
developed methodology. Key: (a) Zn*, DMA, 0 °C; (b) CuCN-2LiCl,
DMA-THF 1 : 1, =25 °C; (¢c) RCOCl, DMA-THF 1 : 1, =25 °C to rt.
See Table 4 for yields.

aqueous workup showed only the presence of products from
elimination degradation, 36 and 37 (Scheme 15), and traces of
hydrolyzed organozinc reagent 38.

e}

)va/
b
MeO o ))/ \C)~ o H
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35 38

3

37 O'Bu

Scheme 15 Observed byproducts from elimination degradation (36 and
37) and quench (38) of 3 and/or 35. Key: (a) CuCN-2LiCl, DMA-THF
1:1,—25°C; (b) B-elimination then quench; (c) quench.

In most cases, only traces of the hydrolyzed organozinc reagent
38 were observed in the NMR of the crude products, indicating
that 3 and 35 were more stable under the reaction conditions
than the cyclic analogs 1 and 28 (Scheme 10). When compared
to the results obtained when palladium catalysis was employed,
our method provided 4f (entry 6) which the palladium catalysis
was unable to, and vice versa for 4c (entry 3). Satisfyingly, the
present methodology provided 4b, 4d and 4e in yields superior
to those reported for the palladium-catalyzed process (13-33%,
entries 2 and 4-5). The results shown in Table 4 thus suggest
that our cross-coupling technique, despite using a stoichiometric
amount of copper, could provide a useful alternative in cases when
the Pd(0)-catalyzed method fails or gives unsatisfactory yields.

Conclusion

We have developed a straightforward experimental protocol for
copper-mediated cross-coupling of organozinc iodides 1 and 3
with a range of acid chlorides (Scheme 1). Our method uses
CuCN-2LiCl as the copper source and for organozinc reagent 1 the
methodology appears to be limited to reaction with more stable
acid chlorides, providing the desired products in moderate yields.

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1796-1805 | 1801





When applied to organozinc reagent 3, however, the protocol
is more general and provides the products in good yields in all
but one of the cases tested. We consider the latter results to
provide a valuable complement to an existing palladium-catalyzed
protocol,* delivering amino acid derivatives which are useful
building blocks for construction of modified peptides.*

Experimental
General experimental methods

Et,0, THF and toluene were distilled under N, from sodium-—
benzophenone. CH,Cl, and Et;N were distilled under N, from
CaH,. Benzene, 1,2-dibromoethane, DMA, DMF, DMSO, EtOH,
MeCN, MeOH and N-methyl morpholine were dried over 4 A
MS. Zn dust (<10 micron) was purchased from Aldrich and was
used as received. Ethyl chloroformate was distilled over 4 A MS
and stored over 4 A MS. All other solvents and chemicals obtained
from commercial source were used without further purification
unless otherwise stated.

Melting points are uncorrected. Specific rotations were mea-
sured on a Perkin Elmer 241 polarimeter using a 10 cm cell and
are given in units of 107! deg cm? g='. IR spectra were recorded
on a Perkin Elmer 1600 Series FTIR. NMR spectra were recorded
on a Varian Mercury 300 MHz spectrometer. Chemical shifts are
referenced to the residual solvent peak and J values are given in Hz.
Where applicable, assignments were based on DEPT and COSY-
experiments. TLC was performed on Merck TLC aluminum
sheets, silica gel 60, F,s,. Reactions were, when applicable, followed
by NMR and/or TLC. Visualizing of spots was effected with UV-
light and/or ninhydrin in BuOH-AcOH. Flash chromatography
was performed with silica gel 60, 0.035-0.070 mm, Amicon 85040.
Unless otherwise stated, flash chromatography was performed in
the eluent system for which the R;-values are given.

Elemental analyses were determined at Mikroanalytisches Lab-
oratorium at Institut fiir Physikalische Chemie, Universitidt Wien,
Austria. HRMS were recorded at the Department of Chemistry,
University of Copenhagen, Denmark.

(E)-2-Methoxymethylene-butyric acid methyl ester (8). A small
amount (5 cm?®) of a mixture of a,a-dichloromethyl methyl ether
(5.00 cm?®, 55.3 mmol) and methyl 2-bromobutyrate (13.0 cm?,
113 mmol) in Et,0 (50 cm?®) was added to a suspension of Zn dust
(14.5 g, 222 mmol) in Et,O (50 cm?) at rt under N,. A catalytic
amount of 1,2-dibromoethane (0.3 cm?) was then added to initiate
the reaction. The rest of the reagent solution was then added over
a period of 1 h while ensuring gentle reflux. After completion
of addition, the reaction mixture was refluxed for 20 min. The
reaction mixture was allowed to cool to rt, filtered, washed with
3% acetic acid (50 cm?) and cold water (2 x 50 cm®), dried over
MgSO,, filtered and concentrated. Flash chromatography of the
residue yielded 8 (6.96 g, 87%) as a colorless oil: R; (hexane-EtOAc
12 : 1) = 0.28; bp 62-63 °C/5 mmHg (lit.,* 58-65 °C/1 mmHg);
NMR spectra were in full accordance with those reported in the
literature.®

(E)-2-Methoxymethylene-butyric acid (9). A mixture of 8
(6.93 g, 48.0 mmol) in 2 M NaOH (36.0 cm?, 72.0 mmol NaOH)
was refluxed for 3 h. After cooling to rt, the reaction mixture
was washed with Et,O (20 cm?®) and acidified to pH 3-4 with

3 M HCI. The resulting suspension was filtered and the solid was
washed with a small amount of cold water. Drying the solids in
vacuo yielded 9 (4.46 g, 71%) as a colorless solid. The filtrate was
extracted with Et,O (3 x 40 cm?), and the combined organic phases
were dried over MgSO,, filtered, concentrated and dried in vacuo
yielding crude 9 (0.64 g) as a yellowish solid. This crude product
was crystallized from water (22 cm?®) to give further pure 9 (0.29 g,
5%) as a colorless solid: mp 89.0-92.0 °C (lit.,? 89.6-90.2 °C);
NMR spectra were in full accordance with those reported in the
literature.?®

(E)-2-Methoxymethylene-butyryl chloride (10). Oxalyl chlo-
ride (6.55 cm?, 75.1 mmol) was added dropwise to a solution of 9
(8.70 g, 62.5 mmol) and DMF (0.02 cm?, 0.26 mmol) in benzene
(45 cm®) at rt under N,. The mixture was stirred for 2 h and was
then concentrated. Distillation in vacuo gave crude 10 (8.34 g) as a
colorless oil. Re-distillation in vacuo gave pure 10 (7.95 g, 86%) as
a colorless oil: bp 58-59 °C/2.0 mmHg and 65-67 °C/3.5 mmHg
(lit.,* 58 °C/1.2 mmHg); NMR spectra were in full accordance
with those reported in the literature.®

(S)-5-Hydroxymethyl-pyrrolidin-2-one (11). To a solution of
L-pyroglutamic acid (14.2 g, 110 mmol) in MeOH (350 cm®) at
—15°Cunder N, was added SOCI, (9.60 cm?, 132 mmol) dropwise.
After stirring for 30 min further at —15 °C the reaction mixture
was allowed to warm to rt over 1 h and stirring was continued at
rt for 1 h. The solvent was then removed and the residue was dried
in vacuo. The residue was dissolved in EtOH (350 cm?) under N,
and the mixture was cooled to 0 °C. To the solution was slowly
added NaBH, (8.32 g, 220 mmol). The reaction mixture was then
allowed to heat to rt slowly overnight (stirred for 18 h). Acetic acid
(15.0 cm®, 262 mmol) was added dropwise and the mixture was
stirred for 30 min further at rt under N,. The mixture was then
filtered twice, using the same filter and then twice using a glass fiber
filter until the filtrate was nearly clear. Silica gel (17.5 g) was added
to the filtrate and the resulting mixture was concentrated and dried
in vacuo. The silica gel mixture was added to the top of a short
silica gel column and the product was eluted with EtOAc-MeOH
4 : 1, yielding 11 (11.5 g, 91%) as a colorless solid: R; (EtOAc—
MeOH 4 : 1) = 0.28; mp 71-73 °C (lit.,”® 72-73 °C); [a]? +30.5
(c 1.00, EtOH) (lit.,” [a]¥ +32.4 (¢ 1.76, EtOH)); NMR spectra
were in full accordance with those reported in the literature.’

(S)-5-Iodomethyl-pyrrolidin-2-one (12). To a solution of 11
(2.00 g, 17.4 mmol) and TsCl (3.97 g, 20.8 mmol) in CH,Cl,
(60 cm?) at rt under N, were added Et;N (4.80 cm?, 34.4 mmol)
and DMAP (212 mg, 1.74 mmol). The mixture was then stirred
for 17 h at rt. The reaction mixture was diluted with CH,Cl,
(40 cm?), poured into water (100 cm®) and acidified with conc.
HCI (2.0 cm?®). The organic phase was isolated and the aqueous
phase was extracted with CH,Cl, (2 x 20 cm®). The combined
organic phases were dried over MgSO,, filtered, concentrated and
dried in vacuo to give the crude tosylate (4.97 g) as a pale yellowish
solid. The crude product was dissolved in MeCN (100 cm?®) at rt
under N, and Nal (7.81 g, 52.1 mmol) was added. The solution was
then refluxed for 4 h under N,. After cooling to rt and filtration,
the solution was concentrated and dried in vacuo (brown solid),
acidified with 1 M HCI (30 cm®) and extracted with CHCI; (8 x
60 cm®). The combined organic phases were shaken with 10%
ag. Na,S,0; (50 cm?) until the brownish color disappeared. The
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organic phase was isolated and the aqueous phase was extracted
with CHCI; (2 x 100 cm?). To the combined organic phases was
added silica gel (5.00 g) and the suspension was concentrated and
dried in vacuo. The silica gel mixture was added to the top of a
short silica gel column and the product was eluted using EtOAc,
yielding 12 (3.66 g, 94%) as a colorless solid: R; (EtOAc) = 0.33;
mp 79.5-81.5 °C (lit.," 81 °C); [a]¥ —63.6 (¢ 1.07, EtOH) (lit.,"
[aly —63 (c 1.24, EtOH)); NMR spectra were in full accordance
with those reported in the literature.™

(S)-2-1odomethyl-5-oxo-pyrrolidine-1-carboxylic acid zerz-butyl
ester (13). NaH (60%in oil, 800 mg, 20.0 mmol) was washed with
hexane (3 x 5 cm?) under N, and dried in vacuo. THF (10.0 cm?)
was added and the suspension was cooled to —20 °C whereupon a
solution of 12 (2.25 g, 10.0 mmol) in THF (10.0 cm?) was added.
After gas evolution had ceased, Boc,O (6.55 g, 30.0 mmol) was
added and the reaction mixture was allowed to heat to rt and
stirring was continued for 30 min at rt. The reaction mixture was
diluted with EtOAc (100 cm?), poured into water (50 cm?®) and
the organic phase was isolated. The aqueous phase was extracted
with EtOAc (2 x 100 cm?®) and the combined organic phases
were concentrated and dried in vacuo. Flash chromatography
of the residue yielded 13 (2.07 g, 64%) as a colorless solid: R;
(hexane-EtOAc 4 : 1) = 0.28; mp 80.5-82.5 °C; [a]¥ —70.1 (¢
1.00, EtOH) (lit.,” for enantiomer: [a]} +68.4 (¢ 1.14, EtOH));
Found: C, 36.89; H, 4.85; N, 4.27. C,,H,INO; requires C, 36.94;
H, 4.96; N, 4.31%; vy (KBr)/cm™" 2976w, 1773s, 1287m, 1153m;
ou (300 MHz; CDCl;) 1.54 (9 H, s), 1.96 (1 H, m), 2.20 (1 H, m),
2.45 (1 H, ddd, J 3.7, 10.8 and 18.0), 2.69 (1 H, ddd, J 9.8, 9.8
and 18.0), 3.39 (1 H, dd, J 8.0 and 10.0), 3.50 (1 H, dd, J 2.6 and
10.0), 4.22 (1 H, m); é. (75.4 MHz; CDCl;) 9.2, 23.1, 28.0 (3 O),
31.1, 57.9, 83.6, 149.6, 173.6.

(S)-1-Deutero-5-iodomethyl-pyrrolidin-2-one (30). To a solu-
tion of 12 (1.13 g, 5.50 mmol) in CH,Cl, (30 cm?) at rt under N,
was added D,O (3.0 cm?®). The mixture was stirred vigorously for
30 min, whereupon the phases were allowed to separate and the
aqueous phase was removed via syringe. D,O (3.0 cm®) was then
added and the mixture was stirred vigorously for another 30 min
before the phases were allowed to separate and the aqueous phase
was removed via syringe. The solution was then concentrated and
dried in vacuo, yielding 30 (1.08 g, 95%) as a colorless solid: R,
(EtOACc) =0.33;mp 83-84.5°C; [a]¥ —63.0(c 0.99, EtOH); Found:
C, 26.42; H, 3.46; N, 5.93. C;H,DINO requires C, 26.57; H, 3.57;
N, 6.20%; Vi (KBr)/cm=" 2976w, 1686s, 1404w, 1340w, 1288w,
1206w; 0, (300 MHz; CDCl;) 1.74-1.92 (1 H, m), 2.28-2.55 (3 H,
m), 3.19 (1 H, dd, J 6.5 and 10.1), 3.24 (1 H, dd, J 5.7 and 10.1),
3.86 (1 H, m); o (75.4 MHz; CDCl;) 11.1, 27.4, 30.2, 55.0, 177.5.

(S)-Hydroxymethyl-pyrrolidine-1-carboxylic acid tert-butyl es-
ter (14). N-Boc L-proline (5.50 g, 25.6 mmol) was dissolved
in THF (38 cm?) at rt under N, and BH;-DMS (95% in DMS,
2.80 c¢cm?, 28.1 mmol) was added dropwise over 30 min. The
reaction mixture was then refluxed for 2 h. After cooling to rt,
ice (20 g) was added and the mixture was extracted with CH,Cl,
(2 x 100 cm®). After filtration through Celite, the solvent was
removed in vacuo giving a crude product (4.99 g) as a colorless
solid. Crystallization from Et,O (6 cm?) gave pure 14 (3.73, 73%)
as a colorless solid: mp 58-61 °C (lit.,”* 59-60 °C); [a]® —53.8

(¢ 1.02, MeOH) (lit.,"” [a]y —50.37 (¢ 1.1, MeOH)); NMR spectra
were in full accordance with those reported in the literature.'®

(S)-2-lodomethyl-pyrrolidine-1-carboxylic acid terz-butyl ester
(15). To a suspension of imidazole (1.35 g, 19.8 mmol) and
triphenylphosphine (3.92 g, 14.9 mmol) in Et,0 (24 cm®) at 0 °C
under N, was added iodine (3.78 g, 14.9 mmol) in three portions
over 30 min. A red-brownish solid was formed. After stirring for an
additional 10 min at rt, a solution of 14 (2.00 g, 9.94 mmol) in Et,O
(12 cm?) was added. The red-brownish solid did not dissolve, so
CH,(I, (15 cm®) was added and the resulting mixture was stirred
for 16 h at rt. The reaction mixture was then filtered, concentrated
and dried in vacuo and flash chromatography of the residue yielded
15 (2.57 g, 83%) as a colorless solid: R; (hexane—EtOAc 6 : 1) =
0.45; mp 38-41 °C (lit.,"* 102-104 °C (decomp.)); [a]y —33.1
(¢ 0.98, CHCL;) (lit.,** [a]® —32.8 (¢ 1.46, CHCl;)); NMR spectra
were in full accordance with those reported in the literature.'

(S)-1-Benzyl-2-iodomethyl-pyrrolidine (16). To a suspension of
imidazole (717 mg, 10.5 mmol) and triphenylphosphine (2.07 g,
7.90 mmol) in CH,Cl, (13 cm?) at 0 °C under N, was added iodine
(2.00 g, 7.90 mmol) in three portions over 30 min. After stirring
for an additional 10 min at rt, a solution of N-benzyl-L-prolinol
(0.96 cm?®, 5.27 mmol) in CH,Cl, (13 ¢cm?®) was added and the
resulting mixture was stirred for 2.5 h at rt. The reaction mixture
was concentrated and dried in vacuo and flash chromatography of
the residue yielded 16 (608 mg, 38%) as a yellow oil: R; (hexane—
EtOAc 6 : 1) = 0.45; [a]? —22.1 (¢ 1.26, CHCL,); vyo(neat)/cm™
3026m, 2939s, 2796s, 1453m, 1347m, 1124s, 740s, 698s, 682s; oy
(300 MHz; CDCl;) 1.57-1.75 (2 H, m), 1.79-1.95 (1 H, m), 2.12—
2.30 (2 H, m), 2.52 (1 H, m), 2.78 (1 H, br d, J 11.3), 3.05 (1 H,
brd,J11.3),3.49(1H,d,J 13.3),3.57 (1 H,d, J 13.3), 4.22-4.34
(1 H, m), 7.21-7.36 (5H, m); d. (75.4 MHz; CDCl;) 27.1, 27.3,
37.5, 52.9, 62.5, 63.6, 127.1, 128.2 (2 C), 128.9 (2 C), 137.9. The
product was unstable, and no satisfactory elemental analysis could
be obtained.

(S)-2-tert-Butoxycarbonylamino-pentanedioic acid 5-methyl es-
ter (17). To a solution of L-glutamic acid (2.21 g, 15.0 mmol) in
MeOH (50 cm?) at —15 °C under N, was added SOCI, (1.30 cm®,
18.0 mmol) dropwise. After stirring for 30 min further at —15 °C
the reaction mixture was allowed to heat to rt over 1 h and stirring
was continued for 1 h at rt. The mixture was then concentrated and
dried in vacuo. The residue was dissolved in dioxane-water 2 : 1
(60 cm*) at 0 °C and Et;N (3.5 cm?, 25.1 mmol followed by 2.0 cm?,
14.3 mmol after 2 h, in all 39.4 mmol) was added until pH = 9-10.
Boc,0 (3.70 g, 17.0 mmol) was added and the reaction mixture
was stirred at rt for 3 h. The dioxane was removed in vacuo and
the reaction mixture was diluted with water (20 cm?®) whereupon
Na,CO; (0.30 g, 2.8 mmol) was added in order to keep the solution
basic. The mixture was then washed with Et,O (3 x 10 cm®) and
acidified to pH ~2 with conc. HCI (2.0 cm?®). The product was
extracted with Et,0 (4 x 40 cm®) and the combined organic phases
were washed with brine (20 cm?®), dried over MgSO,, filtered,
concentrated and dried in vacuo yielding 17 (3.47 g, 89%) as a
colorless oil: R; (MeOH) = 0.64; [a]¥ +16.5 (¢ 1.40, CHCl,) (lit.,'s
[alo +17.15(c 1.53, CHCl,)); NMR spectra were in full accordance
with those reported in the literature.'®

(S) - 4 - tert - Butoxycarbonylamino - 5 - hydroxy - pentanoic acid
methyl ester (18). 17 (3.14 g, 12.0 mmol) was dissolved in THF
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(60 cm®) under N, and the solution was cooled to —10 °C. N-
Methyl morpholine (1.32 cm?, 12.0 mmol) was added followed
by ethyl chloroformate (1.15 cm?, 12.1 mmol) and the reaction
mixture was stirred for 10 min at —10 °C. NaBH, (1.36 g,
36.0 mmol) was then added followed by slow addition of MeOH
(60 cm?®) over a period of 15 min at 0 °C. The solution was
stirred for 10 min further and was then neutralized with 1 M
HCI (20 cm?). The organic solvents were removed in vacuo and the
residue was extracted with EtOAc (3 x 100 cm®). The combined
organic phases were washed with 1 M HC1 (50 cm?), water (50 cm?),
5% aq. NaHCO; (50 cm?®), water (2 x 50 cm®), dried over Na,SO,,
concentrated and dried in vacuo. Flash chromatography of the
residue yielded 18 (1.89 g, 64%) as a colorless oil: R, (hexane—
EtOAc1:1)=0.23; [a]? —14.0 (¢ 1.35, CHCL,) (lit.," [a], —10.48
(¢ 2.88, CHCl;)); NMR spectra were in full accordance with those
reported in the literature.®

(S)-4-tert-Butoxycarbonylamino-5-iodo-pentanoic acid methyl
ester (19). To a suspension of imidazole (908 mg, 13.3 mmol)
and triphenylphosphine (2.63 g, 10.0 mmol) in Et,0-CH,Cl, 2 : 1
(20 cm?®) at 0 °C under N, was added iodine (2.54 g, 10.0 mmol) in
three portions over 30 min; a yellow—gray solid was formed. After
stirring for an additional 10 min at rt, a solution of 18 (1.65 g,
6.67 mmol) in Et,0-CH,Cl, 2 : 1 (10.0 cm®) was added and the
resulting mixture was stirred for 22 h at rt. The reaction mixture
was filtered, the solids were washed with Et,O and the filtrate was
concentrated and dried in vacuo. Flash chromatography of the
residue yielded 19 (2.03 g, 85%) as a colorless solid: R; (hexane—
EtOAc 4 : 1) = 0.40; mp 91-92 °C (lit.,* 92-93 °C); [a]® —12.2 (¢
0.98, CH,Cl,) (lit.,** [a], —15.6 (¢ 1.38, CH,Cl,)); NMR spectra
were in full accordance with those reported in the literature.*

General procedure for generation and reaction of amino acid
derived organozinc reagents with acid chlorides

To a suspension of Zn dust (105 mg, 1.61 mmol) in DMA
(0.40 cm®) at rt under N, was added 1,2-dibromoethane (0.014 cm?,
0.162 mmol), and the resulting mixture was stirred at 60 °C for
10 min. The mixture was cooled to rt and TMSCI (0.016 cm?,
0.127 mmol) was added whereupon the mixture was sonicated for
30 min at rt. The zinc was allowed to settle and the supernatant was
removed via syringe. DMA (0.40 cm?) was added, the solution was
cooled to 0 °C and a solution of the iodide (0.80 mmol) in DMA
(0.40 cm®) was added dropwise. The mixture was then stirred at
0 °C (2.5-3.5 h for 12; 1-2 h for 19) until no starting material
remained as judged by TLC (CHCl;—MeOH 20 : 1 for 12; hexane—
EtOAc 4 : 1 for 19).

LiClI (68 mg, 1.60 mmol) and CuCN (72 mg, 0.804 mmol) were
dried for 5.5 h or overnight at 150 °C in vacuo in the flask to be
used for reaction. The mixture was dissolved in THF-DMA 3 : 2
(5.0 cm®) at rt under N, and the resulting solution was cooled to
—25°C. The DMA-solution of the previously formed organozinc
reagent was then added dropwise, rinsing the residual excess of
zinc with DMA (0.20 cm?®), avoiding transferring too much zinc.
The reaction mixture was stirred at —25 °C for 10 min whereupon
the freshly distilled acid chloride (0.80 mmol) was added dropwise.
The reaction mixture was stirred at —25 °C for 3 h and was then
allowed to heat to rt overnight. The reaction mixture was diluted
with EtOAc (16 cm®) and poured into satd. aq. NH,C1 (8 cm?). The
organic phase was isolated and the aqueous phase was extracted

with EtOAc (3 x 16 cm?®). The combined organic extracts were
dried over Na,SO,, filtered and concentrated. In order to remove
most of the residual DMA, the mixture was concentrated further at
ca. 45 °Cin high vacuum (ca. 2 mmHg). For products derived from
12 further (complete) removal of DM A was necessary: The residue
was suspended in MeOH (1.0 cm?), butyl benzene (5 cm?) was
added and the mixture was concentrated at ca. 45 °C/ca. 2 mmHg.
Suspension in MeOH (1.0 cm?®) followed by addition of butyl
benzene (5 cm?) and concentration at ca. 45 °C/ca. 2 mmHg was
repeated twice more. The residue was then suspended in MeOH
(10 cm®) and the mixture was filtered, concentrated and dried in
vacuo.

(S)-5-1(E)-3-(Methoxymethylene)-2-oxopentyl]-pyrrolidin-2-one
(2a). Reaction of 12 (180 mg, 0.800 mmol) with 10 (119 mg,
0.801 mmol) following the general procedure followed by
flash chromatography of the residue yielded 2a (90 mg, 53%)
as a yellowish oil containing 4.0% wt./8.7 mol% hydrolyzed
zinc-reagent 20 as judged by NMR. Thus, the effective yield of
2a was 86 mg, 51%. 2a: R; (EtOAc-MeOH 10 : 1) = 0.25; R;
(CH,CL,-MeOH 20 : 1) = 0.26; [a]® +27.6 (¢ 0.99, CH,Cl,);
Vmn(n€at)/cm=" 3354m, 2968m, 1692s, 1634s, 1462m, 1320m,
1250s, 1147m, 1084m, 1012m, 990m; éy (300 MHz; CDCl;) 0.91
(3H,t,J7.5),1.60-1.80 (1 H,m), 2.22 (2 H, q, J 7.5), 2.25-2.38
(3H, m), 2.63 (1 H, dd, J 9.4 and 16.8), 2.82 (1 H, dd, J 3.8 and
16.8), 3.87 (3 H, s), 4.05 (1 H, m), 6.23 (1 H, brs), 7.18 (1 H, s);
dc (75.4 MHz; CDClL,) 13.2 (CH;), 16.2 (CH,), 26.8 (CH,), 29.6
(CH,), 43.9 (CH,), 50.4 (CH), 61.6 (CHj;), 123.6 (C), 160.2 (CH),
177.5 (C), 196.9 (C). This material was not further characterised.

(5)-5-(2-Oxo-2-phenyl-ethyl)-pyrrolidine-2-one (2b). Reaction
of 12 (180 mg, 0.800 mmol) with benzoyl chloride (113 mg,
0.804 mmol) following the general procedure followed by flash
chromatography of the residue yielded 2b (84 mg, 52%) as a
yellowish solid: R; (EtOAc-MeOH 20: 1) = 0.43; mp 134-136 °C;
[al¥ +72.3 (¢ 0.93, CH,Cl,); Found: C, 70.70; H, 6.51; N, 6.81.
C,H;NO, requires C, 70.92; H, 6.45; N, 6.89%; Vpex (KBr)/cm™!
3187m, 2897w, 1708s, 1684s, 1654m, 1349m, 1334m, 1206m, 758m,
687m; dy (300 MHz; CDCl;) 1.78-1.94 (1 H, m), 2.28-2.52 (3 H,
m), 3.11 (1 H, dd, J 9.4 and 17.9), 3.33 (1 H, dd, J 3.5 and 17.9),
4.14-4.26 (1 H, m), 6.08-6.38 (1 H, br s), 7.44-7.52 (2 H, m),
7.57-7.74 (1 H, m), 7.91-7.97 (2 H, m); J. (75.4 MHz; CDCl;)
26.8 (CH,), 29.7 (CH,), 45.3 (CH,), 50.0 (CH), 127.9 (2 C, CH,),
128.7 (2 C, CH,), 133.6 (CH), 136.1 (C), 177.6 (C), 198.3 (C).

(S)-5-(2-Furan-2-yl-2-oxo-ethyl)-pyrrolidine-2-one (2¢). Reac-
tion of 12 (180 mg, 0.800 mmol) with 2-furoyl chloride (105 mg,
0.805 mmol) following the general procedure followed by flash
chromatography of the residue yielded 2e (68 mg, 44%) as a
yellowish solid: R; (EtOAc-MeOH 20 : 1) = 0.26; mp 143-145 °C;
[ally +63.2 (¢ 0.76, CH,Cl,); Found: C, 61.91; H, 5.77; N, 7.16.
C,H,;NO; requires C, 62.17; H, 5.74; N, 7.25%; vy (KBr)/cm™
3246m, 3110w, 1664s, 1637m, 1472m, 1401m, 1288w, 1249w,
1004w; Jy (300 MHz; CDCl;) 1.74-1.92 (1 H, m), 2.28-2.48
(3 H, m), 297 (1 H, dd, J 9.5 and 17.5), 3.20 (1 H, dd, J 3.7
and 17.5), 4.10-4.21 (1 H, m), 6.04-6.26 (1 H, br s), 6.57 (1 H,
dd, J 1.7 and 3.6), 7.23 (1 H, dd, J 0.7 and 3.6), 7.60 (1 H, dd, J
0.7 and 1.7); d. (75.4 MHz; CDCl;) 26.8 (CH,), 29.9 (CH,), 44.8
(CH,), 49.8 (CH), 112.5 (CH), 117.6 (CH), 146.7 (CH), 152.1 (C),
177.5 (C), 187.2 (O).
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(S)-4-tert- Butoxycarbonylamino - (E)-7-methoxymethylene- 6-
oxo-nonanoic acid methyl ester (4a). Reaction of 19 (286 mg,
0.801 mmol) with 10 (119 mg, 0.801 mmol) following the general
procedure followed by flash chromatography of the residue yielded
4a (188 mg, 68%) as a colorless oil: R; (heptane-EtOAc 3 : 2) =
0.33; [a]® —9.0 (¢ 0.99, CH,Cl,); m/z HRMS (FAB*) Found
[M + H]* 344.2087. C,;H3;NOq requires 344.2073; v, (neat)/cm™"
3359s, 2976s, 1739s, 1700s, 1633s, 1520s, 1453m, 1366m, 1249s,
1169s; oy (300 MHz; CDCl;) 091 3 H, t, J 7.5), 1.41 (9 H, s),
1.74-196 2 H,m),2.23(2H,q,J 7.5),2.38 2H, t,J 7.4),2.62 (1
H, dd, J 6.1 and 15.6), 2.87 (1 H, dd, J 4.7 and 15.6), 3.66 (3 H,
s), 3.88 (3 H, s), 3.80-3.90 (1 H, m), 5.16 (1 H, br d, J 8.2), 7.28
(1 H,s);dc (75.4 MHz; CDCl;) 13.2 (CH,), 16.2 (CH,), 28.3 (3 C,
CH,), 29.4 (CH,), 31.1 (CH,), 41.6 (CH,), 48.4 (CH), 51.6 (CH,),
61.6 (CH;), 79.1 (C), 124.1 (C), 155.5 (C), 160.8 (CH), 173.9 (O),
197.6 (C).

(S)-4-tert-Butoxycarbonylamino-6-0xo-6-phenyl-hexanoic acid
methyl ester (4b). Reaction of 19 (286 mg, 0.801 mmol) with
benzoyl chloride (113 mg, 0.804 mmol) following the general
procedure followed by flash chromatography of the residue yielded
4b (200 mg, 75%) as a colorless solid: R; (heptane-EtOAc 3 :2) =
0.43; mp 66-68 °C (lit.,* 67-68 °C); [a]¥ —20.3 (¢ 1.09, CH,Cl,)
(lit..* [a]¥ —18.0 (c 0.850, CH,Cl,)); NMR spectra were in full
accordance with those reported in the literature.®

7-Acetoxy-4(S)-tert-butoxycarbonylamino-6-oxo-heptanoic acid
methyl ester (4d). Reaction of 19 (286 mg, 0.801 mmol) with
acetoxyacetyl chloride (110 mg, 0.806 mmol) following the general
procedure followed by flash chromatography of the residue yielded
4d (173 mg, 65%) as a colorless solid: R; (heptane-EtOAc1:1) =
0.35; mp 81-83 °C (lit.,* 83-84 °C); [a]¥ —16.8 (c 0.98, CH,Cl,)
(lit..* [a]¥ —12.9 (¢ 0.820, CH,Cl,)); NMR spectra were in full
accordance with those reported in the literature.®

(S)4-tert-Butoxycarbonylamino-6-furan-2-yl-6-oxo-hexanoic acid
methyl ester (4e). Reaction of 19 (286 mg, 0.801 mmol) with
2-furoyl chloride (105 mg, 0.805 mmol) following the general
procedure followed by flash chromatography of the residue yielded
4e (204 mg, 78%) as a pale yellowish solid: R; (heptane—EtOAc 1 :
1) = 0.39; mp 59-62 °C; [a]y —11.3 (¢ 0.99, CH,Cl,) (lit.,* [a]3
—12.3 (¢ 0.600, CH,Cl,)); NMR spectra were in full accordance
with those reported in the literature.*

(S)-4-tert-Butoxycarbonylamino-6-oxo-undecanoic acid methyl
ester (4f). Reaction of 19 (286 mg, 0.801 mmol) with hexanoyl
chloride (108 mg, 0.802 mmol) following the general procedure
followed by flash chromatography of the residue yielded 4f
(202 mg, 77%) as a pale yellowish oil: R; (heptane-EtOAc2:1) =
0.44;[a]y —15.7(c1.11, CH,Cl,); Found: C, 61.77; H, 9.27; N, 4.36.
C,;H;, NO; requires C, 61.98; H, 9.48; N, 4.25%; v, (neat)/cm™!
3358m, 2956s, 2872m, 1735s, 1717s, 1522m, 1438m, 1366m,
1249m, 1172s, 1049m; 6,; (300 MHz; CDCl;) 0.88 (3 H, t, J 7.0),
1.18-1.35 (4 H, m), 1.41 (9 H, s), 1.54 (2 H, m), 1.75-1.88 (2 H,
m), 2.33-2.43 (4 H, m), 2.55-2.72 (2 H, m), 3.66 (3 H, s), 3.81-3.95
(1 H, m), 4.98 (1 H, brs); ¢ (75.4 MHz; CDCl;) 13.8 (CH,), 22.4
(CH,), 23.2 (CH,), 28.3 (3 C, CH;), 28.3 (CH,), 29.6 (CH,), 30.9

(CH,), 31.2 (CH,), 43.2 (CH,), 47.0 (CH), 51.6 (CH;), 79.2 (C),
155.4 (C), 173.7 (C), 210.0 (C).
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The reaction of cyclohexanone with benzoyl cyanide catalyzed by amines provides the corresponding
0O-benzoyl cyanohydrin adducts in moderate to good yields under mild conditions. Among the catalysts,
DBU was found to be the most effective promoter allowing the reaction to proceed smoothly at room
temperature and to give the corresponding O-acyl cyanohydrin adducts in higher yields for a variety of
substituted cyclohexanones, cyclopentanone, acetone or pentan-3-one and various acyl cyanides.

Quaternary stereocenters are useful structures in pharmaceu-
tical, medicinal and natural products.! Cyanohydrins are of
synthetic interest as they can be transformed into a num-
ber of relevant functional groups such as B-amino alcohols,
o-hydroxyacids and o-hydroxyesters, o-sulfonyloxynitriles, o-
aminonitriles, o-fluoronitriles, 3-amino-2-alkenoates and sub-
stituted azacycloalkenes.> The synthesis of cyanohydrins and
their O-protected derivatives can be accomplished by enzymes,?
organocatalysts* and metal complexes.”® Among various cyanide
ion sources, trimethylsilyl cyanide is a safer and more easily
handled reagent compared to hydrogen cyanide, and various
cyanosilylations of aldehydes catalyzed by Lewis acids have
already been developed.® On the other hand, acyl cyanides are also
safer and commercially available reagents.’ It has already been
reported that base catalysts such as potassium carbonate' and
1,4-diazabicyclo[2.2.2]octane (DABCO)™ are required to promote
the cyanoacylation of aldehydes. Recently, the direct preparation
of cyanohydrin esters by the reaction of aldehydes with acyl
cyanides in DMSO using no catalyst has also been reported.” Al-
though these reactions are very efficient methods for synthesizing
cyanohydrin derivatives of aldehydes, only one example of a Et;N
catalyzed reaction of 4-tert-butylcyclohexanone with cyanides has
been reported.™ Herein, we report the cyanoacylation of ketones
catalyzed by 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) to give the
corresponding cyanohydrin esters in moderate to high yields at
room temperature in toluene within 2 h (Scheme 1).

0

1 1
0-C—R
RZ R?

) DBU (30 mol%) NC
D EE—

RZ)J\RZ' PhMe, r.t., 2 h

o)
R1)I\CN *

R'= aryl, Furan, Furan-CH=CH

R? R? = alkyl Yield: 31-97%

Scheme 1 Cyanoacylation of ketones with acyl cyanides.

Optimization of the reaction conditions was performed with
benzoyl cyanide 1a and cyclohexenone 2a. Initially, we examined
the effect of the various amino base catalysts such as DBU, DMAP,
DABCO, ‘Pr,NEt, Et;N, pyridine and DBN (30 mol%) in this
reaction. The best yield of 3a was 63% by using DBU as a catalyst
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in DMF or using DBN as a catalyst in THF at room temperature
within 4 h (Table 1, entries 1 to 8). In our next investigation, we
examined various solvents such as toluene, THEF, DMSO, MeOH,
MeCN, and CH,Cl, with DBU as a Lewis base catalyst. We found
that 3a was obtained in 96% yield in toluene in the presence of
DBU (30 mol%) within 2 h (Table 1, entries 1, and 9 to 14). These
are the best reaction conditions for the preparation of 3a.

Under these optimized conditions, various substituted acyl
cyanides were examined in this reaction. The results are sum-
marized in Table 2. In most cases, cyanoacylation proceeded
smoothly to give the corresponding 3 in moderate to excellent
yields. Electron-donating substituents on the benzene ring of 1
produced the corresponding 3 in higher yields at room temperature
under identical conditions (Table 2, entries 2 to 4). Electron-
withdrawing substituents such as the nitro group on the benzene

Table 1 Cyanobenzoylation of cyclohexanone with benzoyl cyanide in
the presence of various solvents and bases*”

(e} (e}
o0
1a 2a

Lewis base (30 mol%)

e, 0
O

Solvent, r.t.
3a

Entry Lewis base Solvent Time/h 3a“ (%)

1 DBU DMF 4 63

2 DMAP DMF 9 25

3 DABCO DMF 9 30

4 ‘Pr,NEt DMF 9 31

5 Et;N PhMe 19 51

6 Pyridine DMF 24 NR?

7 DBN PhMe 2 50

8 DBN THF 2 63

9 DBU DMSO 4 30
10 DBU MeOH 24 NR¢
11 DBU MeCN 4 94
12 DBU THF 4 96
13 DBU CH,Cl, 2 90
14 DBU PhMe 2 96

“All reactions were carried out using benzoyl cyanide 1a (0.5 mmol),
cyclohexanone 2a (1.0 mmol), and Lewis base (0.15 mmol)
in solvent (0.5 mL, 1.0 M) at room temperature. °DBU:
1,8-diazabicyclo[5.4.0]lundec-7-ene, DMAP: 4-dimethylaminopyridine,
DABCO: 1,4-diazabicyclo[2.2.2]octane, DBN: 1,5-diazabicyclo[4.3.0]-5-
nonene, DMF: N,N-dimethyl formamide, DMSO: dimethyl sulfone, THF:
tetrahydrofuran. ¢ Isolated yields. “ No reaction took place.
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Table 2 Cyanoacylation of cyclohexanone with acyl cyanides”

O
9 DBU (30 mol%) R OCO5 CN
- DBU (80 molth)
R PhMe, r.t.

1 2a 3
Entry R'(1) Time/h 3 (%)®
1 C¢H; (1a) 2 3a, 96
2 4-CIC H, (1b) 2 3b, 70
3 3,5-Me,C4H; (1¢) 2 3¢, 89
4 3,4,5-(Me0);C¢H, (1d) 2 3d, 97
5 4-NO,CH, (e) 2 3e, 31
6 2-BrC4H, (1f) 2 3f, 52
7 Furan (1g) 2 3g, 89
8 Furan-CH=CH (1h) 2 3h, 51

“ All reactions were carried out using acyl cyanides (0.5 mmol), cyclo-
hexanone (1.0 mmol), DBU (0.15 mmol) in PhMe (0.5 mL) at room
temperature for 2 h. ® Isolated yields.

ring of le retarded the reaction to give the corresponding 3e in
a lower yield (31%) under identical conditions (Table 2, entry 5).
For ortho-substituted acyl cyanide (1f), the corresponding 3f was
obtained in a lower yield (52%) as well, presumably due to the
steric effect (Table 2, entry 6). The reaction of furan-2-carbonyl
cyanide (1g) with 2a produced the corresponding 3g in §9% yield
under the standard conditions (Table 2, entry 7). Alkyl substrates
such as 3-furan-2-ylacryloyl cyanide (1h) also reacted smoothly
with 2a to give the corresponding 3h in 51% yield under identical
conditions (Table 2, entry 8).

Next, in order to compare the reactivity of ketones in this
reaction, we attempted the reaction of benzoyl cyanide with
various ketones under the standard conditions. The results
are summarized in Table 3. 1-Benzyl-4-piperidone (2b) reacted
smoothly with benzoyl cyanide la to give the corresponding
product 4a in 84% yield (Table 3, entry 1). By using substituted

Table 3 Cyanobenzoylation of ketones with benzoyl cyanide”

. )O,\ DBU (30 moi%) "0 N
PR”CN CR¥URY T o R R?
1a ) ,rt 4

Entry Ketone (2) Time/h 4 (%)

1 BN 0 (20) 2 4a, 84

2 Ph—C>'=O (2¢) 2 4b, 92

3 4c, 92
0 (2d)

4 D=O (2e) 2 4d, 57

5 )o‘\ (2f) 2 4e, 68

6 o 2 a4f, 44
J_ (@9

“ All reactions were carried out using benzoyl cyanide (0.5 mmol), ketone
(1.0 mmol), DBU (0.15 mmol) in PhMe (0.5 mL) at room temperature for
2 h. * Isolated yields.

cyclohexanones 2¢ and 2d, the corresponding products 4b and
4c were formed in high yields under the standard conditions
(Table 3, entries 2 and 3). Additionally, cyclopentanone 2e, acetone
2f and pentan-3-one 2g were also examined in this reaction to give
the corresponding products 4d—4f in moderate yields, respectively
(Table 3, entries 4 to 6).

A plausible mechanism, similar to that proposed by Deng
and Tian* for the asymmetric cyanation of ethyl cyanoformate
to ketones, is shown in Scheme 2. We suppose that benzoyl
cyanide is activated by a nucleophilic attack by DBU to form
the corresponding intermediate A, which reacts with the ketone
to give the cyanoalkoxide intermediate B. Then, intramolecular
nucleophilic attack of the cyanoalkoxide on the carbonyl group in
intermediate B produces the final O-acyl cyanohydrin ester 3 or 4
and regenerates the DBU catalyst.

0
o DBU R1)1KCN
R1)k0><CN o
R 'R? «
sora CN DBU” "R’
or A
hi§
- CN o) ,
02 2 +)J\ R¥ 'R
R® R ppu” "R 2
B

Scheme 2 Proposed DBU catalyzed cyanoacylation of ketones with acyl
cyanides.

As a conclusion, in this paper, we disclosed an efficient catalytic
system for the cyanoacylation of ketones with acyl cyanides
catalyzed by the organocatalyst DBU. These reactions take place
smoothly at room temperature in toluene to give the corresponding
O-acyl cyanohydrin esters 3 or 4 in moderate to high yields within
2 h. Efforts are under way to elucidate the catalytic asymmetric
version of this reaction.

Experimental
General remarks

MPs were obtained with a Yanagimoto micro melting point appa-
ratus and are uncorrected. "H NMR and *C NMR spectra were
recorded for a solution in CDCIl; with tetramethylsilane (TMS)
as an internal standard. J values are in Hz. Mass spectra were
recorded with a HP-5989 instrument and HRMS was measured
on a Finnigan MA* mass spectrometer. The solid compounds
reported in this paper gave satisfactory CHN microanalyses with a
Carlo-Erba 1106 analyzer. Commercially obtained reagents were
used without further purification. All reactions were monitored
by TLC with Huanghai GF.s, silica gel coated plates. Flash
column chromatography was carried out using 200—-300 mesh silica
gel at increased pressure. Reaction experiments were performed
under ambient atmosphere. The starting materials 1b—1h'* were
synthesized according to the previous literature.
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General reaction procedure

A mixture of benzoyl cyanide (65.5 mg, 0.5 mmol), cyclohexanone
(104 pL, 1.0 mmol), base (0.15 mmol) and solvent (0.5 mL) was
stirred under ambient atmosphere at room temperature for the
required time indicated in the Tables 1-3. After the reaction the
solution was concentrated under reduced pressure and the residue
was purified by flash chromatography on silica gel (eluent: EtOAc—
petroleum ether = 1 : 20) to afford the pure products 3 or 4.

Benzoic acid 1-cyanocyclohexyl ester (3a) (a known com-
pound)’®. A white solid: 110 mg, 96% yield. 'H NMR (CDCl;,
300 MHz, TMS): ¢ 1.40-1.83 (m, 6H, 3CH,), 2.01-2.10 (m, 2H,
CH,), 2.35-2.43 (m, 2H, CH,), 7.50 (dd, J = 7.2, 8.4 Hz, 2H, Ar),
7.60 (t, J = 7.5 Hz, 1H, Ar), 8.03 (d, J = 8.1 Hz, 2H, Ar). °C
NMR (CDCl,;, 75 MHz): 6 21.8, 24.3, 34.9, 72.7, 118.5, 128.4,
129.0, 129.5, 133.5, 164.0. MS (EI) m/e: 230 (M* + 1, 6.13), 105
(100), 77 (31.39), 51 (18.85). Anal. caled for C,H;sNO,: C, 73.34%;
H, 6.59%; N, 6.11%; found: C, 73.57%; H, 6.59%; N, 5.95%.

4-Chlorobenzoic acid 1-cyanocyclohexyl ester (3b). A white
solid: 92 mg, 70% yield. Mp: 78-80 °C. IR (CH,Cl,) v 2942, 2864,
1730, 1594, 1402, 1274, 1253 cm™'. '"H NMR (CDCl;, 300 MHz,
TMS): 6 1.37-1.83 (m, 6H, 3CH,), 1.99-2.08 (m, 2H, CH,), 2.38-
2.42 (m, 2H, CH,), 7.44 (d, J = 8.7 Hz, 2H, Ar), 7.96 (d, J =
8.7 Hz, 2H, Ar). "C NMR (CDCl;, 75 MHz): 6 21.9, 24.4, 35.0,
73.1, 118.3, 127.5, 128.8, 131.0, 140.1, 163.3. MS (EI) m/e: 263
(M*, 0.24), 156 (57.65), 139 (100), 107 (49.76). Anal. calcd for
C,H,,CINO,: C, 63.76%; H, 5.35%; N, 5.31%; found: C, 63.90%;
H, 5.34%; N, 5.17%.

3,5-Dimethylbenzoic acid 1-cyanocyclohexyl ester (3¢). A white
solid: 114 mg, 89% yield. Mp: 83-85 °C. IR (CH,Cl,) v 2941, 1728,
1312, 1112 cm™". '"H NMR (CDCl;, 300 MHz, TMS): J 1.40-1.83
(m, 6H, 3CH,), 2.00-2.09 (m, 2H, CH,), 2.37-2.43 (m, 2H, CH,),
2.39 (s, 6H, 2CHs), 7.23 (s, 1H, Ar), 7.63 (s, 2H, Ar). *C NMR
(CDCl;, 75MHz):620.9,21.8,24.3,34.9,72.5,118.5,127.2,128.8,
135.1, 138.0, 164.3. MS (EI) m/e: 257 (M*, 5.00), 150 (66.05),
133 (100), 105 (44.90). Anal. caled for C,sH;,NO,: C, 74.68%; H,
7.44%; N, 5.44%,; found: C, 74.47%:; H, 7.29%; N, 5.20%.

3,4,5-Trimethoxybenzoic acid 1-cyanocyclohexyl ester (3d). A
white solid: 154 mg, 97% yield. Mp: 82-84 °C. IR (CH,Cl,) v2941,
1725, 1416, 1336, 1218, 1128 cm™'. '"H NMR (CDCl;, 300 MHz,
TMS): 6 1.40-1.83 (m, 6H, 3CH,), 2.00-2.09 (m, 2H, CH,), 2.37-
2.43 (m, 2H, CH,), 3.91 (s, 6H, 2CH,), 3.92 (s, 3H, CHs), 7.23 (s,
2H, Ar). "CNMR (CDCl;, 75 MHz): 6 21.8, 24.1, 34.8, 55.9, 60.5,
72.7, 106.6, 118.2, 123.7, 142.5, 152.6, 163.6. MS (EI) m/e: 319
(M*, 64.34), 212 (100), 197 (70.93), 93 (20.07), 81 (17.66). Anal.
caled for C;H,;NO;s: C, 63.94%; H, 6.63%; N, 4.39%; found: C,
63.76%; H, 6.52%; N, 4.16%.

4-Nitrobenzoic acid 1-cyanocyclohexyl ester (3e). A white
solid: 42 mg, 31% yield. Mp: 104-106 °C. IR (CH,Cl,) v 2946,
1730, 1527, 1350, 1290, 718 cm™'. '"H NMR (CDCl;, 300 MHz,
TMS): 6 1.66-1.86 (m, 6H, 3CH,), 2.00-2.09 (m, 2H, CH,), 2.41-
2.48 (m, 2H, CH,), 8.19 (d, J = 8.7 Hz, 2H, Ar), 8.31 (d, J =
9.3 Hz, 2H, Ar). "C NMR (CDCl,, 75 MHz): § 22.1, 24.4, 35.0,
74.1, 118.0, 123.7, 130.9, 134.5, 150.8, 162.4. MS (EI) m/e: 275
M* +1,1.07), 150 (71.63), 107 (100), 81 (39.75), 56 (51.53). Anal.
caled for C,,H4,N,O,: C, 61.31%; H, 5.14%; N, 10.21%; found: C,
61.40%; H, 5.12%; N, 10.16%.

2-Bromobenzoic acid 1-cyanocyclohexyl ester (3f). A colorless
oil: 80 mg, 52% yield. IR (CH,Cl,) v 2941, 2864, 1743, 1433, 1292,
1244, 1028 cm™'. "H NMR (CDCl;, 300 MHz, TMS): 6 1.41-1.88
(m, 6H, 3CH,), 2.00-2.09 (m, 2H, CH,), 2.41-2.45 (m, 2H, CH,),
7.36-7.40 (m, 2H, Ar), 7.66-7.69 (m, 1H, Ar), 7.79-7.82 (m, 1H,
Ar). BC NMR (CDCl;, 75 MHz): § 22.0, 24.4, 35.0, 73.9, 118.2,
121.7, 127.2, 131.0, 131.5, 133.1, 134.4, 163.8. MS (EI) m/e: 308
(M*, 1.38), 200 (56.77), 185 (100), 183 (78.29), 107 (48.23). HRMS
(MALDI) for C,H;,NO,BrNa": 330.0104; found: 330.0100.

Furan-3-carboxylic acid 1-cyanocyclohexyl ester (3g). A white
solid: 97 mg, 89% yield. Mp: 75-77 °C. IR (CH,Cl,) v 2942, 2865,
1737, 1471, 1302, 1015 cm™'. "H NMR (CDCl;, 300 MHz, TMS):
01.20-1.78 (m, 6H, 3CH,), 1.92-2.01 (m, 2H, CH,), 2.29-2.37 (m,
2H, CH,), 6.50 (dd, J = 1.8, 3.6 Hz, 1H, Fu), 7.19 (d, / = 3.6 Hz,
1H, Fu),7.58 (d, J =2.4 Hz, 1H, Fu). *CNMR (CDCl;, 75 MHz):
021.8,24.2,35.0,73.1,112.0,118.1, 119.1, 143.2, 147.0, 156.0. MS
(EI) m/e: 219 (M*, 0.54), 112 (66.92), 107 (100), 95 (65.98). Anal.
caled for C,,H;;NO;: C, 65.74%; H, 5.98%; N, 6.39%; found: C,
65.93%; H, 6.23%; N, 6.16%.

3-Furan-2-ylacrylic acid 1-cyanocyclohexyl ester (3h). A white
solid: 62 mg, 51% yield. Mp: 125-127 °C. IR (CH,Cl,) v 2944,
1722, 1637, 1482, 1139 cm™'. "H NMR (CDCl;, 300 MHz, TMS):
0 1.36-1.80 (m, 6H, 3CH,), 1.89-1.98 (m, 2H, CH,), 2.31-2.36 (m,
2H, CH,), 6.28 (d, J = 15.6 Hz, IH, CH), 6.49 (d, J = 3.3 Hz,
1H, Fu), 6.66 (d, J = 3.3 Hz, 1H, Fu), 7.46 (d, J = 15.9 Hz, 1H,
CH), 7.50 (s, 1H, Fu). *C NMR (CDCl;, 75 MHz): 6 21.9, 24.4,
35.0, 72.4, 112.4, 114.2, 115.8, 118.6, 132.4, 145.2, 150.4, 164.6.
MS (EI) m/e: 245 (M*, 15.84), 138 (62.67), 121 (100), 65 (48.86).
Anal. calcd for C,,H,sNO;: C, 68.56%; H, 6.16%; N, 5.71%; found:
C, 68.54%; H, 6.10%; N, 5.52%.

Benzoic acid 1-benzyl-4-cyanopiperidin-4-yl ester (4a). A light
yellow oil: 135 mg, 84% yield. IR (CH,Cl,) v 2948, 2812, 2771,
1723, 1601, 1452, 1253, 1177 cm™'. "H NMR (CDCl;, 300 MHz,
TMS): 6 2.46 (t, J = 5.7 Hz, 4H, 2CH,), 2.76 (t, J = 6.0 Hz, 4H,
2CH,), 3.56 (s, 2H, CH,), 7.27-7.36 (m, 5H, Ar), 7.48 (dd, J =
7.8, 7.5 Hz, 2H, Ar), 7.62 (t, J = 7.5 Hz, 1H, Ar), 8.02 (d, J =
8.1 Hz, 2H, Ar). "C NMR (CDCl;, 75 MHz): 6 34.5, 41.0, 62.2,
70.9, 118.0, 127.1, 128.1, 128.4, 128.7, 128.8, 129.6, 133.6, 137.6,
164.0. MS (EI) m/e: 320 (M*, 3.02), 198 (10.23), 107 (36.08), 91
(100), 77 (12.42). HRMS (MALDI) for C,,H,; N,O,*: 321.1602;
found: 321.1598.

Benzoic acid 1-cyano-4-phenylcyclohexyl ester (4b). A white
solid: 141 mg, 92% yield. Mp: 146-148 °C. IR (CH,Cl,) v 2949,
1728, 1451, 1278, 719 cm™'. '"H NMR (CDCl;, 300 MHz, TMS):
0 1.90-2.12 (m, 6H, 3CH,), 2.50-2.55 (m, 1H, CH), 2.80-2.84 (m,
2H, CH,), 7.21-7.37 (m, 5H, Ar), 7.48 (dd, J = 7.8, 8.1 Hz, 2H,
Ar), 7.62 (t, J = 7.8 Hz, 1H, Ar), 8.05 (d, J = 8.4 Hz, 2H, Ar).
BCNMR (CDCl;, 75 MHz): 0 30.1, 33.7, 35.2,73.4, 117.8, 126.4,
126.5,126.6, 128.3, 128.4, 129.6, 133.5, 144.4, 164.1. MS (ET) m/e:
305(M*,0.24),183(37.42),117(21.07), 104 (100), 77 (36.35). Anal.
caled for C,)H;sNO,: C, 78.66%; H, 6.27%; N, 4.59%; found: C,
78.83%; H, 6.25%; N, 4.33%.

1-Cyano-2-methylcyclohexyl benzoate (4¢c). A white solid:
112 mg, 92% yield. Mp: 84-86 °C. IR (CH,Cl,) v 2937, 1731,
1453, 1278, 1068 cm™'. 'H NMR (CDCl;, 300 MHz, TMS): 5 1.24
(d, J = 6.9 Hz, 3H, CHj;), 1.29-1.86 (m, 7H, 4CH,), 2.08-2.15 (m,
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1H, CH,), 2.91-2.96 (m, 1H, CH), 7.45 (dd, J = 7.8, 7.8 Hz, 2H,
Ar), 7.59 (t, J = 8.1 Hz, 1H, Ar), 8.01 (d, J = 7.2 Hz, 2H, Ar).
"C NMR (CDCl;, 75 MHz): 6 16.3, 22.9, 24.4, 31.0, 34.3, 40.2,
78.5, 116.5, 128.4, 129.2, 129.6, 133.5, 164.2. MS (EI) m/e: 244
(M* + 1, 11.22), 105 (100), 77 (15.23). Anal. caled for C;sH,,NO,:
C, 74.05%; H, 7.04%; N, 5.76%; found: C, 73.90%; H, 7.03%; N,
5.55%.

Benzoic acid 1-cyanocyclopentyl ester (4d) (a known com-
pound)’. A light yellow solid: 61 mg, 57% yield. '"H NMR
(CDCl;, 300 MHz, TMS): 6 1.87-1.96 (m, 4H, 2CH,), 2.38-2.50
(m, 4H, 2CH,), 7.46 (dd, J = 7.8, 7.8 Hz, 2H, Ar), 7.61 (t, J =
8.1 Hz, 1H, Ar), 8.01 (d, J = 7.8 Hz, 2H, Ar). ®C NMR (CDCl,,
75MHz):623.3,39.0,76.7,119.3,128.5, 128.8, 129.6, 133.6, 164.6.
MS (EI) m/e: 215 (M*, 0.61), 105 (100), 77 (18.48), 51 (12.85).
Anal. calcd for C;H;;NO,: C, 72.54%; H, 6.09%; N, 6.51%; found:
C, 72.56%; H, 5.95%; N, 6.58%.

Benzoic acid cyanodimethylmethyl ester (4¢) (a known com-
pound)®. A yellow solid, 64 mg, 68% yield. '"H NMR (CDCl;,
300 MHz, TMS): 6 1.89 (s, 6H, 2CHs), 7.47 (dd, J = 7.5, 8.1 Hz,
2H, Ar), 7.61 (t, J = 7.5 Hz, 1H, Ar), 8.02 (d, J/ = 8.4 Hz, 2H,
Ar). "*CNMR (CDCl;, 75 MHz): 6 26.8, 68.7, 119.3, 128.4, 128.9,
129.6, 133.6, 164.3. MS (EI) m/e: 189 (M*, 2.53), 122 (47.55), 105
(100), 77 (35.31), 51 (25.48).

Benzoic acid 1-cyano-1-ethylpropyl ester (4f) (a known
compound)”. A light yellow oil: 47 mg, 44% yield. '"H NMR
(CDCl;, 300 MHz, TMS): 6 1.14 (t, J = 7.5 Hz, 6H, 2CH,), 2.12—
2.29 (m, 4H, 2CH,), 7.47 (dd, J = 8.4, 6.9 Hz, 2H, Ar), 7.61 (t, J =
7.5 Hz, 1H, Ar), 8.02 (d, / = 7.8 Hz, 2H, Ar). "C NMR (CDCl;,
75 MHz): 6 8.0, 29.5, 77.1, 118.1, 128.5, 129.1, 129.6, 133.6, 164.3.
MS (ESI) m/e: 218 (M* + 1).
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Oxidized cytosine product 5-hydroxyuracil has been shown to be the major chemical precursor for the
GC to AT transition, the most frequent substitution mutation observed in aerobic organisms. We have
calculated the interaction energy of base-pair formation involving uracil or 5-hydroxyuracil, which is
formed in cells by oxidative deamination of cytosine, bound to any of the natural DNA bases, A, C, G,
and T, and discuss the effects of the hydroxyl group in this respect. The base-pair geometries and
energies were calculated using the 6-311G(dp) basis set under four conditions: using density functional
theory (DFT) without out basis set super-position error (BSSE) correction, using DFT with BSSE
correction of geometries and energies, using Moller—Plesset second order perturbation theory (MP2)
without BSSE correction, and using MP2 with BSSE geometry and energy correction. We find that the
hydroxyl group of 5-HO-U (relative to U) has little effect on the base-pairs with A, C or one
conformation of T, while making a substantial energy difference in base-pairs involving G or a different
conformation of T. For most of the complexes studied, the BSSE-corrected energies at the DFT and

MP2 levels of theory agreed to within 0.5 kcal.

Introduction

Exposure to reactive oxidation species and subsequent DNA
damage has been linked to cancer, aging, rheumatoid arthritis
and other diseases.? Oxidized cytosine products have been shown
to be major chemical precursors in DNA for GC to AT transition
mutations,>*> the most abundant base substitution mutation
observed in aerobic organisms.*”® Cytosine oxidation gives rise
to a number of products (Scheme 1),° including 5,6-dihydroxy-
5,6-dihydrocytosine (1), which can be dehydrated to form 4-

NH
OH
N e Oxidation = 2\
4-
dR
(1} (2)
-NHy “NHy
+H0 +H0
(0] O
OH OH
Hw)t a2 B
—_—
OZ\F‘V OH OA\ITI
dR dR

(3 4

Scheme 1 Oxidative deamination pathways converting cytosine to
S-hydroxyuracil, 5-OH-U (4).
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of all complexes at the MP2-BSSE level. See DOI: 10.1039/b602263d

amino-5-hydroxypyrimidine-2-one (5-OH-C) (2) or deaminated
to form 5,6-dihydroxy-5,6-dihydrouracil (3). Dehydration and
deamination of (1) yields 5-hydroxy-2,4(1 H,3 H)-pyrimidinedione
(4), (called 5-hydroxyuracil (5-OH-U) when incorporated in
nucleotides or DNA) the most mutagenic product of cytosine
oxidation. Both (3) and (4) have been detected in human cells
after oxidative damage to DNA at levels comparable to those of 8-
oxoguanine, the most frequently observed oxidized purine product
in DNA." In humans, at least four enzymes excise 5-OH-U from
damaged DNA, suggesting that 5-OH-U is produced in significant
amounts in the human genome that requires multiple enzymes
for its repair.'"*? Their presence indicates that 5-hydroxyuracil is
produced in significant amounts within cells.

The chemical structure of 5-hydroxyuracil is very similar to
that of thymidine, suggesting that it would form a normal
Watson—Crick (WC) base-pair with adenine (Fig. 1). Although
(4) can undergo a keto-enol tautomerism via a 1,3 hydrogen
shift mechanism, the enol form is expected to be more stable
because the C5-C6 double bond is conjugated. UV absorption
studies showed that 5-OH-U and 5-OH-C retain the enol rather
than the keto configuration.” Although there is no evidence that
C gets mispaired with 5-OH-U in-vivo, G, T, and A residues
are incorporated, at different frequencies, opposite to 5-OH-U
by mammalian DNA polymerases during DNA replication."* To
understand the base-pairing preferences of 5-OH-U during DNA
replication, we are studying the interaction energy of base-pair
formation of 5-OH-U with other DNA bases.

Ab initio methods have been widely used to study DNA base
stacking and base-pair interactions, and have been the subject
of several excellent reviews.>'¢!” More recent reports concerning
AT base-pair patterns,'® uracil flexibility,' tandem GU base-pair
patterns (studied by NMR?* or quantum mechanics®') or more
general base-pair interaction energies” may interest the reader.
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Fig.1 Geometric arrangements of the base-pairs studied.

Recently, we reported that 5-OH-U forms stable base-pairs with
the four standard DNA bases, A, C, G, and T, based on NMR
spectroscopy, UV-melting experiments, and low level ab initio
studies.”® The reported ordering of base-pair stabilities, namely
G : 5-OH-U > A : 5-OH-U > C : 5-OH-U > T : 5-OH-U,
is analogous to the ordering of base-pairs involving thymine
when in comparable conformations.”” The NMR data indicated
that for all four 5-OH-U mismatches studied, all of the bases
remain in the normal anti configuration about the glycosidic
bond, the imino protons were protected from solvent exchange by
hydrogen bonding, and that the base-pair between C and 5-OH-
U was less stable, or more dynamic, than the base-pairs formed
between 5-OH-U and A, G, or T. In the C: 5-OH-U base-pair
the NMR spectral line broadening of the H3-imino hydrogen was
rationalized by the inter-conversion between two equally stable,
twisted conformations. The two bases were twisted £40° relative
to each other in order to relieve the electrostatic repulsion between
the cytosine O2 and 5-OH-U O2 carbonyl oxygen atoms. In this
report, using higher theory levels, we contrast the interaction

energies of uracil and 5-OH-U. Because NMR data'” indicated that
all of the base-pairs remained in the anti conformation, we have
not calculated the base-pair energies for the syn conformations
in which the 5-hydroxy group would be involved in the base-
pairing hydrogen bonds. Although the 5-hydroxy substitution
would influence base stacking interactions and may form water or
cation bridges, these subjects were not investigated in this study.

Results and discussion

The energies and geometries of the base-pairs of 5-hydroxy-uracil
(5-OH-U) with the standard DNA bases were calculated at the HF
and DFT levels of theory using the 6-311G(d,p) basis set (data not
shown) starting with bases attached to ribose and methyl-capped
phosphate moieties (i.e. methyl-capped nucleotides). These calcu-
lations were repeated using bases in which the N1 (pyrimidines) or
N9 (purines) nitrogen atoms were capped with a methyl group in
place of the C1’ carbon atom. Although removal of the phosphate
and sugar moieties significantly changed the absolute energies of
the bases and their complexes, the calculations indicated a constant
interaction energy change of —0.2 kcal mol™' at the DFT level,
presumably due to the large distance of the these atoms from
the H-bonding atoms. Therefore, all subsequent calculations were
performed using the 6-311G(d,p) basis set and the N-methylated
forms of the bases (Fig. 1).

Among the standard DNA bases, 5-OH-U forms the strongest
base-pair with guanine (Table 1) at all levels tested, and the bond
distances determined (Table 2) in the MP2-BSSE-free calculation,
1.883 A (06-H3) and 1.860 (H1-O2)A, are among the shortest
distances observed. The interaction energy of the G: 5-OH-
U base-pair is —13.8 and —16.7 kcal mol™' at the HF and
DFT(B3LYP) levels of theory, respectively, when calculated using
the full nucleotides. This change of —2.9 kcal mol~' between the

Table 1 Hydrogen bond strengths® (kcal mol™") of uracil and 5-hydroxy-
uracil bases paired with standard DNA bases and comparison to standard
Watson—Crick (WC) GC and AT base-pairs

Base_pair AEDFT AEDFT.BSSE AEMPZ AEMPZ.BSSE
G-CWC —28.3 —-27.8 —28.0 —-24.9
G - 5-OH-U —16.9 —15.8 —18.0 —14.9
G-U —15.4 —14.1 —16.5 —13.4
A - 5-OH-U —15.2 —13.4 -17.5 —13.3
A-U —15.2 —13.2 —17.2 —12.9
A-TWC —15.1 —13.1 -17.2 —12.9
C.5-OH-U —13.4 —12.1 —15.4 —-12.2
C-U —13.7 —12.4 —15.3 —12.0
T - 5-OH-U(2) —13.2 —11.5 —14.4 -10.9
T-U@2) —12.1 —10.2 —13.3 —9.8
T - 5-OH-U(1) —12.5 —10.6 —13.4 —10.2
T-U() —12.3 —10.5 —13.4 -9.9

“ All present calculations used the 6-311G(d,p) basis set and the geometries
were optimized at the theory level indicated. DFT was performed with
B3LYP, and the BSSE geometry optimizations used the counterpoise
method as described in experimental methods. The BSSE-free optimized
interaction energies include deformation energies, and they are therefore
equal to the complexation energies of the dimers. For the BSSE-
contaminated calculations (AEPT and AE®™"), neither the geometry nor
the energy have been corrected for BSSE. For the BSSE-free calculations
(AEPFTESSE and AEFMP2BSSE) " bhoth the geometries and the energies have
been corrected for BSSE. No thermal or zero point energy corrections
have been made.
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Table 2 Hydrogen bond distances of structures shown in Fig. 1 calculated at different levels of theory

Base-pair DFT DFT(BSSE-free) MP2 MP2(BSSE-free)
ri[A] r, [A] ri [A] 1> [A] ri [A] r, [A] ri [A] r; [A]
G- -CWCt “1.77 1.91 “1.79 1.94 “1.78 1.89 “1.86 1.98
G - 5-OH-U “1.79 “1.80 “1.81 “1.83 “1.77 “1.79 “1.86 “1.88
G-U “1.81 “1.83 “1.84 “1.86 “1.79 “1.84 “1.87 “1.94
A - 5-OH-U 1.80 “1.96 1.84 “1.98 1.77 “1.98 1.87 “2.04
A-U 1.82 “1.93 1.87 “1.94 1.80 “1.95 1.90 “2.01
A-TWC 1.82 “1.93 1.87 “1.94 1.80 “1.95 1.90 “2.01
C.5-OH-U “1.88 1.94 “1.91 1.99 1.85 “1.90 1.99 “1.99
C.-U “1.84 1.95 “1.87 2.01 “1.87 1.88 “1.95 2.01
T - 5-OH-U(2) “1.82 “1.85 “1.86 “1.89 “1.82 “1.84 “1.91 “1.94
T-UQ2) “1.86 “1.87 “1.90 “1.90 “1.86 “1.86 “1.95 “1.95
T - 5-OH-U(1) “1.84 “1.89 “1.88 “1.92 “1.83 “1.88 “1.92 “1.98
T-U(1) “1.85 “1.87 “1.89 “1.90 “1.84 “1.86 “1.94 “1.96

“Indicates a hydrogen bond involving a carbonyl group. ® 13 = 1.92, 1.94, 1.93 and 2.01* at the DFT, DFT(BSSSE-free), MP2 and MP2(BSSE-free) levels,

respectively.

HF and DFT calculations is typical of those observed (ranging
from —2.9 to —4.1 kcal mol™) for all of the five complexes
calculated using the full nucleotides. The strength of the G : 5-
OH-U interaction at the MP2 BSSE-free level, —14.9 kcal mol~',
is 10 kcal mol™ less stable than the interaction in the Watson—
Crick (WC) G : C base-pair but 1.5 kcal mol~! more stable than
the G : U mismatch. Thus, the 5-hydroxy substitution stabilizes
the base-pair by 1.5 kcal mol~".

It is biologically significant that 5-OH-U forms the most stable
base-pair with G, because 5-OH-U arises from the oxidation of
a cytosine. Thus, upon DNA strand separation and replication
the G formerly paired with 5-OH-U will now pair with a C, and
this C will then correctly be incorporated into the daughter strand.
Likewise, the 5-OH-U will most often pair with a G, which will also
correctly be incorporated into the other daughter DNA strand. In
this situation, no mutations will be propagated to the subsequent
generations.

The A : 5-OH-U base-pair is the next most stable base-pair
involving 5-OH-U at all levels studied, having —13.3 kcal mol~' of
interaction energy in the MP2-BSSE-free calculation. One of the
hydrogen bonds is formed between the adenine H6 hydrogen and
the 5-OH-U O4 oxygen (r1 = 2.044 A). The second hydrogen
bond is formed between adenine N1 and the 5-OH-U H3
hydrogen atom (r2 = 1.869 A). The A : 5-OH-U BSSE-free MP2
interaction energy, —13.3 kcal mol™', is only 0.4 kcal mol~' less
than the interaction energies of the A : U and A : T base-pairs
(—12.9 kcal mol™"), indicating that the uracil 5-substituent (H,
OH or Me) has little effect on the interaction energy. In contrast,
the 5-hydroxy substituent makes a markedly larger difference
(—1.5 kcal mol™") when binding with guanine. Because the A :
5-OH-U base-pair is only 1.6 kcal mol™" less stable than the
G : 5-OH-U base-pair, some formation of A : 5-OH-U would
be expected within the cell. The incorporation of this adenine
opposite to the 5-OH-U would lead to the incorporation of a T in
place of the 5-OH-U in daughter DNA strands. Thus, formation
of the A : 5-OH-U base-pair, if not excised by glycosylases, results
in the G: Cto A : T transition mutation observed in cells.

At the MP2-BSSE-free level, the C : 5-OH-U base-pairs are
less stable than the G : 5-OH-U and A : 5-OH-U base-pairs
by 2.7 and 1.1 kcal mol™!, respectively. However, in the two
equally energetic C : 5-OH-U base-pairs, the two bases are

twisted 38 degrees relative to each other in order to minimize
the electrostatic repulsion between the O2 oxygen atoms of C and
5-OH-U. In the context of a DNA duplex, such base twisting
would greatly distort surrounding base-pairs making the overall
interaction significantly less stable than calculated here. Indeed,
both UV-monitored melting experiments and NMR spectroscopy
have shown that among the four DNA bases, cytosine makes
the least stable complex with 5-OH-U in solution. Because of
the twisted nature of these base-pairs, a direct comparison of
the cytosine base-pairs versus the A, G and T base-pairs with
uracil or 5-hydroxy uracil is not appropriate. However, one can
compare the MP2-BSSE-free interaction energies of the C : 5-
OH-U (—12.2 kcal mol™") and C : U (—12.0 kcal mol™") base-
pairs. This small energy difference between the S-substituents,
(—0.2 kcal mol™) is similar to the change observed in the A :
5-OH-U base-pairs (—0.4 kcal mol™") but contrasts with the larger
1.5 kcal mol~! change observed in the G base-pairs.

Thymine can possibly form two base-pairs with 5-OH-U
(Fig. 1). In the most stable arrangement (conformation 2), the
thymine H3 hydrogen forms a hydrogen bond with the O2 oxygen
of 5-OH-U residue (r1 = 1.909 A), and the H3 hydrogen of 5-OH-
U forms a hydrogen bond with the 04 oxygen of T (2 = 1.941 A).
The MP2-BSSE-free interaction energy of this conformation is
—10.9 kcal mol™!, which is significantly less stable than the G :
5-OH-U (—14.9 kcal mol™"') and A : 5-OH-U (—13.3) base-pairs.

In conformation 1 (Fig. 1), the H3 hydrogen of T forms a
hydrogen bond with the O4 oxygen of 5-OH-U (2 = 1.977) and
the H3 hydrogen of 5-OH-U forms a hydrogen-bond with the T
02 oxygen atom (r1 = 1.923). The T : 5-OH-U(1) MP2-BSSE-free
interaction energy (—10.2 kcal mol™") is 0.7 kcal mol™' less stable
than that for conformation 2. The T : 5-OH-U(1) and TU(1) base-
pair energy difference is negligible (0.2 kcal mol™"). This is similar
to the small changes observed for the 5-OH-U and U base-pairs
with A and C. Interestingly in the other conformation, T : 5-OH-
U(2) is 1.1 kcal mol~"' more stable than T : U(2).

Of the structures studied here, G : 5-OH-U and conformation 2
of T: 5-OH-U are significantly more stable than the corresponding
base-pairs formed with U. In the G-containing base-pairs, the
G : 5-OH-U base-pair is 1.5 kcal mol™" more stable than the
G : U base-pair. For the T : 5-OH-U(2) base-pair, the 5-hydroxy
substituent stabilizes the interaction by 1.1 kcal mol™'. In both
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of these structures, hydrogen bonds are formed with the uracil
02 oxygen atom while no hydrogen bonds involve the uracil O4
oxygen atom. In the remaining base-pairs containing A, C or
T in conformation 1, the 5-hydroxy substitution only stabilizes
the base-pairs by 0.4, 0.2 and 0.3 kcal mol™', respectively. Each
of these structures contain a hydrogen bond to the uracil’s O4
oxygen rather than to the O2 oxygen. Thus, the intra-molecular
hydrogen bonding in 5-OH-U between the hydroxyl proton and
04 reduces the hydrogen bond strength between O4 and the
proton of the pairing base. However, in both G : 5-OH-U and
T : 5-OH-U(2) the O4 oxygen of 5-OH-U is not involved in
the inter-molecular hydrogen bond, and therefore the 5-OH-U
04 : OH intra-molecular hydrogen bond will further stabilize the
molecule. In addition, the hydroxyl oxygen adds an extra repulsive
interaction with the hydrogen-bonding oxygen of the other base
when the 5-OH-U O4 oxygen atom is involved in the hydrogen
bond.

Effects of theory level

Under all methods used, the ordering of base-pair energies remains
the same, with the sole exception being the relative energies of the
C : 5-OH-U and CU base-pairs, which differ by 0.3 kcal mol™! at
most. The DFT calculations without BSSE geometry corrections
typically over-estimate the stabilities of the base-pairs by 1.1-
2.0 kcal mol™'. However, the interaction energy of the G:C base-
pair at the DFT level is over-estimated by only 0.5 kcal mol™".
When using DFT methods, the BSSE geometry and energy
corrections make a larger difference for the U or 5-OH-U base-
pairs involving either A (1.8 to 2.0 kcal mol™) or T (1.7 to
1.9 kcal mol™"), than they did for the G (1.1-1.3 kcal mol™")
or C (1.3 kcal mol™) base-pairs. The DFT-BSSE-free geometry
optimizations typically lengthen the hydrogen bonds by about
0.03 A, but the bond increases do range from 0.01-0.06 A.
Interestingly, the hydrogen bonds that involve a nitrogen atom
are lengthened more by the DFT-BSSE correction compared to
hydrogen bonds that involve an oxygen atom. Thus, the bonds
formed between the H3 amido proton of U or 5-OH-U and the
imino nitrogen of either A or C increase by 0.04 to 0.06 A, while the
oxygen-containing hydrogen bonds are increased by 0.02-0.04 A.

Effects of BSSE correction to MP2 calculations

The effects of the BSSE correction are clearly much larger for
the MP2 calculations compared to the DFT calculations. For
the BSSE-contaminated calculations (Table 1: energy columns 1
and 3), neither the geometry nor the energies reported have been
BSSE-corrected. For these entries, the energy was calculated as
the energy of the hydrogen-bonded base-pair minus the energy
of the isolated components. Typically, the BSSE-free geometry
optimization at the MP2 level lowered the interaction energy by
about 3.0 kcal mol™'. The corresponding energy corrections at
the DFT level mostly ranged from 1 to 2 kcal mol~'. A greater
bond lengthening can also be observed in the MP2-BSSE-free
calculations. The BSSE-corrected geometries obtained at the MP2
level have hydrogen bonds lengths that are typically 0.10 A larger
than those observed in the MP2 BSSE-contaminated base-pair
structures. At the DFT level, these changes were typically one half
as large.

While the BSSE-contaminated-MP2 calculated energies were
significantly lower than the BSSE-contaminated-DFT energies
(except for GC), the energy changes observed after BSSE-free
geometry optimization were significantly larger for the MP2
calculations than for the DFT calculations. Thus, although the
uncorrected DFT and MP2 calculated energies differed by up to
2.3 kcal mol™', after BSSE-free geometry corrections, the DFT
and MP2 energies generally differed by about 0.5 kcal mol™" or
less. The differences were slightly larger for the GC WC and G :
5-OH-U base-pairs.

Experimental

All calculations were performed with Gaussian98.>* Calculations
at the RHF level were performed on Silicon Graphics Inc. Fuel
or Octane 2 computers, calculations at the DFT (B3LYP) level
were performed on a 12-node Sun64-SVR-4 computer, and the
MP2/BSSE calculations were performed on the NCSA IBM P690
or Sun64-SVR-4 computers. The full nucleotides consisted of the
base and a ribose sugar in which the 3'- and 5 oxygens were each
capped by a methyl group. The trimmed nucleotides consisted
of the appropriate base in which the N1 or N9 nitrogen was
capped with a methyl group. Geometry and energy corrections
for basis set superposition error (BSSE) were first calculated
at the DFT theory level and subsequently at the MP2 level of
theory, using the Counterpoise Correction method of Boys and
Bernardi®*® implemented in Gaussian98 as outlined by Simon,
Duran and Dannenberg.”® The 6-311G(d,p) basis set was used
for all data reported here. Thermal corrections and zero point
energy corrections were not performed. At this level of theory, the
use of larger basis sets was deemed to be too expensive, and the
dispersion error due to the use of moderately-sized basis sets has
been estimated to be —2.0 to —3.0 kcal mol™"'.*’

Conclusions

The oxidative product 5-OH-U forms base-pairs with the natural
DNA bases G, A, C and T with MP2-BSSE-free interaction
energies of —14.9, —13.3, —12.2 and —10.9 kcal mol~!, respectively.
This ordering is similar to that observed in analogous base-
pairs with T in place of 5-OH-U," although due to the differing
theoretical treatments, the results cannot be directly compared.
The effect of the 5-hydroxy substitution, ie. 5-OH-U vs U, is
to stabilize the base-pairs with G and T (in conformation 2)
with energy changes of —1.5 and —1.1 kcal mol™', respectively,
while having a much smaller effect on the energies of base-pairs
with A, C or T in conformation 1, where the base-pairs energy
changes are only —0.4, —0.2 and —0.3 kcal mol™', respectively,
The BSSE-free DFT and MP2 energies generally agreed within
about 0.5 kcal mol~!, with the exceptions of the G : 5-OH-U
(0.9 kcal mol~") and GC WC (2.9 kcal mol™!) base-pairs.
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Three-component reactions of aldehydes, amines, and diethyl phosphite catalyzed by Mg(ClO,), or
molecular iodine afforded the corresponding a-amino phosphonates in excellent yields under mild

reaction conditions.

Introduction

In recent years, magnesium perchlorate has been utilized as a mild
Lewis acid, imparting high regio-, chemo- and stereo-selectivity in
various organic transformations.! Moreover, it has been found to
retain its activity even in the presence of amines and also effectively
activates nitrogen-containing compounds such as imines. Very
recently, we also found that it was highly effective as a catalyst for
the synthesis of quinolines via Friedlinder annulation.’* Herein,
we wish to report its application as a catalyst for the efficient
synthesis of a-amino phosphonate via three-component reactions
of aldehydes, amines, and diethyl phosphite under mild conditions.
a-Amino phosphonic acids, their phosphonate esters, and
short peptides incorporating this unit are excellent inhibitors
of a wide range of proteolytic enzymes.? In addition, a-amino
phosphonate derivatives have broad applications due to their
antibacterial® and antifungal* activity, and as inhibitors of
phosphatase activity.” Lewis acid-catalyzed addition of diethyl
phosphite to aldimine provides a useful method for the preparation
of a-amino phosphonate.® Recently, three-component a-amino
phosphonate syntheses starting from aldehydes, amines, and
diethylphophite or triethyl phosphite catalyzed by Lewis acids’
and Bronsted acid,® or under microwave conditions’ have been
reported. However, many of these procedures suffered from the
use of stoichiometric and/or toxic, relatively expensive reagents.
Since a-amino phosphonate derivatives are increasingly useful and
important in pharmaceuticals and industry, the development of a
simple, eco-benign, low cost protocol is still desirable. As a-amino
phosphonate synthesis via three-component reactions is among
the most important acid-mediated reactions, the development
of a reaction that uses a catalytic amount of a readily available
magnesium salt of low toxicity should be of great interest.

Results and discussion

An initial study was performed by the treatment of benzaldehyde
1a, aniline 2a, and diethyl phosphite in EtOH in the presence of
a catalytic amount of Mg(ClO,), (10 mol%) at room temperature

“Department of Chemistry, Fudan University, 220 Handan Road, Shanghai,
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(Scheme 1). To our delight, we observed the formation of product
3a. Complete conversion and 79% isolated yield were obtained
after 24 hours. Further studies established that EtOH was the
best choice of solvent among the solvents (EtOH, THF, CH,Cl,,
CH;CN, toluene) screened. Next, we surveyed the temperature
for the reaction shown in Scheme 1. When the temperature was
elevated to 40 °C, the reaction time was shortened to 16 hours.
The result was dramatically improved when the reaction was
performed at 50 °C or 60 °C. Only 5 hours were needed for
completion and the isolation of desired compound 3a in 84%
yield. Then, we examined the catalytic requirement of Mg(ClO,),
(1-10 mol%) for the reaction in ethanol at 50 °C. A similar result
was obtained (5 hours, 85% yield) when a catalytic amount of
5 mol% magnesium perchlorate was employed in the reaction.
Gratifyingly, 1 mol% of Mg(ClO,), was found to be sufficient for
catalysis of o-amino phosphonate synthesis although a prolonged
reaction time was needed for completion with slightly lower yield
(1 mol% of Mg(ClO,),, 12 hours, 60% yield). The result also
provides evidence that there is no deactivation or inhibition of
the magnesium catalyst, which is of interest considering that the
reactants and/or the amine product might act as a Lewis base.
Moreover, it is noteworthy that this reaction could be performed
open to the air without loss of efficiency.
©\NH

CHO NH, Mg(CIO4); (10 mol%)
+ + HP(O)OEt), — OFEt
EtOH
1a 2a

f~oEt
o)
3a

Scheme 1 Reaction of 1a, 2a, and diethyl phosphite in EtOH catalyzed
by Mg(Cl0,), (10 mol%).

To demonstrate the generality of this method, we next investi-
gated the scope of this reaction under the optimized conditions
(EtOH, 5 mol% of Mg(Cl0,),, air, 50 °C) and the results are
summarized in Table 1. As shown in Table 1, this method is
equally effective for both aromatic aldehydes and amines. Various
substituted aromatic aldehydes la-1d reacted smoothly with
amines 2 to produce a range of a-amino phosphonate derivatives.
Complete conversion and excellent isolated yields were observed
for all substrates employed. This reaction is very clean and free
from side reactions. For example, almost quantitative yields of
products 3b and 3c were obtained when aldehyde 1a reacted
with anilines 2b and 2c¢ (entries 2 and 3). The reactions also
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Table 1 Reaction of aldehyde 1, amine 2, and diethyl phosphite catalyzed
by Mg(ClO,), (5 mol%) in EtOH*

Table 2 Reaction of aldehyde 1, amine 2, and diethyl phosphite catalyzed
by Mg(ClO,), (5 mol%) under solvent-free conditions”

2
Mg(CIOg), (5 mol%) < NH

R'CHO + R2NH, + HP(O)(OEt), OFt
. ) EtOH, 50°C,air  R'"“P~op
3 O
CHO
X ‘Rz
1R = aCl RT 2b: R = 4-OMe
' 2c: R=4-F
| »—CHO _~_cHo Ph” NH, 2d
1d 1e

Entry Aldehydel Amine2 Reaction time/h  Yield (%)

1 la 2a 5 85 (3a)

2 1a 2b 6 99 (3b)

3 la 2¢ 12 99 (3¢)

4 la 2d 12 99 (3d)

5 1b 2a 12 99 (3e)

6 1b 2b 6 99 (3f)

7 1b 2¢ 12 99 (3g)

8 1b 2d 12 99 (3h)

9 1c 2b 24 99 (3i)
10 1c 2d 24 96 (3j)
11 1d 2b 24 75 (3k)
12 1d 2d 12 99 (31)
13 le 2a 24 — (3m)
14 Te 2d 24 — (3n)

“ Reaction conditions: aldehyde 1 (0.4 mmol), amine 2 (0.4 mmol, 1.0 eq.),
diethyl phosphite (0.4 mmol, 1.0 eq.), Mg(ClO,), (5 mol%), EtOH
(0.5mL), 50 °C, 3-24 h. ® Isolated yield.

proceeded smoothly when benzylamine was employed as the
substrate (entries 4, 8, 10, and 12). However, no desired products
were isolated with aliphatic aldehyde since the reaction systems
were complicated (entries 13 and 14). We attribute this to the
slow formation and unstable nature of the imine formed from the
aliphatic aldehyde examined.

On the other hand, due to growing concern about the effect of
organic solvents on the environment as well as on the human body,
organic reactions without the use of conventional organic solvents
have attracted the attention of synthetic organic chemists.'*"" We
also tried the solvent-free reaction of 1a, 2a and diethyl phosphite
in the presence of Mg(ClO,), (5 mol%) at 50 °C and found that
the desired product 3a was generated in almost quantitative yield
(5 h, 99% yield). Other substrates were then investigated and the
results are shown in Table 2. From Table 2, it can be seen that the
catalytic system under solvent-free conditions was highly effective
and all the products were furnished in excellent yields.

Moreover, we turned our attention to other Lewis acid catalysts
for this three-component reaction, such as molecular iodine. In
recent years, iodine has emerged as a very effective Lewis acid
catalyst for various organic transformations.''® Todine is relatively
inexpensive compared to other Lewis acids including rare earth
metal triflates, and is more tolerant in comparison to typical
Lewis acids/bases. Iodine catalysis can also be easily adapted
to commercial applications, since its handling does not require
special precautions and it is readily reduced to relatively nontoxic
iodide during work-up procedures. Gratifyingly, quantitative
yield of product 3a was obtained by treatment of aldehyde 1a,

2
Mg(CIO), (5 mol%) < ~NH

R'CHO + R2NH, + HP(O)(OEt) — — » OFEt
solvent-free, 50 °C, air R! P~0Et
1 2 I
3 O
Entry  Aldehydel Amine2 Reactiontime/h  Yield (%)*
1 la 2a 5 99 (3a)
2 la 2b 12 99 (3b)
3 la 2¢ 5 99 (3¢)
4 la 2d 12 99 (3d)
5 1d 2b 24 90 (3k)
6 1d 2d 24 95 (31

“Reaction conditions: aldehyde 1 (0.4 mmol), amine 2 (0.4 mmol, 1.0 eq.),
diethyl phosphite (0.4 mmol, 1.0 eq.), Mg(ClO,), (5 mol%), 50 °C, 3-24 h.
*Tsolated yield.

aniline 2a, and diethyl phosphite in EtOH in the presence of
a catalytic amount of I, (5 mol%) at room temperature under
an air atmosphere. Similar results were obtained for the reaction
scope investigation (Table 3). Under solvent-free conditions, the
reaction of aldehyde 1a, aniline 2a, and diethyl phosphite at room
temperature also proceeded smoothly to afford the corresponding
product 3a in excellent yield (4 h, 99% yield).

Conclusions

In conclusion, we have described a convenient and efficient
synthetic protocol for the preparation of a-amino phosphonate
derivatives utilizing Mg(ClQ,), or molecular iodine as the catalyst
via three-component reactions. This method not only provides an
excellent complement to a-amino phosphonate synthesis via three-
component reactions, but also avoids the use of hazardous acids
or expensive/toxic Lewis acids and harsh reaction conditions.

Table 3 Reaction of aldehyde 1, amine 2, and diethyl phosphite catalyzed
by molecular iodine (5 mol%) in EtOH“

R2
NH
I (5 mol%
RICHO + R2NH, + HP(O)OEf), 202" | OEt

EtOH, r.t, air R’ P~0Et
1 2 3 O
Entry Aldehydel Amine2  Reactiontime/h  Yield (%)
1 la 2a 4 99 (3a)
2 la 2b 3 93 (3b)
3 1a 2 4 99 (3¢)
4 la 2d 4 93 (3d)
5 1b 2a 4 99 (3e)
6 1b 2b 3 88 (30)
7 1b 2c 3 99 (3g)
8 1b 2d 3 99 (3h)
9 1c 2b 4 96 (3i)
10 1d 2b 3 75 (3k)
11 le 2a 4 — (3m)
12 le 2d 4 — (3n)

“ Reaction conditions: aldehyde 1 (0.4 mmol), amine 2 (0.4 mmol, 1.0 eq.),
diethyl phosphite (0.4 mmol, 1.0 eq.), I, (5§ mol%), EtOH (0.5 mL), room
temperature, 3—12 h. ? Isolated yield.
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Experimental

All reactions were performed in test tubes under an air atmo-
sphere at room temperature. Flash column chromatography was
performed as described by Still er al.** using silica gel (60 A pore
size, 32-63 pm, standard grade, Sorbent Technologies). Analytical
thin-layer chromatography was performed using glass plates pre-
coated with 0.25 mm 230-400 mesh silica gel impregnated with a
fluorescent indicator (254 nm). Thin layer chromatography plates
were visualized by exposure to ultraviolet light. Organic solutions
were concentrated on Biichi R-200 rotary evaporators at ~20 Torr
(house vacuum) at 25-35 °C. Commercial reagents and solvents
were used as received. Proton nuclear magnetic resonance ('H
NMR) spectra were recorded in parts per million from internal
tetramethylsilane on the ¢ scale and are referenced from the
residual protium in the NMR solvent (CHCl;: 6 7.27, DMSO-d6:
0 2.50). Data is reported as follows: chemical shift [multiplicity
(s = singlet, d = doublet, q = quartet, m = multiplet), coupling
constant(s) in Hertz, integration, assignment].

General procedure

A mixture of aldehyde 1 (0.4 mmol), amine 2 (0.4 mmol, 1.0 eq.),
diethyl phosphite (0.4 mmol, 1.0 eq.), and Mg(ClO,), or I,
(5 mol%) in EtOH (0.5 mL) or under solvent-free conditions was
stirred at 50 °C (Method A: Mg(ClO,),) or at room temperature
(Method B: 1,) under an air atmosphere. After completion of
the reaction as indicated by TLC, the reaction mixture was
quenched with water (10 mL) and extracted with EtOAc (2 x
10 mL). Evaporation of the solvent followed by purification
(chromatography column on silica gel) afforded pure o-amino
phosphonate 3. (All the products are known compounds. The
characterizations of these compounds are identical with the
literature reports.”)

Diethyl phenyl(phenylamino)methylphosphonate 3a. Colorless
liquid. "H NMR (400 MHz, CDCl,): 6 (ppm) 1.10 (t, J/ = 7.0 Hz,
3H), 1.27 (t, J = 7.0 Hz, 3H), 3.66-3.67 (m, 1H), 3.90-3.92 (m,
1H), 4.10-4.12 (m, 2H), 4.72-4.80 (m, 1H), 4.87-4.89 (m, 1H),
6.58-6.69 (m, 3H), 7.07-7.08 (m, 2H), 7.29-7.31 (m, 3H), 7.45-
7.46 (m, 2H).

Diethyl (4-methoxyphenylamino)(phenyl)methylphosphonate 3b.
Colorless liquid. "H NMR (400 MHz, CDCl;): 6 (ppm) 1.11 (t,
J =7.0 Hz, 3H), 1.28 (t, J/ = 7.0 Hz, 3H), 3.68 (s, 3H), 3.70-3.72
(m, 1H), 3.91-3.93 (m, 1H), 4.08-4.14 (m, 2H), 4.56 (br s, 1H),
4.68 (d, J =24.3 Hz, 1H), 6.55 (d, J = 9.2 Hz, 2H), 6.69 (d, J =
9.2 Hz, 2H), 7.30-7.32 (m, 3H), 7.45 (d, J = 7.3 Hz, 2H).

Diethyl (4-fluorophenylamino)(phenyl)methylphosphonate 3c.
Colorless liquid. '"H NMR (400 MHz, CDCl;): 6 (ppm) 1.10 (t,
J = 7.0 Hz, 3H), 1.28 (t, J = 7.0 Hz, 3H), 3.66-3.68 (m, 1H),
3.91-3.93 (m, 1H), 4.10-4.14 (m, 2H), 4.66-4.73 (m, 1H), 4.85-
4.87 (m, 1H), 6.52-6.54 (m, 2H), 6.76-6.80 (m, 2H), 7.30-7.33 (m,
3H), 7.44-7.45 (m, 2H).

Diethyl (benzylamino)(phenyl)methylphosphonate 3d. Color-
less liquid. "H NMR (400 MHz, CDCL): § (ppm) 1.12 (t, J =
7.0 Hz, 3H), 1.28 (t, J = 7.0 Hz, 3H), 2.36 (s, 2H), 3.53 (d, J =
13.2 Hz, 1H), 3.79-3.82 (m, 2H), 3.99 (m, 1H), 4.04-4.08 (m, 2H),
7.26-7.42 (m, 10H).

Diethyl (phenylamino)(p-tolyl)methylphosphonate 3e. Color-
less liquid. "H NMR (500 MHz, CDCl;): § (ppm) 1.13 (t, J =
7.0 Hz, 3H), 1.28 (t, J/ = 7.0 Hz, 3H), 2.30 (s, 3H), 3.68-3.70 (m,
1H), 3.92-3.95 (m, 1H), 4.08-414 (m, 2H), 4.71 (d, J = 24.0 Hz
1H), 4.75 (br s, 1H), 6.60 (d, J = 7.5 Hz, 2H), 6.66-6.69 (m, 1H),
7.07-7.13 (m, 4H), 7.33-7.35 (m, 2H).

Diethyl (4-methoxyphenylamino)(p-tolyl)methylphosphonate 3f.
Colorless liquid. '"H NMR (400 MHz, CDCl;): 6 (ppm) 1.14 (t,
J=7.0Hz,3H), 1.28 (t,J = 7.0 Hz, 3H), 2.30 (s, 3H), 3.67 (s, 3H),
3.69-3.71 (m, 1H), 3.92-3.93 (m, 1H), 4.09-4.14 (m, 2H), 4.66 (d,
J =243 Hz, 1H), 4.80 (br s, 1H), 6.55 (d, J = 9.2 Hz, 2H), 6.68
(d,J=9.2Hz 2H), 7.12(d, J = 7.8 Hz, 2H), 7.31-7.34 (m, 2H).

Diethyl (4-fluorophenylamino)(p-tolyl)methylphosphonate 3g.
Colorless liquid. "H NMR (400 MHz, CDCl,): 6 (ppm) 1.12 (t,
J =17.0 Hz, 3H), 1.28 (t, J/ = 7.0 Hz, 3H), 2.31 (s, 3H), 3.67-3.70
(m, 1H), 3.91-3.92 (m, 1H), 4.10-4.14 (m, 2H), 4.63-4.70 (m, 1H),
4.83-4.85 (m, 1H), 6.52-6.54 (m, 2H), 6.75-6.80 (m, 2H), 7.12 (d,
J=7.8Hz, 2H), 7.33 (d, J = 7.8 Hz, 2H).

Diethyl (benzylamino)(p-tolyl)methylphosphonate 3h. Color-
less liquid. '"H NMR (400 MHz, CDCl;): 6 (ppm) 1.14 (t, J =
7.0 Hz, 3H), 1.27 (t, J = 7.0 Hz, 3H), 2.30 (s, 2H), 2.35 (s, 3H),
3.53(d, J = 13.2 Hz, 1H), 3.78-3.82 (m, 2H), 3.96-4.06 (m, 3H),
7.26-7.31 (m, 9H).

Diethyl  (4-chlorophenyl)(4-methoxyphenylamino)methylphos-
phonate 3i. Colorless liquid. '"H NMR (400 MHz, CDCl;):
(ppm) 1.16 (t, J = 7.0 Hz, 3H), 1.29 (t, J = 7.0 Hz, 3H), 3.69
(s, 3H), 3.80-3.81 (m, 1H), 3.94-4.03 (m, 1H), 4.09-4.14 (m,
2H), 4.51-4.53 (m, 1H), 4.62-4.70 (m, 1H), 6.50-6.70 (m, 4H),
7.29-7.39 (m, 4H).

Diethyl (benzylamino)(4-chlorophenyl)methylphosphonate 3;j.
Colorless liquid. "H NMR (400 MHz, CDCl,): 6 (ppm) 1.25 (t,
J =7.0 Hz, 3H), 1.27 (t, J = 7.0 Hz, 3H), 3.50 (d, J = 13.2 Hz,
1H), 3.77 (d, J = 13.2 Hz, 1H), 3.97-4.10 (m, 6H), 7.23-7.37 (m,
9H).

Diethyl furan-2-yl(4-methoxyphenylamino)methylphosphonate
3k. Colorless liquid. "HNMR (500 MHz, CDCl,): é (ppm) 1.20
(t, J =7.0 Hz, 3H), 1.34 (t, / = 7.0 Hz, 3H), 3.70 (s, 3H), 3.87-
3.89 (m, 1H), 4.03-4.07 (m, 1H), 4.16-4.20 (m, 2H), 4.23 (br s,
1H), 4.78 (d, J = 13.2 Hz, 1H), 6.30 (s, 1H), 6.36-6.37 (m, 1H),
6.62-6.64 (m, 2H), 6.72-6.74 (m, 2H), 7.37 (s, 1H).

Diethyl (benzylamino)(furan-2-yl)methylphosphonate 31. Col-
orless liquid. "H NMR (400 MHz, CDCl,): J (ppm) 1.22 (t, J =
7.0 Hz, 3H), 1.31 (t, J = 7.0 Hz, 3H), 3.59 (d, J = 13.2 Hz,
1H), 3.85-3.88 (m, 2H), 4.03-4.15 (m, SH), 6.37-6.38 (m, 2H),
7.29-7.30 (m, 6H).
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Novel, economic and environmentally friendly one-pot three-
component Knoevenagel/hydrogenation (K/H) and four-
component Knoevenagel/hydrogenation/alkylation (K/H/A)
reactions of ketones, CH-acids, dihydropyridines and alkyl
halides using proline and proline/metal carbonate catalysis,
respectively, have been developed. Many of the products of
these K/H and K/H/A reactions have direct applications in
pharmaceutical chemistry.

A number of pyridine nucleotide-linked dehydrogenases catalyze
the reversible hydrogenation—dehydrogenation of the double bond
in o,B-unsaturated ketones,! and nicotinamide nucleotides play a
vital role in biological oxidation-reductions;* namely, NAD(P)H
reduces carbonyl compounds to alcohols. In certain enzymatic
systems, NAD(P)H also reduces carbon—carbon double bonds in
a-ketoolefins such as crotonyl-CoA and benzalacetone.® Similar
biomimetic conjugate reductions of a,f-unsaturated aldehydes and
ketones occurs with NAD(P)H models, such as 3,5-dicarboethoxy-
2,6-dimethyl-1,4-dihydropyridine (Hantzsch ester).* In order to
understand mechanisms of biochemical oxidation-reduction re-
actions and to mimic this completely green approach to synthetic
organic chemistry, it is worthwhile to approach the subject from
the viewpoint of organic chemistry.

Hydrogenations of double-bond-containing compounds such
as carbonyls, imines, and olefins are crucial for living organisms as
well as for the industrial production of chemicals. Recently, metal-
free catalytic hydrogenations of olefins have been an emerging
area in green catalysis.> Herein, we disclose a highly efficient
and remarkably chemoselective metal-free catalytic transfer hy-
drogenation of in situ generated chemically activated olefins in a
tandem approach. The resulting products have direct applications
to drug discovery process.

The hydrogenation of activated olefin compounds is a useful
but challenging transformation. As both 1,2- and 1,4-reductions
readily occur, low selectivity for either of the two pathways is com-
mon, and functional groups that are sensitive to hydrogenation
conditions such as the ester, nitro, and nitrile groups are usually
not tolerated. Clearly, mild, catalytic, one-pot, chemoselective and
green variants of this reaction are highly desirable.

Recently, amino acid catalysis has emerged as a powerful
green synthetic tool for the development of both achiral and
chiral catalysis of condensations and cycloadditions, and the
1,2- and 1,4-additions of enals, enones and ketones with many
electrophiles.®* We reasoned that this catalysis strategy might be
applicable to the in situ generation and conjugate reduction of
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highly chemically activated olefin compounds if a suitable hydride
donor could be identified. Such a process would constitute a one-
pot metal-free green hydrogenation similar to bio-transformations.

As we are interested in the engineering of direct organocat-
alytic green multi-component reactions,*®" herein we report
the first organocatalytic chemoselective direct tandem Knoeve-
nagel/hydrogenation (K/H) and Knoevenagel/hydrogenation/
alkylation (K/H/A) reactions that produce highly substituted
tandem products 5 and 8 respectively, from ketones 1a-n, CH-
acids 2a—i, Hantzsch ester 3, alkyl halides 7a—f and amino acids
4a,b, as shown in Scheme 1. Tandem products 5 and 8 are
attractive intermediates in medicinal chemistry, and analogues
thereof have broad utility in pharmaceutical chemistry’ (as insect
repellents, dental adhesives, CRF antagonists, anti-spasmodics,
antiulcer agents, drugs for skin diseases, as agents against tuber-
culosis and leprosy bacteria, and as agents for wound healing ezc.)
and in organic synthesis.

We found that the amino acid proline 4a readily catalyzes the
Knoevenagel condensation of cyclohexanone 1a with the CH-
acid ethyl cyanoacetate 2a to furnish the active olefin 9aa, which
on treatment with Hantzsch ester 3 produces the hydrogenated
product 5aa with very good yield after 24 h in MeOH at 25 °C
(Table 1, entry 1). The same reaction, catalyzed by L-proline 4a at
25 °C under tandem conditions, furnished the product 5aa with
90-95% yield in protic solvents (Table 1, entries 1-3). The use of
polar aprotic solvents (DMF and DMSO) gave similar yields to

Table 1 Optimization of in situ generation and reduction of active olefins*

CO,Et
E Catalyst
/\(I (20 mol%)
é COzEt Solvent
i ©5 M
2a 3, E=CO,Et
Entry Catalyst Solvent Time/h Yield (%)”
1 4a MeOH 24 90
2 4a EtOH 24 93
3 4a EtOH 36 95
4 4a DMF 24 86
5 4a DMSO 24 86
6 4a CHCl, 24 48
7 4a CH;CN 24 68
8 — EtOH 48 80
9 — DMSO 48 75
10 — H,O 48 15
11 4b EtOH 48 72

“ Experimental conditions: All reactants (la, 2a, 3) and catalyst 4 were
mixed at the same time in solvent and stirred at room temperature. * Yield
refers to the column-purified product.
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Scheme 1 Direct one-pot organocatalytic K/H and K/H/A reactions.

the reactions in MeOH and EtOH (Table 1, entries 4-7). A simple
amino acid, glycine 4b, also catalyzed the tandem K/H reaction
to furnish tandem product 5aa in 72% yield (Table 1, entry 11).
The optimum conditions (entries 3, 4 and 5) involved the use of
catalyst 4a in the tandem K/H reaction of 1a, 2a and 3 in EtOH,
DMF or DMSO at 25 °C.

Interestingly, the tandem K/H reaction of 1a, 2a and 3 in the
absence of catalyst at 25 °C furnished, after 48 h, the expected
product 5aa in 80% and 75% yields in EtOH and DMSO,
respectively (Table 1, entries 8 and 9). This is best demonstration
of the self-catalytic nature of reagents in tandem reactions, and
also in mimicking the hydrogenation—dehydrogenation of pyridine

Table 2 Knoevenagel reaction of cyclohexanone 1a with 2a and 2¢

(0] CN
0,
ij . rEWG Catalyst (20 mol%) O%EWG
CN Solvent (1 mL)
1a 2a,c 48 h, RT 9aa,ac

(0.5 mmol) (0.5 mmol)

Entry EWG Catalyst Solvent  Product Conversion (%)
1 COEt 4a EtOH 9aa 66
2 COEt 6 EtOH 9aa <3
3 COEt 6 DMSO  9aa <3
4 COEt — EtOH 9aa <3
5 COEt  — DMSO  9aa <3
6 CO,Et — H,O 9aa <4
7 CN — EtOH 9ac 70
8 CN — DMSO  9ac 70
9 CN — H,O 9ac 75

“Determined by "H NMR analysis. * Reaction time was 24 h.

nucleotide-linked dehydrogenases.! The proline-catalyzed Kno-
evenagel condensation of cyclohexanone 1a with ethyl cyanoac-
etate 2a in the absence of Hantzsch ester 3 furnished the olefin 9aa
with reduced conversion (Table 2, entry 1). Comparison of this
result with entry 2 in Table 1 gives support for the self-catalysis of
Hantzsch ester 3 in tandem reactions. To understand more about
the self-catalysis of 3 in tandem K/H reactions, we performed a
Knoevenagel reaction of 1a with 2a and 2c¢ in the presence of 6 (and
in the absence of catalysts 3 and 4a) in EtOH, DMSO and H,O,
as shown in Table 2. Starting from 1a and 2a, the Knoevenagel
product 9aa was furnished with very poor conversions after 48 h at
25 °Cin EtOH, DMSO and H,O, both with and without pyridine
6 (Table 2, entries 2-6). Interestingly, Knoevenagel product 9ac
was furnished from 1a and 2¢ in moderate yields under catalyst-
free conditions, as shown in Table 2, entries 7-9 .This may be due
to the highly acidic nature of malononitrile 2¢ compared to ethyl
cyanoacetate 2a. From these results, we have strong support for
the self-catalysis of 3 in tandem K/H reactions.

The two possible reaction mechanisms for tandem K/H reac-
tions of 1a, 2a, 3 and 4a are illustrated in Scheme 2. First, reaction
of proline 4a with cyclohexanone la generates the iminium
cation 12a, an excellent electrophile that undergoes Mannich-
type reactions with CH-acid 2a to generate Mannich product 14a.
Retro-Mannich or base-induced elimination reaction of amine
14a would furnish active olefin 9aa.** The subsequent hydrogen
transfer reactions are dependent upon the electronic nature of
the in situ generated conjugated system or, more precisely, the
HOMO-LUMO gap of the reactants 3 and 9aa.> Interestingly,
Hantzsch ester 3 also catalyzed the simultaneous formation
and hydrogenation of active olefin 9aa via key intermediate
16a, as shown in mechanism 2, and is thus an ideal mimic of
the hydrogenation—dehydrogenation of pyridine nucleotide-linked
dehydrogenases.! We are able to propose mechanism 2 based on
the acidic nature of Hantzsch ester 3 (pK, = 3.50 £ 0.70).%

After this preliminary work, we proceeded to investigate the
scope and limitations of the tandem K/H reaction of cyclohex-
anone la with a range of active CH-acids 2a—i and Hantzsch
ester 3 under proline catalysis in DMSO (Table 3).* As shown
in Table 3, acyclic CH-acids 2a—d furnished tandem products
5aa—ad in lower yields than the cyclic CH-acids 2e—i. This may be
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Mechanism 1: Proline-Catalyzed Tandem K/H Reaction of 1a, 2a and 3

C&H@»

N

N GOHZ
O,COZH
—»
EtOH 7H20
1a 4a 2a l 12a
o
COZH CO,H
EtO,C COzEt CO.Et &+ o )

( iﬁ Eﬁ« o
|J| L(\S J\/\L

Mechanism 2: Self-Catalyzed Tandem K/H Reaction of 1a, 2a and 3

9y E
I-;T‘ X
<
AN CO,Et
OEt HO
ol & Welts
|
N\
EtO,C.__CN Eto2 CO,Et

E N +Of*
H\/ —H20

5aa
Scheme 2 Proposed reaction mechanisms.

Table 3 Tandem in situ generation and reduction of a variety of activated
olefins”

E Prollne
EWG | | (20 mol%)
[ ] N DMSO
2 3 E= CO Et (0 S M) 5aa-5ai
Entry CH-acid Time/h Yield (%)®
1 2a 24 86
2 2b 24 99
3 2¢ 19 90
4 2d 60 60
5 2e 48 95
6° 2f 12 90
7 2g 24 99
8 2h 24 99
9 2i 24 93

“ The reactants (1a, 2, and 3) and the catalyst 4a were mixed at the same
time in the solvent and stirred at room temperature. ® Yield refers to the
column-purified product. ¢ Reaction performed at 70 °C.

due to the difference in acid strength and the HOMO-LUMO
gap between Hantzsch ester 3 and the in situ generated olefins
9, respectively. Cyclic CH-acids 2e—i have a higher acid strength

Table 4 Chemically diverse libraries of tandem K/H products §

4a

j)\ <CN E ] E (20 mol%) EWGI
+ +
R R Ewe N " omso
(0.5 M); RT
1 2 3 2410 96 h
Entry Product Yield (%)
1 EtO,C.__CN 95
5 5aa
20 EtO,C.__CN 90
y (3.4:1)
5ba
3 EtO,C.__CN 45
y (3.3:1)
5ca
4 EtO,C.__CN 95
y (6:1)
5da
Bu
5 EtO,C.__CN 90
6 EtO,C.__CN 90
5fa
7 NC.__CN 99
I 5ic
Ph
8 EtO,C.__CN 85
l/;u 4:1)
CO,Et
5na
9 99
10 95
11 EtO,C.__CN 93

1w
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Table4 (Cont.)

Table S5 Chemically diverse libraries of tandem K/H/A products 8

E E 4a
)(J)\ <CN H (20 mol%) EWGICN
+ + J— .
R R?  Ewe N DMSO R OR2
1 2 3 (0.5 M); RT 5
24t0 96 h
Entry Product Yield (%)*
12 EtO0,C.__CN 92
y(1.6:1)
5ka
13 EtO0,C.__CN 60
r\‘% 5la
14 EtO,C.__CN 61
y ™ (2:7)
5ma
15 MeO,C.__CN 92

“Yield refers to the column-purified product.  Ratio determined by 'H
and "C NMR analysis.

than acyclic CH-acids 2a—d, and the same acidic property also
continues in olefins 9. Tandem products Saa—ai have applications
in pharmaceutical chemistry.’

We generated a useful library of tandem K/H products 5 under
proline catalysis. The results in Table 4 demonstrate the broad
scope of this reductive green methodology, covering a structurally
diverse group of less reactive ketones la—n and CH-acids 2a—i
with many of the yields obtained being very good, or indeed
better, than previously published reactions starting from the
corresponding olefins 9 or ketones 1. The tandem K/H reaction
of 4-methylcyclohexanone 1b, ethyl cyanoacetate 2a and Hantzsch
ester 3 furnished the regioselective hydrogenated ester cis-5ba in
3.4 : 1 ratio in 90% yield (Table 4, entry 2). Tandem K/H reactions
produced hydrogenated products 5ba, Sca, 5da and 5ma with
good regioselectivities compared to NaBH, reduction of the cor-
responding olefins,” as shown in Table 4, entries 2-4 and 9-10.'%!

Hydrogenated ester 5aa and analogues are important interme-
diates for the synthesis of cygerol (a wound treatment ointment),’
perfumes, anti-ulcer agents and drugs for skin diseases; tandem
ester Sna is used as intermediate in the synthesis of the ophiobolins
(natural products);” tandem products Sea, Sma and analogues are
used in the preparation of active anti-spasmodics;™ and tandem
hydrogenated product 5lb is used as a cockroach repellent™ in
the USA. These applications emphasize the value of this tandem
approach.

With pharmaceutical applications in mind, we extended the
three-component tandem K/H reactions into a novel proline/
Cs,CO;- and proline/K,COjs-catalyzed one-pot four-component
K/H/A reaction of ketones 1, CH-acids 2 and Hantzsch ester 3
with various alkyl halides 7a—f (Table 5). Various 2,2-disubstituted
ethyl cyanoacetates and malononitriles 8 were synthesized in good
yields, as shown in Table 5." We also demonstrated a direct

(0]
CN i) 4a (20 mol%)
< EtOH or DMSO NC
R R? EWG (0.5 M) R3
1 + 2 RT, 24-96 h EWG
H H
EtO,C_~\_ CO.Et s i) K,CO3 or Cs,CO5 R! R2
|| R°CH,X RT, 7-24h 8
N
3 H 7
Entry Base/solvent Product Yield (%)*
1 K,CO;/EtOH NC 65
Et0,C
8aaa
2 K,CO,/EtOH NC 65
EtO,C
8aab

3 K,CO,/EtOH 80
4 K,CO;/EtOH 80
5 K,CO;/EtOH 99
6 K,CO;/DMSO 80
7 K,CO;/DMSO 90
8t K,CO;/DMSO 85
9t K,CO;/DMSO 85
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Table 5 (Cont.)

o]
CN i) 4a (20 mol%)
EtOH or DMSO NG
R! R2 EWG (0.5M) R3
1 + 2 RT, 24-96 h EWG
H H
EtO,C_~\_ CO,Et . iy K,CO3 or Cs,COg r! R
[ R°CH,X RT, 7-24 h 8
N
3N 7
Entry  Base/solvent Product Yield (%)
10 Cs,CO,/DMF NC 75
= P
EtO,C
8aaf
11 Cs,CO;/DMF NG 65
= =
MeO,C
8abf

12 Cs,CO;/DMF 65

“Yield refers to the column-purified product. ® Ratio determined by 'H
and *C NMR analysis.

organocatalytic approach to the synthesis of key intermediates
of the pharmaceutical drug cygerol 19 in a single step (Table 5,
entries 10-12). Decyanation followed by hydrolysis of 8aaf or 8abf
furnished the cyclohexylgeranylacetic acid 19, useful for wound
healing, as demonstrated by Joseph and George in their patent
(Scheme 3).7

RO,C CN CO,H

ref. 7e

8aaf; R = Et
8abf; R = Me

Cygerol; 19
An ointment for
wound treatment &

Scheme 3

In summary, we have developed direct amino acid/metal
carbonate-catalyzed tandem K/H and K/H/A reactions which
have direct application in drug discovery processes. This exper-
imentally simple and environmentally friendly approach can be
used to construct highly substituted hydrogenated products in a
regioselective fashion with very good yields. For the first time
in organocatalysis, pyridine nucleotide-linked dehydrogenases are
mimicked in the laboratory. Further work is in progress to develop
an asymmetric version of this tandem process.

We thank DST (New Delhi) for financial support. M. K.
and G. B. R. thank CSIR (New Delhi) and UGC (New Delhi)
respectively for their research fellowships.
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6-Formylpterin (6FP) has been demonstrated to have strong neuroprotective effects against transient
ischemia-reperfusion injury in gerbils. Also it has been shown that in rats, 6FP protected retinal
neurons even when it was administered after the ischemic insult. Since there is a significant need for
such a compound that effectively suppresses the events caused by the lack of oxygen supply, 6FP has
attracted further investigation. Unfortunately, however, 6FP is hardly soluble in water at neutral pH
and in organic solvents because of its self-assembling ability. Although a several mM solution of 6FP is
available in alkaline water, it is unstable. In the present study, a novel chemical derivatization of 6FP has
been developed which maintains the formyl group on the 6-position of 6FP, which is essential for the
physiological activities of 6FP, and increases solubility in water and organic solvents. In the method, the
2- and 3-positions of 6FP were modified by a three component coupling reaction: 6FP was subjected to
the reaction with acid chloride and N,N-dimethylformamide. The derivatives synthesized here, 2-(N,N-
dimethylaminomethyleneamino)-6-formyl-3-pivaloylpteridine-4-one 1, 2-(N,N-dimethylamino-
methyleneamino)-6-formyl-3-isobutyrylpteridine-4-one 2, and 2-(N,N-dimethylamino-
methyleneamino)-6-formyl-3-o-toluoylpteridine-4-one 3, showed high solubility in water (1.0-5.6 mM)
and organic solvents. The O, conversion property has also been determined for the derivative 1. Using
an oxygen electrode, it has been found that O, is consumed in the presence of 1 and NADH at around
pH 7.4 and that the rate of O, consumption is enhanced by UV-A irradiation. Electron paramagnetic
resonance (EPR) analysis coupled with DMPO spin trapping has also revealed that in the presence of
NADH, 1 converts O, to *O,~, which is further reduced to *OH. By UV-A illumination in the analogous

systems, 'O, formation was observed. These results are similar to those reported previously for 6FP.

Introduction

Ischemia-reperfusion injury (IRI) occurs in cardiac infarction,
brain infarction, organ transplantation, and so on, resulting in
apoptotic cell death.! Protective agents against IRI have been
important research targets in pharmaceutical studies over the
past two decades.> We have demonstrated that 6-formylpterin
(6FP), which is known as a xanthine oxidase inhibitor, has potent
neuroprotective effects against transient IRT in gerbils.** Also we
have shown the similar effects of 6FP in rat retinal IRT.*

Many pteridines are endogenous: they are important electron
transfer compounds in biological systems. They act as coenzymes
and participate in important biological functions.** 6FP is one of
the pteridine derivatives (Scheme 1).
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pteridine ring pterin 6-formylpterin (6FP)

Scheme 1  Structures of pteridine derivatives.

6FP generates reactive oxygen species (ROS) from molecular
oxygen (O,) in the presence of reducing agents such as NAD(P)H.¢
Recently 6FP was shown to produce singlet oxygen (‘O,) under
irradiation of long-wavelength ultraviolet light (UV-A) in aqueous
solutions.’

Pteridines are generally insoluble compounds. This nature is due
to strong intermolecular hydrogen bonds which lead to the self-
assembling structure of pteridines.® To overcome this drawback,
a number of trials have been reported.”'® The intermolecular
hydrogen bonds are formed by amino and amide functions on
the pteridine ring and it is known that protection of the N- or
O-atoms of the amino or the amide function increases solubility
in water and organic solvents.” Similarly, acylation of the amino
group affects the solubility."® 6FP is also poorly soluble in water at
neutral pH and in organic solvents for the same reason. Although a
several mM solution of 6FP is available in alkaline water, it decom-
poses into pterin-6-carboxylic acid and 6-hydroxymethylpterin
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by the Cannizzaro reaction or photooxidation. For the clinical
application of 6FP, 6FP must be modified, possibly by the
introduction of bulky groups onto the ring, so that it becomes
soluble in water. Also, it is worthwhile to explore the detailed
chemical properties of 6FP to reveal the relationship between its
physiological activities and its chemical natures.

We assume that maintaining the formyl group at the 6-position
is essential for the notable physiological activities of 6FP, and
in the present study, therefore, we developed novel chemical
derivatization methods which not only improve 6FP solubility
but maintain its physiological activity.

Results and discussion

First, a coupling reaction of three components was performed.
When 6FP (1.0 mmol) was subjected to the reaction with
pivaloyl chloride (3.5 mmol) and N, N-dimethylformamide (DMF)
(12 ml) in the presence of N,N-diisopropylethylamine (4.5 mmol)
at room temperature, 2-(N,N-dimethylaminomethyleneamino)-6-
formyl-3-pivaloylpteridine-4-one 1 was obtained in a yield of
95% as a 2- and 3-position modified 6FP derivative as shown
in Scheme 2. 1 was identified by MS, IR, '"H-NMR, *C-NMR,
and elemental analysis.

O [(CH3)2CH]2N‘32H5
)i ]) o N J\& ])
HaNT , 2h

Scheme 2 The coupling reaction of 6FP with pivaloyl chloride and DMF
in the presence of N,N-diisopropylethylamine.

Next, we used isobutyryl chloride, propionyl chloride and o-
toluoyl chloride instead of pivaloyl chloride in the analogous
reaction. The results are summarized in Table 1.

The reaction of isobutyryl chloride with 6FP and DMF
resulted in 2-(N,N-dimethylaminomethyleneamino)-6-formyl-3-
isobutyrylpteridine-4-one 2 in a yield of 88% (Entry 2).
The reaction of o-toluoyl chloride with 6FP and DMF
gave rise to 2-(N,N-dimethylaminomethyleneamino)-6-formyl-3-
o-toluoylpteridine-4-one 3 in a yield of 52% (Entry 3). When N,N-
diisopropylethylamine or acid chloride was absent, or when DMF
was absent and 2-butanone was used as a solvent, 6FP also did
not react. When the reaction was stopped in 20 minutes, 2-(N,N-
dimethylaminomethyleneamino)-6-formylpteridine-4-one'! 4 was
isolated by column chromatography. Additionally, although the
reaction of 4 with pivaloyl chloride produced 1 in the presence of
N,N-diisopropylethylamine in DMF, the reaction did not proceed

Table 1 Coupling reactions of 6FP with acid chlorides and DMF and the water solubility of 6FP and the 6FP derivatives obtained

Entry Acid chloride Product Yield (%) Water solubility/mM
1 0) 95 3.8
\ NJ\
2 0 88 5.6
Yo JI f
< rN*
3 0 52 1.0
N J\
N ~—N
4 2.3
5 0.02

¢ 3
HN)T\])
NJ\\N N"
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in CHCI;. According to these results, the first step of this reaction
would be the activation of DMF and probably the Vilsmeyer
type activated complex is involved. The reaction of the activated
complex with the amino group on the 2-position of 6FP would
give 4. Then the reaction of the complex with the 3-position of 4
proceeds and gives 1 (Scheme 3).

These 6FP derivatives showed high solubility in methanol,
ethanol, and other organic solvents. The water solubilities of these
derivatives are summarized in Table 1, indicating that the 2- and
3-position modified 6FP derivatives have high water solubility
and are more soluble than 4 in which only the 2-position is
modified. These results suggest that the strong intermolecular
hydrogen bonds between 6FP molecules are eliminated by these
modifications. 3 showed lower solubility than 1, 2 and 4 probably
because of the hydrophobic nature of the toluoyl substituent
(Entry 3).

We further examined the reaction of 6FP derivative 1 with O,.
In a previous paper, we have shown that the oxygen concentration
of the solution containing NADH decreased linearly and dose
dependently when 6FP was added to the solution.® Using a similar
method, we measured the O, consumption activity of 1 using
oxygen electrodes. In Fig. 1, a comparison of the O, consumption
by 1 with that by 6FP is depicted. The solution a contained 2 mM
of 1 (pH 7.4) and the solution b contained 2 mM of 6FP (pH 8.3).
Arrow 1 indicates the time of NADH addition to the solution.
Arrows 2 and 3 indicate the time of irradiation with fluorescence
light and UV-A light, respectively. The rate of O, consumption
by 1 was lower than that by 6FP. However, both O, consumption
rates were accelerated by irradiation with fluorescence light and
UV-A light. In these experiments, the rate of O, consumption by
1 at physiological pH (pH 7.4) showed the same tendency as that
of 6FP.

First step
j\ T - \N*/)\
N -~ ~N +/
/N H /N

Second step

cr O
\ -& HN)K/[ j)[(CHs)zClechHs

co _
R A

120

(%)

Oxygen concentration

0 20 40 60 80 100

Time (min)

Fig. 1 O, consumption in the solution containing 6FP (2 mM) or 1
(2 mM) and NADH (6 mM). The time course of the changes in oxygen
concentration measured by oxygen electrodes is shown. a: Mixture of 1 and
NADH in PBS (pH 7.4); b: mixture of 6FP and NADH in PBS (pH 8.3).
Arrow 1 indicates the addition of NADH to the solutions a and b. Arrow 2
indicates irradiation with fluorescence light. Arrow 3 indicates irradiation
with UV-A light.

We investigated the mechanism for the above reaction by the
EPR spin trapping technique using 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) as a spin trap. EPR spectra obtained from the
reaction of 1 in the presence of NADH are shown in Fig. 2.
After adding 1 to the solution containing NADH, prominent EPR
spectra were obtained (Fig. 2(a)), consisting of a quartet with
al:2:2:1 intensity ratio with hyperfine splitting constants
(hfsc’s) of a(N) = 1.49 mT and «(BH) = 1.49 mT which is
assignable to DMPO-OH," indicative that the signals were the
results of trapping hydroxyl radicals (‘OH). These signals were
totally quenched by superoxide dismutase (SOD) which converts

o)

N*—C cr
/ “H

activated complex

ﬁ ”If

-P|v0 I
Third step
) %
2 3 N% 03 N%
AR/ I\ [(CH3)2CH]2NC2H5

o S0 g e )
= —>\N+:c/;) II':I\(I:II:

H// A H//N -

/N\ _N

Scheme 3 A plausible reaction mechanism for the conversion of 6FP to 1 in the presence of pivaloyl chloride and N,N-diisopropylethylamine in DMF.
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Fig. 2 (a), (b) and (c): EPR spectra obtained from a PBS solution
containing 1 (2 mM), NADH (6 mM) and DMPO (1.47 M) under
fluorescence light. (a) Mixture of 1, NADH and DMPO; (b) mixture
of 1, NADH and DMPO in the presence of SOD (2000 units ml™"); (c)
mixture of 1, NADH, DMPO, SOD (2000 units ml~"), FeSO, (0.1 mM) and
DTPA (1 mM) as a chelating agent. (d), (¢) and (f): EPR spectra obtained
under UV-A irradiation from a PBS solution containing 1 (50 pM) and
4-0x0-TEMP (1 mM). (d) Without 1; (e) mixture of 1 and 4-oxo-TEMP;
(f) mixture of 1, 4-oxo-TEMP, and NaN; (100 uM) as a scavenger of 'O,.
Signals appearing at both high and low field correspond to Mn?** installed
in the EPR cavity as a reference.

the superoxide anion radical ("O,~) to H,0, in the presence of a
proton source (Fig. 2(b)), indicating that the signals were generated
by the DMPO-trapping of *OH converted from *O,~. When FeSO,
was added to the reaction mixture of 1, NADH and SOD, a
1:2:2:1 quartet of hydroxyl radical signals was observed
(Fig. 2(c)). It should be noted that in the presence of ferrous ion
(Fe**), *OH is generated from H,0, via the iron-catalyzed Fenton
reaction.” Consequently these results show that O, generated
by the reaction of 1 and NADH under light illumination was
converted to H,O, by SOD. In summary, in the presence of 1 and
NADH, O, was converted to "O,~ and then to *OH. The reaction
of 1 with O, under UV-A irradiation was also investigated by
analogous EPR analysis. When the solution containing 1 and 4-
0x0-2,2,6,6-tetramethylpiperidine (4-oxo-TEMP) was irradiated
with UV-A light, a 1 : 1 : 1 triplet (a¢(N) = 1.61 mT) of
4-0x0-2,2,6,6-tetramethyl-1-piperidinyloxy (4-oxo-TEMPO) was
observed (Fig. 2(e)). It should be noted that 4-oxo-TEMP has
been used as a 'O, detector.” These signals were completely
quenched by sodium azide, a scavenger of 'O, (Fig. 2(f)). This
result demonstrates that the signals were derived from the reaction
of 4-0xo-TEMP with produced 'O,, and that 1 has the ability to
generate 'O, under UV-A light irradiation.

Conclusions

We synthesized novel 6FP derivatives and succeeded in increasing
the water and organic solvent solubility of 6FP. The NH and
NH, of 6FP were modified in one single action in one pot. The

water solubility of the derivatives was hundreds of times larger
than that of 6FP. Water solubility is an important factor for the
practical use of 6FP as a pharmacologically active substance in
living systems. We ascertained that the derivatives reduce O, to
generate reactive oxygen species in the same way as 6FP. We
believe that these functions are deeply related to the physiological
activity of 6FP. Other modifications of 6FP and their effects on
the physiological and pharmacological activities of the derivatives
are now under investigation.

Experimental
Materials

6FP was obtained from Sankyo Kasei Kogyo (Hiratsuka,
Japan). N,N-Diisopropylethylamine, o-toluoyl chloride and 4-
0x0-2,2,6,6-tetramethyl-4-piperidine (4-oxo-TEMP) were pur-
chased from SIGMA Chemical Co. (St. Louis, MO, USA), N,N-
dimethylformamide (DMF) and isobutyryl chloride from Wako
(Osaka, Japan), pivaloyl chloride from Tokyo Kasei (Tokyo,
Japan), NADH from Oriental Yeast (Tokyo, Japan), and 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) from Labotec Co. (Tokyo,
Japan).

Synthesis

2-(N,N -Dimethylaminomethyleneamino)- 6 -formyl- 3 - pivaloyl-
pteridine-4-one (1). 6FP (191.1 mg, 1.0 mmol), N,N-
diisopropylethylamine (780 pl, 4.5 mmol) and pivaloyl chloride
(430 pl, 3.5 mmol) were mixed in DMF (12 ml) with stirring
under nitrogen for 2 h at room temperature. During this time,
the suspended solid 6FP dissolved. The mixture was evaporated
in vacuo and the resultant brown oil was purified by column
chromatography eluting with chloroform-methanol (99 : 1) to
give the title compound 1 as a yellow solid (312.4 mg, 95%),
mp 178-179 °C. 64(600 MHz; CDCl;) 10.21 (1H, s, CHO), 9.32
(1H, s, 7-H), 9.02 (1H, s, NCHN), 3.29 (3H, s, CHs), 3.18 (3H, s,
CH,;) and 1.43 (9H, s, ‘Bu). d.(150 MHz; CDCl;) 191.1, 183.8,
160.5, 159.7, 157.9, 157.8, 148.9, 143.1, 130.3, 44.1, 42.2, 36.2
and 27.9. (Found: C, 54.77; H, 5.46; N, 25.15; O, 14.33%; M*,
330.1448. C;sHsN¢O; requires C, 54.54; H, 5.49; N, 25.44; O,
14.53%; M, 330.3421). v, /cm™" 1766, 1693 and 1639 (CO). The
water solubility (3.8 mM) was determined by UV-spectroscopy.

When the reaction was stopped after 20 min, 2-(N,N-
dimethylaminomethyleneamino)-6-formylpteridine-4-one 4 was
isolated by column chromatography as a yellow solid.
Jdu(600 MHz; (CD;),S0O) 12.26 (1H, bs, NH), 10.02 (1H, s, CHO),
9.13 (1H, s, 7-H), 8.91 (1H, s, NCHN), 3.28 (3H, s, CH;) and
3.15(3H, s, CH;). (Found: M*, 246.0874. C,,H,,NO, requires M,
246.0865). The water solubility (2.3 mM) was determined by UV-
spectroscopy.

2-(N,N-Dimethylaminomethyleneamino)-6-formyl-3-isobutyryl-
pteridine-4-one (2). O6FP (192.0 mg, 1.0 mmol), N,N-diiso-
propylethylamine (780 pl, 4.5 mmol) and isobutyryl chloride
(370 ul, 3.5 mmol) were mixed in DMF (6 ml) with stirring
under nitrogen for 2 h at room temperature. During this time,
the suspended solid 6FP dissolved. The mixture was evaporated
in vacuo and the resultant brown oil was purified by column
chromatography eluting with chloroform-methanol (99 : 1) to
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give the title compound 2 as a yellow solid (277.7 mg, 88%), mp
192-193 °C. dy (600 MHz; CDCl;) 10.22 (1H, s, CHO), 9.32
(1H, s, 7-H), 9.00 (1H, s, NCHN), 3.29 (3H, s, CH;), 3.21 (1H, m,
CH), 3.16 (3H, s, CH;) and 1.37 (6H, d, J 7.2, iPr). o (150 MHz;
CDCl;) 191.1, 180.1, 160.4, 159.4, 157.9, 157.7, 148.8, 143.1,
130.5, 42.0, 40.3, 35.9 and 18.3. (Found: C, 52.99; H, 5.14; N,
26.58; O, 15.00%; M*, 316.1290. C,,H,,NO; requires C, 53.16;
H, 5.10; N, 26.57%; M, 316.3155). v,,/cm™' 1778, 1697 and
1643 (CO). The water solubility (5.6 mM) was determined by
UV-spectroscopy.

2-(N,N-Dimethylaminomethyleneamino)-6-formyl-3-o-toluoyl-
pteridine-4-one (3). 6FP (190.0 mg, 1.0 mmol), N,N-
diisopropylethylamine (780 pl, 4.5 mmol) and o-toluoyl chloride
(460 pl, 3.5 mmol) were mixed in DMF (6 ml) with stirring
under nitrogen for 2 h at room temperature. During this time,
the suspended solid 6FP dissolved. The mixture was evaporated
in vacuo and the resultant brown oil was purified by column
chromatography eluting with chloroform-methanol (99 : 1) to
give the title compound 3 as a yellow solid (187.8 mg, 52%),
mp 140-144 °C. éy (600 MHz; CDCl;) 10.23 (1H, s, CHO),
9.34 (IH, s, 7-H), 8.94 (1H, s, NCHN), 7.59 (1H, d, J 7.8,
Ph), 7.48 (1H, t, J 7.2, Ph), 7.37 (1H, d, J 7.2, Ph), 7.23 (1H,
t, J 7.5, Ph), 3.20 (3H, s, CH;), 2.88 (3H, s, CH;) and 2.77
(3H, s, PhCH,). d (150 MHz; CDCl;) 191.2, 168.7, 160.7, 159.2,
158.1, 158.0, 148.9, 143.1, 142.5, 133.7, 132.2, 131.2, 131.1, 130.6,
126.4, 41.9, 35.6 and 21.9. (Found: M*, 364.1286. C,sH (NO;
requires M, 364.3582). v,,,./cm™' 1743, 1695 and 1633 (CO). The
water solubility (1.0 mM) was determined by UV-spectroscopy.

Oxygen consumption measurements with an oxygen electrode

The O, consumption during the reaction of 1 in the presence
of NADH was measured polarographically using a Clarke oxy-
gen electrode (model 5300; Yellow Springs Instruments; Yellow
Springs, OH, USA) at 37 °C in a 4 ml reaction mixture. The
oxygen concentration was calibrated with air-saturated phosphate-
buffered saline (PBS), assuming that the dissolved oxygen concen-
tration in 1 ml of PBS was initially 200 nmol ml~"."s The 6FP
solution was prepared by diluting 60 mM 6FP in 0.1 N NaOH
solution with PBS buftfer.

EPR analysis
EPR spectra obtained from 1 in the presence of NADH

To determine whether 1 produces ROS in the presence of NADH
and what species are generated, EPR spectroscopy combined
with spin trapping with DMPO was employed. For the sample
preparation, a solution containing DMPO (1.47 M) was employed.
Diethylenetriaminepentaacetic acid (DTPA) (1 mM) was added
to the solution to avoid baseline contamination. The EPR spectra
were recorded on a Model JES-TE300 spectrometer (JEOL Ltd.;
Tokyo, Japan). The EPR settings were as follows: microwave
power: 5 mW; field: 334.5 £ 5 mT (9.4160 GHz); modulation:
0.079 mT; time constant: 0.03 s; amplitude: 500; and sweep time:
2 min. Sample solutions were placed in a flat quartz EPR aqueous
cell fixed in the cavity of the EPR spectrometer. The hyperfine split-
ting constants (hfsc’s) were calculated based on the Mn>* marker,
which was inserted into the cavity of the EPR spectrometer.

Measurements of 'O, production under UV-A irradiation in an
aqueous solution of 1

To examine whether 1 produces 'O, under UV-A irradiation, EPR
spectroscopy was used and 4-oxo-2,2,6,6-tetramethylpiperidine
(4-0x0-TEMP), which reacts with 'O, and produces a stable
nitroxide radical, 4-oxo0-2,2,6,6-tetramethyl-4-piperidinyloxy (4-
0x0-TEMPO), was employed as a 'O, detector. The solution of 1
and 4-oxo-TEMP was placed in a flat quartz EPR aqueous cell,
which was fixed in the cavity of the EPR spectrometer. The EPR
spectrum recording started after 10 s of UV-A irradiation in a
microwave cavity with a light focused from a RUVF-203F xenon
arc-lamp (Radical Research Co., Tokyo, Japan) with a 360 nm
band path filter operating at 200 mW. The EPR spectra were
recorded with the following EPR parameters: microwave power:
5 mW; field: 329 + 5 mT (9.2331 GHz); modulation: 0.079 mT;
time constant: 0.03 s; amplitude: 320; and sweep time: 2 min. The
intensity of 4-oxo-TEMPO and the hfsc’s were calculated in a
similar way to that shown above. In some experiments, sodium
azide was used as a scavenger of 'O,.
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A high-yielding enantioselective total synthesis of the bioactive styryllactone (4)-goniodiol has been
realised, starting from readily available (S)-glycidol. A key step is an oxygen-to-carbon rearrangement

of a silyl enol ether linked via an anomeric centre, facilitating the rapid and diastereoselective

construction of this functionalised system.

Introduction

Studies on natural products isolated from Asian trees of the
genus Goniothalamus have led to the discovery of several classes
of compounds with interesting biological properties, including
acetogenins,'? alkaloids* and styryllactones.> (4)-Goniodiol 1,
a styryllactone, (Fig. 1) was isolated in 1985 from petroleum ether
extracts of the leaves and twigs of Goniothalamus sesquipedalis.”
More recently, it has been shown by McLaughlin et al. to have
potent and selective cytotoxic activity against A-549 human
lung carcinoma,® and closely related bioactive derivatives have
been found in a number of other Goniothalamus species.®*'' For
example, goniodiol 7-monoacetate isolated from G. amuyon in
1991 by Wu et al. has potent activity against leukaemia, human
melanoma, and CNS carcinoma, though interestingly not against
lung carcinoma.' The biosynthesis of the styryllactones has been
proposed to incorporate a phenylpropanyl moiety in the processive
polyketide assembly sequence.’®

Fig.1 (+)-Goniodiol, showing the conventional numbering of the carbon
skeleton.

(+)-Goniodiol and its congeners have excited considerable
interest amongst synthetic organic chemists—they are relatively
small and densely functionalised molecules, making them ideal
targets for testing new synthetic methodology. Furthermore,
their interesting and varied bioactivity makes them potential
drug leads and chemical genetic research tools.!* The six major
routes reported to date towards (+)-goniodiol and its con-
geners have exemplified the use of the following key synthetic
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methodologies: generation of oxygenated lactones via furan
oxidation;" glycoside-templated synthesis;'™" chiral induction via
enantiopure chromium aryl complexes;**?! anomeric oxygen-to-
carbon rearrangements;*? enantioselective enzymatic oxidation of
naphthalene derivatives;*** and ring-closing metathesis.”?’

We have developed a general method for the introduction of
carbon linked substituents adjacent to the heteroatom in pyranyl
and furanyl ring systems via Lewis acid mediated oxygen-to-
carbon rearrangements of a variety of different anomerically
linked carbon centred nucleophiles.?®** Anomeric oxygen-to-
carbon rearrangement has proved a useful methodology in our
recent total syntheses of members of several natural product
classes, including the annonaceous acetogenins.*** (4)-Goniodiol
represents an excellent target to further test the scope of the
method, and we have previously communicated our preliminary
results from this total synthesis.** Here we report in full our
enantioselective total synthesis of compound 1.

The approach utilises as a key step the rearrangement of an
anomerically linked silyl enol ether nucleophile to introduce the
5,6,7-oxygenation pattern and the phenyl ring present in (+)-
goniodiol. This strategy represents a significant departure from
previously reported routes, each of which focus on ring closure and
homologation methodology rather than exploiting the chemistry
of an anomeric centre. Key stages in our retrosynthetic analysis
of (4)-goniodiol are shown in Scheme 1. The overall strategy
is convergent, with a fragment containing what will become the
right-hand portion of (+)-goniodiol introduced directly onto a
ring system with sufficient functionality to allow subsequent
conversion to the oxygenated lactone. This concise route requires
control of the cis/trans selectivity about a THP ring system
bearing a stereochemical handle that acts as a latent lactone
functionality at C-1. A protected oxymethyl functionality is ideal
for this purpose—the bulk of the protecting group provides trans-
stereocontrol in the rearrangement, and its oxidative degradation
can provide a lactol or lactone suitable for elaboration to the nat-
ural product. Other noteworthy features include generation of the
rearrangement substrate from a readily available starting material,
and selective reduction of a hydroxyketone to the C-6, C-7 diol.

Results and discussion

The synthesis commences from commercially available S-(—)-
glycidol (Scheme 2). Treatment with tert-butyldiphenylsilyl-
chloride, triethylamine and DMAP gave the protected alcohol
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Scheme 1 Key stages in the retrosynthetic analysis of (4)-goniodiol.
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Scheme 2 Reagents and conditions: (a) TBDPSCI, DMAP, triethylamine,
CH,Cl,, r.t., 3d (86%); (b) 1.2 eq. CH,=CH(CH,),MgBr, 0.1 eq. Li,CuCl,,
THF, —30 °C (100%); (c) O;, CH,Cl,, —78 °C, then PPh;, r.t. (100%);
(d) base, bromoacetophenone.

2 in 86% yield, to which the subsequent addition of but-3-
enylmagnesium bromide in the presence of catalytic dilithium
copper(11) chloride* proceeded with exclusive attack at the less
substituted end of the epoxide, to afford the corresponding alkenol
3 in quantitative yield. Ozonolysis of this material followed by
reductive work-up afforded lactol 4 in 100% yield. Unfortunately
however, all attempts to alkylate the anion of 4 with bromoace-
tophenone in order to furnish the requisite anomerically linked
ketone resulted in degradation; evidently the acidity of the o-
protons in bromoacetophenone is such that they are deprotonated
by the lactol alkoxide.

We therefore adopted a two step solution to the problem:
alkylation with o-bromo N,N-methylmethoxy acetamide in the
presence of KHMDS afforded 81% yield of the exclusively cis
anomerically-linked Weinreb amide 5 (Scheme 3). This interesting
and remarkable stereoselectivity has been further developed for the
generation of chiral water equivalents.*'* Subsequent treatment
with phenylmagnesium bromide in THF at —30 °C then led to
the phenyl ketone 6 in 97% yield,* which was converted into a
single trimethylsilyl (TMS) enol ether 7 on exposure to TMSOTf
(1.2 eq.) and triethylamine (1.4 eq.) at —30 °C. TMS enol ether
7 was assigned cis/Z stereochemistry by analogy to our previous
work on anomerically linked silyl enol ethers.*

OTBDPS

4

OTMS O
OTBDPS

OTBDPS

OTBDPS

Scheme 3 Reagents and conditions: (a) KHMDS, THF, —78 °C then
2-bromo-N-methoxy-N-methylacetamide (81% + 16% unreacted 4); (b)
PhMgBr, THF, —30 °C (97%); (c) 1.2 eq. TMSOTT, 1.4 eq. Et;N, CH,Cl,,
—78 °C to —30 °C; (d) 0.1 eq. TMSOTT, CH,Cl,, —30 °C (85% over two
steps); (e) (i) THF, PPh;, DEAD, AcOH, 0 °C; (ii) NaOMe, MeOH (69%
over two steps).

On exposure to catalytic TMSOTf at —30 °C 7 was smoothly
converted to a separable mixture of the exclusively zrans o-hydroxy
ketones 8 and 9 (8:9 =1: 1) in 85% overall combined yield from
6.7 The relative conformation of 8 and 9 was assigned by analogy
to the NMR spectra of related isomers from our previous study
where the configuration was unambiguously demonstrated by X-
ray crystallography methods; this preliminary assignment was
later proven correct upon completion of the total synthesis. In light
of our previous work where we had observed C-6 diastereomeric
ratios of up to 3 : 1 in favour of the desired erythro-isomer, it was
both surprising and disappointing to find that in the present case
no control was observed at the C-6 alcohol.**

1 Attempts to perform this reaction with a fert-butyldimethylsilyl (TBS)
group on the oxymethyl substituent met with concurrent deprotection.
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Attempts to improve the selectivity at this position by changing
the silicon protecting group on the pendent hydroxylmethyl group
and enol ether substituent (TES, TBS) or by varying the Lewis acid
(TBSOTT, TESOTT{, SnCl,, BF;.Et,0) were unsuccessful, whilst
experiments aimed at improving kinetic control by performing the
rearrangement reaction at a lower temperature resulted in decom-
position. Given that the equatorially positioned TBDPSOCH,
group is presumably too remote from the o-hydroxy position to
affect the stereochemistry directly, it remains unclear why the
change from the alkyl chain used in previous studies to the more
bulky TBDPS protected oxymethyl group results in a decrease in
selectivity at the hydroxy position a to the ketone. Fortunately,
we found that the undesired diastereoisomer 9 could be inverted
by acetic acid under Mitsunobu conditions* to provide 8 in 69%
yield after basic hydrolysis of the intermediate acetate (Scheme 3).
The overall yield for 8 including this recovered material was high
(77%), and permitted the rapid generation of large quantities of 8
for use in subsequent steps.

The stereochemistry present at C-7 of (4)-goniodiol was
introduced via a highly diastereoselective reduction of the ketone
moiety of 8 (>95% d.e.) using two equivalents of NaBH, in
MeOH at 0 °C to give diol 10 in quantitative yield (Scheme 4).4
Subsequent reaction with 2,2-dimethoxypropane in acetone with
catalytic camphorsulfonic acid gave the protected diol 11 in 99%
yield, and NOE studies on 11 permitted confident assignment of
the desired diol stereochemistry.

/ 03\0
H H |
80v 36%

Scheme 4 Reagents and conditions: (a) 2 eq. NaBH,, MeOH, 0 °C
(100%); (b) 2,2-dimethoxypropane, acetone, cat. camphorsulfonic acid
(99%). The inset figure shows key observed NOE signals used to assign
diol stereochemistry.

The sequence to convert the tert-butyldiphenylsilyl protected
alcohol of 11 into the a,f-unsaturated lactone of the natural
product was initiated by treatment with TBAF to release the free
alcohol 12 in 99% yield (Scheme 5). We considered two potential
strategies for converting 12 to a é-lactone: oxidation to the acid
followed by a radical degradation with concurrent anomeric
oxidation or an ionic strategy via activation and elimination of
the alcohol to form an exo—enol ether, which could be ozonolysed
directly to the lactone.

In the event, the former route was selected as there is some
literature precedent for such an anomeric oxidative degradation
process.® Furthermore, it was considered that the enol ether

(2:1 mixture of anomers)

Scheme 5 Reagents and conditions: (a) 10% TBAF, THF (99%);
(b) DMSO, oxalyl chloride, Et;N, CH,Cl,, —78 °C (93%); (¢) (i) NaO,Cl,
KHPO,, 2-methyl-2-butene, H,O/'BuOH (1 : 2); (ii) 2 eq. Pb(OAc),, 2 eq.
pyridine, THF, r.t. (68% over two steps).

formed in the latter route could be unstable, leading to potential
problems during ozonolysis. Thus, oxidation of 12 to aldehyde 13
using the Swern protocol® in 93% yield, was followed by exposure
to NaO,Cl, KHPO, and 2-methyl-2-butene in 1 : 2 water/'BuOH*
to give the corresponding acid, which was used in the following
step without further purification (Scheme 5). Exposure to lead
tetraacetate® in the presence of pyridine in tetrahydrofuran at
room temperature afforded the anomeric acetate 14 as a 2 : 1
mixture of anomers. Considering the diverse range of potential
fragmentations and alternative couplings available to the radical
and ionic intermediates in this reaction, we were pleased to observe
the formation of 14 in excellent overall yield from 13.

Deacetylation of 14 with 0.5 eq. of NaOMe in MeOH was
followed by oxidation with catalytic tetra-n-propylammonium
perruthenate (TPAP)** in the presence of N-methyl-morpholine
N-oxide (NMO) to give the lactone 15 in 97% overall yield
(Scheme 6). Attempts to introduce the a,p-unsaturation into
the lactone system in one step by heating with benzeneselenic
anhydride® were unsuccessful. However, we found that this
transformation could be achieved efficiently in two steps via
sequential treatment with lithium diisopropylamide and PhSeBr
to give an epimeric mixture of selenides 16, followed by oxidative
elimination with H,0O, resulting in oxygenated lactone 17 in 82%
yield over the two steps.>* Final deprotection of the C-6, C-7 diol
with 50% aqueous acetic acid at 80 °C for 30 minutes gave the
natural product (+)-goniodiol 1 in 97% yield. All physical data for
the synthetic sample of 1 were in excellent agreement with those
reported for the natural product.”

Conclusions

The route to (+)-goniodiol described here once again illustrates the
utility of anomeric oxygen-to-carbon rearrangements in natural
product total synthesis. It provides rapid access to a densely
functionalised molecule, starting from a commercially available
starting material, which was subsequently converted to the desired
product in 21% overall yield. The synthesis described above is likely
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(2:1 mixture of
J d diastereoisomers)

(+)-Goniodiol, 1

Scheme 6 Reagents and conditions: (a) (i) 0.5 eq. NaOMe, MeOH; (ii)
5 mol% TPAP, 1.5 eq. NMO, CH,Cl,, r.t. (97% over two steps); (b) LDA,
THF, —78 °C then 2 eq. PhSeBr; (c) CH,Cl,/30% H,0,,, (2 : 1), 0 °C,
10 min (82% over two steps); (d) 50% AcOH,,,, 80 °C, 30 min (97%).

to prove a versatile strategy for the construction of analogues of
(+)-goniodiol via straightforward variation of the substituent on
the ketone used in the rearrangement reaction, and will also allow
the synthesis of related families of styryllactones to be approached.

Experimental
General methods

All reactions were carried out under an atmosphere of argon,
and those not involving aqueous reagents were carried out
in oven-dried glassware, cooled under vacuum. Diethyl ether
and tetrahydrofuran were distilled over sodium benzophenone;
dichloromethane, methanol and toluene were distilled over cal-
cium hydride. All other solvents and reagents were used as
supplied, unless otherwise stated. Flash column chromatography
was carried out using Merck Kieselgel (230-400 mesh). Analytical
thin layer chromatography was performed on glass plates pre-
coated with Merck Kieselgel 60 F254, and visualised under ultra-
violet irradiation, or by staining with aqueous acidic ammonium
molybdate(1v) or acidic potassium manganate(vir). Melting points
were recorded using a Reichert hot stage apparatus, and are
uncorrected. Boiling points were obtained during distillation,
unless otherwise noted. Microanalyses were performed in the
microanalytical laboratories at the Department of Chemistry,
Lensfield Road, Cambridge. Optical rotations were measured at
29 °C on an Optical Activity AA-1000 polarimeter, and are given
in 107" deg cm? g~'; concentration (c¢) is in g per 100 mL. Infrared
spectra were obtained on Perkin-Elmer 983G or FTIR 1620
spectrometers, from a thin film deposited onto a sodium chloride

plate from dichloromethane. Proton NMR spectra were recorded
in CDCl;, on Bruker AC-200, Bruker DPX-200, Bruker AM-400,
Bruker DPX-400 or Bruker DPX-600 spectrometers, at 200, 400 or
600 MHz, with residual chloroform as the internal reference (0y; =
7.26 ppm). *C NMR spectra were recorded in CDCl; on the same
spectrometers at 50, 100 or 150 MHz, with the central peak of
chloroform as the internal reference (0. = 77.0 ppm). Mass spectra
and accurate mass data were obtained on a Micromass Platform
LC-MS, Kratos MS890MS or Bruker BIOAPEX 4.7 T FTICR
spectrometer, and at the EPSRC Mass Spectrometry Service, by
electron ionisation, chemical ionisation or fast atom/ion bom-
bardment techniques. GC analysis was performed on a Hewlett
Packard 5890 Series IT Gas Chromatograph [80 °C (10 min) then
to 180 °C (at 5 °C min™"), then 10 min at 180 °C]. DEPT135 and
two-dimensional (COSY, HMQC, HMBC) NMR spectroscopy
were used, where appropriate, to aid in the assignment of signals
in the proton and "C NMR spectra.

Syntheses

(R)-tert-Butyloxiranylmethoxydiphenylsilane (2)**. To a stirred
solution of S-(—)-glycidol (5.0 g, 68.0 mmol) in dichloromethane
(150 mL) was added triethylamine (15.1 mL, 109.0 mmol), tert-
butyldiphenylsilyl chloride (19 mL, 75.0 mmol) and dimethy-
laminopyridine (2.5 g, 20.4 mmol), and the reaction mixture stirred
for 3 days. 1.5 N HCI (100 mL) was added, the organic layer
separated, and the aqueous layer extracted with dichloromethane
(2 x 100 mL). The combined organics were washed with satu-
rated aqueous bicarbonate solution (150 mL) followed by brine
(100 mL), dried (MgSO,), filtered, and the solvent removed in
vacuo to leave a slightly yellow oil. Purification by flash column
chromatography, eluting with 5% to 10% diethyl ether—petroleum
ether (bp 40-60 °C), gave 2 (18.4 g, 86%) as a colourless oil.
[a]y (CHCL, ¢ 2.1) = +2.5; vy, (thin film)/cm™" 3070, 2858,
1589, 1472, 1428, 1390, 1361, 1254; 64 (400 MHz; CDCl;):
7.75-7.73 (4H, m, Ph), 7.49-7.41 (6H, m, Ph), 3.90 (1H, dd, J
11.8 and 3.1, CHHCHCH,O0SI), 3.76 (1H, dd, J 11.8 and 4.7,
CHHCHCH,O0Si), 3.18-3.14 (1H, m, CHCH,0Si), 2.77 (1H, t, J
4.3, CHHOSI), 2.66-2.63 (1H, m, CHHOSIi), 1.12 (9H, C(CH,););
Jc (100 MHz; CDCL,): 135.7 (Ph), 135.6 (Ph), 133.3 (Ph, quat.),
129.8 (Ph), 127.8 (Ph), 127.7 (Ph), 64.4 (CH,CHCH,O0Si), 52.3
(CHCH,O0Si), 44.4 (CH,08S1i), 27.0 (C(CH;);), 19.3 (C(CH;)5).

(R)-1-(tert-Butyldiphenylsilanyloxy)-hept-6-en-2-0l (3)**. To a
stirred solution of 2 (2.0 g, 6.41 mmol) in tetrahydrofuran (10 mL)
at —30 °C was added a solution of dilithium tetrachlorocuprate
in tetrahydrofuran (0.1 M, 6.41 mL) followed by a solution of
butenylmagnesium bromide in tetrahydrofuran (0.5 M, 15.4 mL).
After 15 min the reaction mixture was quenched by the addition of
saturated aqueous ammonium chloride solution (5 mL), distilled
water added (10 mL), and the mixture extracted with diethyl
ether (3 x 15 mL). The combined organic extracts were dried
(MgS0,), filtered and the solvent removed in vacuo to leave a
yellow oil. Purification by flash column chromatography, eluting
with 12% diethyl ether—petroleum ether (bp 40-60 °C) gave the
title compound (2.4 g, 100%) as a colourless oil. Found: C, 75.14;
H, 8.71%. C,;H;,0,Si requires: C, 74.95; H, 8.75%. [a]}) (CHCL,,
¢ 3.0) = +10.0; v,,, (thin film)/cm™' 3565 (br), 3071, 3051, 2931,
2858, 1640, 1589, 1472, 1428, 1261, 1113; 0y (400 MHz; CDCl,):
7.71-7.69 (4H, m, Ph), 7.48-7.39 (6H, m, Ph), 5.85-5.75 (1H, m,
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CHCH,), 5.03-4.94 (2H, m, CHCH,), 3.76-3.67 2H, m, CHOH
and CHHOSI), 3.52 (1H, dd, J 10.0 and 7.5, CHHOSI), 2.54
(1H, d, J 3.3, OH), 2.09-2.05 (2H, m, CH,), 1.58-1.38 (4H, m,
2 x CH.), 1.11 (9H, C(CH;),); 3¢ (100 MHz; CDCL,): 138.6 (Ph),
135.6 (Ph), 133.3 (Ph, quat.), 133.2 (Ph, quat.), 129.8 (CHCH,),
114.7 (CHCH,), 71.8 (CHOH), 68.1 (CH,0), 33.7 (CH,), 32.3
(CH.), 26.9 and 26.8 (C(CHs),), 24.8 (CH,), 19.3 (C(CH,),); m/z
(EI) 311 (62%, M — C,H,), 199 (100%); Found (EI): M — C,H,
311.1466. C,H,;0,Si requires 311.1467.

(R)-6-(tert-Butyldiphenylsilanyloxymethyl)-tetrahydropyran-2-ol
(4). To a stirred solution of 3 (1.9 g, 5.16 mmol) in
dichloromethane (150 mL) at —78 °C was added sodium
bicarbonate (0.3 g), and O; (1.5 L s7') bubbled through
until the reaction mixture became light blue (about 30 min).
Triphenylphosphine (1.65 g, 6.2 mmol) was added to the reaction
mixture, which was allowed to warm to ambient temperature
and stirred for 16 h. The solvent was removed in vacuo to
leave a slightly creamy oil which was purified by flash column
chromatography, eluting with 10% to 40% diethyl ether—petroleum
ether (bp 40-60 °C), to give 4 (1.9 g, 100%), as a 3 : 2 mixture
of anomers, as a colourless oil. Found: C, 71.03; H, 8.20%.
C»,H;,0;8i requires: C, 71.31; H, 8.16%. [a]y (CHCL, ¢ 3.0) =
—1.5; vy (thin film)/cm™ 3400 (br), 2930, 2857, 1726, 1461,
1428, 1274, 1113; 6y (400 MHz; CDCl;): 9.75 (1H of trace
tautomeric aldehyde, br s, CH,CHO), 7.69-7.59 (4H major and
minor, m, Ph), 7.44-7.31 (6H major and minor, m, Ph), 5.27 (1H
minor, br s, OCHO), 4.69-4.64 (1H major, m, OCHO), 4.10-4.03
(1H minor, m, CHOCHO), 3.80-3.46 (3H major and 2H minor,
m, CH,0Si major and minor and CHOCHO major), 2.88 (1H
major, d, J 6.0, OH), 2.42 (1H minor, d, J 1.8, OH), 1.89-1.11
(6H major and 6H minor, m, 3 x CH,), 1.07 (9H, C(CHs););
dc (100 MHz; CDCl;): 135.7 (Ph), 135.6 (Ph), 129.6 (quat. Ph,
major and minor), 127.7 (Ph), 127.6 (Ph), 96.3 and 91.8 (CHOH,
major and minor), 76.8 and 69.4 (CHOCHO, major and minor),
67.5 and 67.0 (CH,OSi, major and minor), 32.6 and 30.0 (CH,
major and minor), 29.1 and 27.9 (CH, major and minor), 27.7
and 27.3 (CH, major and minor), 26.9 (C(CH;);), 22.7 and 19.3
(C(CH,);); m/z (EI) 313 (7%, M — C,H,), 91 (100%). Found
(EI) M — C,H, 313.1258. C3H,,0;Si requires 313.1260.

(R,R)-N-Methoxy-/N-methyl-2-(6'-tert-butyldiphenylsilanyloxy-
methylpyranyloxy)-acetamide (5). To a stirred solution of 4
(1.1 g, 3.0 mmol) in tetrahydrofuran (7.0 mL) at —78 °C was
added dropwise a solution of potassium hexamethyldisilylamide
in toluene (0.5 M, 6.3 mL), and the reaction mixture sucessively
warmed to 0 °C and cooled to —78 °C. After the dropwise
addition of a solution of freshly distilled 2-bromo-N-methoxy-N-
methylacetamide (0.8 g, 4.5 mmol) in tetrahydrofuran (3.0 mL)
the mixture was stirred at —78 °C for 2 h and quenched by
the addition of a saturated aqueous solution of ammonium
chloride (5 mL). Water was added (10 mL), the mixture
extracted with diethyl ether (2 x 20 mL), the combined organics
washed with brine (30 mL), dried (MgSO,), filtered and the
solvent evaporated in vacuo to leave a yellow oil. Purification
of this oil by flash column chromatography, eluting with
50% to 100% ether—petroleum ether (bp 40-60 °C) isolated
unreacted 4 (0.18 g, 16%) and 5 contaminated with unreacted
2-bromo-N-methoxy-N-methylacetamide. The mixture of 5
and 2-bromo-N-methoxy-N-methylacetamide was dissolved

in dimethyl sulfoxide (7 mL) and treated with NaOAc (1.0 g,
8.0 mmol) at 25 °C for 1 h. The mixture was diluted with
diethyl ether (10 mL), washed with water (3 x 10 mL), and the
organic layer dried (MgSO,), filtered and the solvent evaporated
in vacuo to leave pure 5 (1.15 g, 81%) as a colourless oil. [a]}
(CHCl,, ¢ 1.6) = +43.8; vy (thin film)/cm™!' 3071, 2940, 1677,
1427, 1390, 1112, 1040; 5, (400 MHz; CDCl;): 7.70-7.68 (4H,
m, Ph), 7.43-7.35 (6H, m, Ph), 4.59-4.47 (3H, m, OCHO and
OCH,CON), 3.78 (1H, dd, J 10.0 and 5.7, CHHOSIi), 3.65-3.58
(5H, m, CHHOSi, CHOCHO and NCH), 3.16 (3H, s, OCH),
2.02-1.85 (2H, m, CH,), 1.62-1.42 (3H, m, CHH and CH,),
1.24-1.11 (1H, m, CHH), 1.06 (9H, s, C(CH;);); o (100 MHz;
CDCl;): 170.7 (CON), 135.5 (Ph), 133.6 (Ph, quat.), 129.6 (Ph),
127.6 (Ph), 101.5 (OCHO), 76.8 (CHOCHO), 66.9, 65.6, 61.2
(OCH,), 32.2 (NCH;), 30.9 (CH,), 27.1 (CH,), 26.8 (C(CHj;),),
21.5 (CH,), 19.2 (C(CH;);). m/z (FAB) 494 (100%, MNa");
Found (FAB): 494.2350 (MNa*). C,H;;05SiNNa: 494.2339.

(R,R)-2-(6'-tert-Butyldiphenylsilanyloxymethylpyranyloxy)-1-
phenylethanone (6). To astirred solution of 5(1.0 g,2.12 mmol) in
tetrahydrofuran (10 mL) at —30 °C was added dropwise a solution
of phenylmagnesium bromide in diethyl ether (3.0 M, 1.41 mL).
After 30 min the reaction mixture was quenched by the addition
of saturated aqueous ammonium chloride (3 mL), extracted with
diethyl ether (2 x 10 mL), the combined organics washed with
brine (20 mL), dried (MgSO,), filtered and the solvent evaporated
in vacuo to leave a yellow oil. Purification of this oil by flash
column chromatography, eluting with 15% ether—petroleum ether
(bp 40-60 °C) isolated 6 (1.0 g, 97%) as a colourless oil. [a]?
(CHCl;, ¢ 2.0) = +39.8; vy (thin film)/cm=': 3070, 2931, 2856,
1703, 1428, 1155, 1112, 1038; dy (400 MHz; CDCl;): 7.93-7.87
(2H, m, Ph), 7.73-7.67 (3H, m, Ph), 7.58-7.31 (10H, m, Ph), 5.07
(1H,d, J 7.0, CHHCOPh), 4.94 (1H, d, J 7.0, CHHCOPh), 4.61—
4.59 (1H, m, OCHO), 3.82 (1H, dd, J 10.2 and 5.9, CHHOSI),
3.69-3.57 (2H, m, CHOCHO and CHHOSi), 2.01-1.16 (6H, m,
3 x CH,), 1.08 (9H, SiC(CHs5),); dc (100 MHz; CDCl;): 195.9
(COPh), 135.9 (Ph), 135.6 (Ph, quat.), 135.1 (Ph, quat.), 134.8 (Ph),
128.7 (Ph), 127.9 (Ph), 127.7 (Ph), 127.6 (Ph), 101.7 (OCHO), 76.9
(CHOCHO), 69.9 (OCH,COPh), 66.9 (CH,0Si), 31.0 (CH,), 27.2
(CH,),26.8 (C(CHs;)s),21.6 (CH,), 19.3(C(CH;);). m/z (FAB) 511
(100%, MNa*); Found (FAB): 511.2317 (MNa*).C;H;0,SiNa:
511.2281.

Z-(2R, 2’ R)-Trimethyl-|[1-phenyl-2-(6'-tert-butyldiphenylsilanyl-
oxymethylpyran-2'-yloxy)-vinyloxy]-silane (7). To a stirred solu-
tion of 6 (2.70 g, 5.57 mmol) in dichloromethane (10 mL) at
—78 °C was added Et;N (1.10 mL, 7.80 mmol) followed by
dropwise addition of TMSOT( (1.21 mL, 6.70 mmol), and the
mixture allowed to warm to —30 °C. The reaction mixture was
quenched by the rapid addition of saturated aqueous NaHCO;
(5 mL), extracted with dichloromethane (2 x 10 mL), the organic
extracts washed with brine (10 mL), dried (Na,S0O,), filtered and
the volatile organics removed in vacuo to give crude 7 as a yellow
oil. oy (400 MHz; CDCl,): 7.76-7.60 (2H, m, Ph), 7.47-7.12 (3H,
m, Ph), 7.58-7.31 (10H, m, Ph), 6.78 (1H, s, OCHCPh), 4.78-4.72
(1H, m, OCHO), 3.83-3.77 (1H, m, CHHOSI), 3.73-3.67 (2H,
m, CHOCHO and CHHOSI), 2.00-1.52 (6H, m, 3 x CH,), 1.01
(9H, C(CH3);),0.29 (9H, s, Si(CH);); - (100 MHz; CDCl;): 137.0
(quat.), 135.7 (Ph), 135.6 (Ph), 134.1 (quat.), 133.0 (quat.), 129.7
(Ph), 123.7 (Ph), 123.6 (Ph), 101.8 (OCHO), 77.2 (CHOCHO),
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66.7 (CH,0Si), 30.7 (CH,), 27.0 (CH.,), 26.8 (C(CH,),), 21.4
(CH,), 19.3 (C(CH,),), 0.70 (Si(CH,),).

(28, 2’R, 6'R)-2-Hydroxy-2-(6'-tert-butyldiphenylsilanyloxy-
methylpyranyl)-1-phenylethanone (8) and (2R, 2'R, 6’ R)-2-hydroxy-
2-(6'-tert-butyldiphenylsilanyloxymethylpyranyl)-1-phenylethanone
(9). The crude oil (7) was dissolved in dichloromethane (5 mL),
cooled to —30 °C, and TMSOTTf (0.10 mL, 0.56 mmol) added
dropwise. After 10 min the reaction mixture was quenched with
aqueous NaOH (10%, 10 mL), extracted with dichloromethane
(2 x 10 mL), the organic extracts washed with brine (10 mL),
dried (MgSO0,), filtered, and the solvent evaporated in vacuo to
give a yellow oil; proton NMR spectroscopy showed an 8 : 9 ratio
of 1 : 1 (by integration of the signals in the 400 MHz proton
NMR spectrum at oy = 4.90 (8) and 5.17 (9)). Purification of
this oil by flash column chromatography, eluting with 20% diethyl
ether—petroleum ether (bp 40-60 °C) isolated 8 and 9 (2.30 g,
85%) as a colourless oil. Repeated medium pressure flash column
chromatography, eluting with 20% diethyl ether—petroleum ether
(bp 40-60 °C) isolated first 9 (1.14 g, 42%), and then 8 (1.13 g,
42%) as colourless oils. Data for 8: [a]3 (CHCL, ¢ 1.6) = —6.75;
Vmax (thin film)/ecm™" 3471 (br), 3070, 2929, 1738, 1693, 1598, 1471,
1266, 1110; 6y (600 MHz; CDCI;): 7.88-7.33 (15H, m, Ph), 5.17
(1H, dd, J 7.1 and 4.2, CHOH), 4.04-4.01 (1H, m, OCH,CH),
3.89 (1H, dt, J 8.6 and 4.2, CHCHOH), 3.68 (1H, dd, J 10.4
and 6.2, OCHH), 3.63 (1H, d, J 7.1, OH), 3.57 (1H, dd, J 10.4
and 6.7, OCHH), 1.75-1.32 (6H, m, CH,CH,CH,), 1.02 (9H, s,
(CH;);Si1); d¢ (150 MHz; CDCl;): 200.2 (COPh), 135.5 (Ph,
quat.), 134.9 (Ph), 133.5 (Ph, quat.), 133.4 (Ph, quat.), 133.3 (Ph),
129.6 (Ph), 128.5 (Ph), 128.3 (Ph), 127.7 (Ph), 127.6 (Ph), 76.1
(CHOH), 73.3 (CHOCHCH), 72.8 (CHCHOH), 63.3 (CH,OSi),
26.8 (C(CH;);), 26.4 (CH,), 24.8 (CH,), 19.1 (C(CH;),), 18.4
(CH,); m/z (FAB) 511 (63%, MNa*), 354 (62%), 197 (100%);
Found (FAB): MNa* 511.2265. C;H;,0,SiNa: 511.2281. Data
for9:[a]y (CHCL;, ¢ 1.1) = —23.3°; v, (thin film)/cm~' 3467 (br),
3068, 2937, 1680, 1598, 1471, 1265, 1111; oy (600 MHz; CDCl,):
7.80-7.33 (15H, m, Ph), 4.90 (1H, dd, J 6.2 and 3.3, CHOH),
3.93-3.90 (1H, m, CHCHOH), 3.86 (1H, m, OCH,CH), 3.73
(1H, d, J 6.2, OH), 3.46 (1H, dd, J 10.1 and 7.5, OCHH), 3.26
(1H, dd, J 10.1 and 5.3, OCHH), 1.79-1.51 (6H, m, 3 x CH,),
0.97 (9H, s, (CH;);Si). ¢ (150 MHz; CDCl;): 200.3 (COPh),
135.6 (Ph), 135.5 (Ph), 134.6 (Ph, quat.), 133.8 (Ph), 133.7 (Ph,
quat.), 133.5 (Ph, quat.), 129.7 (Ph), 128.7 (Ph), 127.7 (Ph), 76.0
(CHOH), 73.4 (CHOCHCH), 73.3 (CHCHOH), 64.1 (CH,0Si),
26.8 (C(CH,),), 25.5 (CH,), 24.5 (CH,), 19.2 (C(CH,),), 18.4
(CH,); m/z (FAB) 511 (70%, MNa*), 354 (54%), 197 (100%);
Found (FAB) MNa* 511.2317. C;H;,0,SiNa requires 511.2281.

Conversion of (9) to (8). To a stirred solution of 9 (0.71 g,
1.45 mmol), acetic acid (0.11 mL, 1.89 mmol) and triphenylphos-
phine (0.50 g, 1.89 mmol) in tetrahydrofuran (10 mL) at 0 °C was
added diethyl azodicarboxylate (0.3 mL, 1.89 mmol) dropwise via
syringe. The reaction mixture was allowed to warm to ambient
temperature and stirred for 16 h, diluted with diethyl ether
(10 mL), washed with distilled water (3 x 20 mL), and the volatile
components removed in vacuo to leave a yellow oil which was
dissolved in methanol (5 mL) and stirred at ambient temperature.
A solution of sodium methoxide (2.0 M, 0.010 mL) was added, and
the reaction mixture stirred for 30 min and the solvent removed
in vacuo to leave a yellow oil which was purified by flash column

chromatography, eluting with 5%-50% diethyl ether—petroleum
ether (bp 40-60 °C), to give 8 (0.49 g, 69%) as a colourless oil.
Spectroscopic data for 8 were identical to those reported above.

(4R, SR, 2'R, 6 R)-2-(6'-tert-Butyldiphenylsilanyloxymethyl-
pyranyl)-1-phenylethane-1,2-diol (10). To a stirred solution of
8 (0.45 g, 0.92 mmol) in methanol (5 mL) at 0 °C was added
sodium borohydride (0.07 g, 1.84 mmol). After 1 min the reaction
was quenched by the addtion of distilled water (1 mL), and the
reaction mixture extracted with diethyl ether (3 x 10 mL). The
combined organic extracts were washed with brine (10 mL), dried
(MgSO0,), filtered and the solvent removed in vacuo to leave 10
(0.45 g, 100%) as a colourless oil. [a]5 (CHCL, ¢ 0.37) = —4.3;
Vma (thin film)/cm™" 3452 (br), 3070, 2934, 2857, 1428, 1261,
1112; 6y (600 MHz; CDCl;): 7.71-7.68 (6H, m, Ph), 7.67-7.21
(9H, m, Ph), 4.93-4.92 (1H, OCHCHOH), 4.02-3.98 (1H, m,
CHCH,O0Si), 3.89-3.83 (2H, m, CHHOSi and OCHCHOH),
3.72-3.64 (2H, m, OCHCHOH and CHOHPh), 3.54 (1H, dd, J
10.7 and 5.8, CHHOSI), 2.80 (1H, d, J 6.1, CHOHPh), 1.68-
1.12 (6H, 3 x CH,), 1.09 (9H, s, C(CH;);); dc (150 MHz;
CDCl): 141.4 (Ph, quat.), 135.6, 135.5, 133.4 (Ph, quat.), 133.3
(Ph, quat.), 129.8 (Ph), 128.3 (Ph), 127.8 (Ph), 127.7 (Ph), 127.3
(Ph), 126.0 (Ph), 76.4 (CHOHCHOHPh), 75.6 (COHPh), 73.8
(CHCH,OSi), 70.0 (CHCHOHCHOH), 63.1 (CH,0Si), 26.8
(CH,), 26.7 (C(CH,);), 25.0 (CH,), 19.1 (C(CH;),), 18.2 (CH,);
m/z (FAB) 513 (3%, MNa*), 147 (100%). Found (FAB): MNa*
513.2448. C;,H30,SiNa requires 513.2437.

(4R, 5S, 2'R, 6'R)-2,2-Dimethyl-5-(6'-tert-butyldiphenylsilanyl-
oxymethylpyranyl)-4-phenyl-[1,3]dioxolane (11). To a stirred so-
lution of 10 (0.45 g, 0.92 mmol) in acetone (6 mL) was added 2,2-
dimethoxypropane (1 mL, 8.2 mmol) and (+)-camphorsulfonic
acid (0.02 g). After 30 min the reaction was quenched by the
addition of triethylamine (0.2 mL), and the volatile components
removed in vacuo to leave a slightly yellow oil. Purification of
this oil by flash column chromatography, eluting with 12% diethyl
ether—petroleum ether (bp 40-60 °C) isolated 11 (0.47 g, 99%) as a
colourless oil. [a]¥ (CHCL,, ¢ 0.83) = —15.0; v, (thin film)/cm™
2934, 2856, 1589, 1460, 1378, 1218, 1111, 1052; Jy (600 MHz;
CDCl;): 7.64-7.62 (4H, m, Ph), 7.43-7.35 (6H, m, Ph), 7.30-7.26
(2H, m, Ph), 7.20-7.16 (3H, m, Ph), 5.06 (1H, d, J 6.9, CHPh), 4.37
(1H, t, J 6.9, CHCHPh), 3.93-3.90 (1H, m, CHCH,O0Si), 3.53—
3.51 (2H, m, CH,0Si), 3.34-3.31 (1H, br q, J 5.9, CHCHCHPh),
1.63 (3H, s, CH;), 1.61-1.52 (2H, m, SiOCH,CHCH,), 1.47
(3H, s, CH;), 1.45-1.21 (2H, m, CH,CH,CH,), 1.10-1.07 (2H,
m, CH,CHCH), 1.03 (9H, s, C(CH;);); dc (150 MHz; CDCl;):
135.6 (Ph), 133.7 (Ph, quat.), 129.6 (Ph, quat.), 129.5 (Ph,
quat.), 128.0 (Ph), 127.9 (Ph), 127.6 (Ph), 127.5 (Ph), 108.9
(CCHs;), 79.6 (CHCHPh), 79.4 (CHPh), 71.9 (SiOCH,CH), 70.1
(CHCHCHPh), 63.7 (SiIOCH,), 26.9 (CH;), 26.8 (C(CH;);), 26.2
(CH,CHCH), 25.4 (CH,CHCH,), 25.1 (CH,;), 19.2 (C(CH,),),
17.8 (CH,CH,CH,); m/z (FAB) 530 (34%, MNa*), 276 (100%).
Found (FAB) MNa* 530.2873. C;;H,,0,SiNa requires 530.2852.

(4R, 5S, 2'R, 6 R)-2,2-Dimethyl-5-(6'-hydroxymethylpyranyl)-4-
phenyl[1,3]dioxolane (12). 11 (0.42 g, 0.80 mmol) was dissolved in
a stirred solution of tetra-n-butylammonium fluoride in tetrahy-
drofuran (1.0 M, 8 mL). After 2 h the solvent was removed in
vacuo, and the brown residue purified by flash column chromato-
graphy, eluting with 30% to 100% diethyl ether—petroleum ether
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(bp 40-60 °C) isolated 12 (0.23 g, 99%) as a colourless oil. [a]}
(CHCL, ¢ 0.87) = —46.0; vy, (thin film)/cm™ 3451 (br), 2937,
1457, 1372, 1217, 1104, 1046; oy (400 MHz; CDCl;): 7.42-7.26
(5H, m, Ph), 5.16 (1H, d, J 6.9, CHPh), 448 (1H, t, J 7.0,
CHCHPh), 3.90-3.84 (1H, m, CHCH,0Si), 3.58-3.47 (2H, m,
and CHCHCHPh), 3.33 (1H, dd, J 11.3 and 3.7, CHHOSI), 1.88
(1H, br s, OH), 1.66 (3H, s, CH;), 1.62-1.51 (2H, m, CH,), 1.49
(3H, s, CH;), 1.40-1.26 (2H, m, CH,), 1.18-1.03 (2H, m, CH,);
dc (100 MHz; CDCly): 137.5 (Ph, quat.), 128.3 (Ph), 127.7 (Ph),
127.5 (Ph), 108.9 (CCH,), 79.1 (CHPh), 77.4 (CHCHPh), 72.0
(OHCH,CH), 69.3 (CHCHCHPh), 62.3 (CH,0H), 27.0 (CH),
25.8 (CH,), 25.5 (CH,), 25.1 (CH;), 18.3 (CH,); m/z (FAB)
315 (100%, MNa*); Found (FAB) MNa* 315.1589. C;;H,,0,Na
requires 315.1573.

(2R, 6R, 4'S, 5 R)-6-(2',2’-Dimethyl-5'-phenyl-[1’,3' | dioxolan-4'-
yl)-pyran-2-carbaldehyde (13). To a stirred solution of oxalyl
chloride (0.084 mL) in dichloromethane (20 mL) at —78 °C
was dropwise added a solution of dimethyl sulfoxide (0.148 mL)
in dichloromethane (10 mL). After 30 min a solution of 12
(100 mg, 0.34 mmol) in dichloromethane (5 mL) was added
dropwise, and the reaction mixture stirred at —78 °C for 60 min
before triethylamine (0.39 mL) was added and the reaction
mixture allowed to warm to ambient temperature. The reaction
mixture was extracted with dichloromethane (3 x 20 mL) and
the combined organic extracts washed with brine (20 mL), dried
(MgS0,), filtered and the solvent removed in vacuo to leave
a colourless oil. Purification by flash column chromatography,
eluting with 30% diethyl ether—petroleum ether (bp 40-60 °C),
isolated 13 (0.092 g, 93%) as a white crystalline solid (mp 76—
78 °C). [a]y (CHCL,, ¢ 1.0) = +4.0; vy, (thin film)/cm™" 2938,
1727, 1454, 1378, 1219, 1116, 1052, 1014; 6y (400 MHz; CDCl;):
9.17 (1H, d, J 0.6, CHO), 7.39-7.27 (5H, m, Ph), 5.21 (1H, d,
J 6.9, CHPh), 4.31 (1H, t, J 6.3, CHCHPh), 4.11 (1H, d, J 4.9,
CHCHO), 3.35-3.30 (1H, m, CHCHCHPh), 1.92-1.88 (1H, m,
CHH), 1.70 (3H, s, CH;), 1.65-1.52 (1H, m, CHH), 1.51 (3H, s,
CH), 1.49-0.99 (4H, m, 2 x CH,); d. (100 MHz; CDCl;): 206.0
(CHO), 137.5 (Ph, quat.), 128.1 (Ph), 128.0 (Ph), 127.5 (Ph), 109.2
(CCH;), 81.0 (CHPh), 79.0 (CHCHPh), 78.9 (CHCHO), 73.2
(CHCHCHPh), 26.8 (CHs), 26.5, 25.2 (CH;), 23.5 (CH,), 19.2;
m/z (FAB) 290 (55%, M*); Found (FAB) 290.1527 (M*). C,;H,,0,
requires 290.1518.

(6R, 4S, 5R) 6-(2,2-Dimethyl-5'-ethyl-[1’,3'|dioxolan-4'-yl)-
pyranyl acetate (14). To a stirred solution of 13 (0.082 g,
0.282 mmol) in ‘BuOH (1.5 mL) was added 1,2-dimethoxyprop-
1-ene (0.34 mL, 3.2 mmol) and a solution of sodium perchlorite
(0.226 g) in aqueous monobasic potassium phosphate (1.0 M,
1.7 mL). After 10 min the reaction mixture was diluted with ethyl
acetate (10 mL), washed with distilled water (5 mL), extracted
with ethyl actetate (4 x 10 mL), dried (MgSO,), filtered and the
solvent removed in vacuo to leave the acid as a white powder.
This white powder was stirred in tetrahydrofuran (5 mL), and
pyridine (0.1 mL, 0.846 mmol) added followed by lead tetraacetate
(0.37 g,0.846 mmol). After 30 min the reaction mixture was filtered
through Celite, washed with tetrahydrofuran, and the solvent
evaporated in vacuo to leave an orange oil. Purification by flash
column chromatography, eluting with 1% triethylamine—19% ethyl
acetate—petroleum ether (bp 40-60 °C), isolated 14 (0.061 g, 68%

from 13) as a colourless oil. Data for 14 (isolated as a 2 : 1 mixture
of anomers): [¢]¥ (CHCL, ¢ 1.0) = —116.0; v, (thin film)/cm™
2982, 2938, 1746, 1456, 1371, 1241, 1166, 1061, 1038, 1008; oy
(600 MHz; CDCl;): 7.39-7.26 (5H, m, Ph), 6.13 (1H major, br s,
CHOAC), 5.46 (1H minor, dd, J 9.3 and 1.9, CHOACc), 5.19 (1H
major, d, J 6.9, CHPh), 5.13 (1H minor, d, J 6.5, CHPh), 4.26
(1H minor, t, J 6.4, CHCHPh), 4.18 (1H major, dd, J 6.8 and 1.8,
CHCHPh), 3.51-3.46 (1H major, m, CHCHCHPh), 3.25-3.20
(1H minor, m, CHCHCHPh), 2.09 (3H minor and 3H major, s,
COCH;), 1.85 (3H major and 3H minor, s, COCH;), 1.69-0.97
(6H major and 6H minor, m, 3 x CH,); m/z (FAB) 344 (88%,
MNa*), 149 (100%); Found (FAB) MNa* 342.1535. C3H,,OsNa
requires 343.1522.

(6R, 4'S, 5 R)-6-(2',2'-Dimethyl-5'-phenyl-[1',3'|dioxolan-4'-yl)-
pyran-2-one (15). To a stirred solution of 14 (0.10 g, 0.313 mmol)
in methanol (2 mL) was added a solution of sodium methoxide in
methanol (0.5 M, 0.02 mL). After 10 min the reaction mixture was
diluted with diethyl ether (20 mL) and the solution filtered through
a silica plug, eluting with diethyl ether, and the solvent removed in
vacuo to leave the lactol as a colourless oil which was used without
further purification. Following the protocol of Ley et al.,” this
colourless oil was dissolved in dichloromethane (2 mL) and stirred
at ambient temperature. 4 A molecular sieves (0.2 g) were added
followed by N-methylmorpholine N-oxide (0.055 g, 0.47 mmol)
and tetra-n-propylammonium perruthenate (0.006 g, 0.016 mmol).
After 10 min the reaction mixture was filtered through Celite
(eluting with diethyl ether) and the solvent was removed in vacuo to
leave a brown oil. Purification by flash column chromatography,
eluting with 50% diethyl ether—petroleum ether (bp 40-60 °C),
isolated 15 (0.084 g, 97% from 14) as a colourless oil. Found:
C, 69.53; H, 7.17%. C,sH, O, requires C, 69.54; H, 7.30%. [a]}
(CHCI,, ¢ 0.54) = —51.9; vy, (thin film)/cm™" 2960, 2940, 1735,
1456, 1380, 1244, 1159, 1055; 4 (400 MHz; CDCl;): 7.47-7.45
(2H, m, Ph), 7.37-7.34 (2H, m Ph), 7.32-7.29 (1H, m, Ph), 5.32
(1H, d, J 7.1, CHPh), 4.28 (1H, dd, J 7.1 and 3.4, CHCHPh),
3.88 (1H, dt, J 10.2, 7.0 and 3.5, CHCHCHPh), 2.37-2.30 (2H,
m, OOCCH,), 1.81-1.50 (7TH, m, CH; and 2 x CH,), 1.49 (3H, s,
CH);dc (100 MHz; CDCl;): 170.7 (COO), 136.1 (Ph, quat.), 128.3
(Ph), 128.2 (Ph), 127.4 (Ph), 80.2 (CHCHPh), 79.3 (CHPh), 77.4
(CHCHCHPh), 34.0 (CCHs;), 29.5 (OOCCH,), 26.5 (CHs), 25.2
(CH,), 24.6 (CH,CH), 18.0 (CH,CH,CH,); m/z (FAB) 300 (57%,
MNa*), 154 (100%); Found (FAB): MNa* 299.12546. C,sH,,0,Na
requires 299.10162.

(6R, 4'S, 5 R)-6-(2',2'-Dimethyl-5'-phenyl-[1',3'|dioxolan-4'-yl)-
3-phenylselanyltetrahydropyran-2-one (16). To a stirred solution
of diisopropylamine (0.12 mL, 0.761 mmol) in tetrahydrofuran
(1.5 mL) at —78 °C was added a solution of n-butyllithium in
hexanes (1.6 M, 0.476 mL), and the reaction mixture warmed
to 0 °C before cooling to —78 °C. 15 (0.070 g, 0.254 mmol) in
tetrahydrofuran (0.5 mL) was added dropwise, and after 30 min
phenylselenenyl chloride (0.146 g, 0.761 mmol) was added. After
60 min the reaction mixture was quenched by the addition of
saturated aqueous ammonium chloride (2 mL), distilled water
(5 mL) was added and the mixture extracted with diethyl ether
(3 x 10 mL). The combined organic extracts were filtered through
aplug of silica (eluting with diethyl ether), and the solvent removed
in vacuo to leave 16 as a slightly orange oil. 16 was obtained
as a 2 : 1 mixture of diastereomers, separable by flash column
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chromatography, eluting with 50% diethyl ether—petroleum ether
(bp 40-60 °C), partially characterised by proton NMR. Data for
minor (first eluting) isomer: oy (400 MHz; CDCl;): 7.63-7.60 (1H,
m Ph), 7.44-7.41 (1H, m, Ph), 7.37-7.22 (8H, m, Ph), 5.24 (1H, d,
J 4.3, CHPh), 4.23 (1H, dd, J 4.1 and 1.9, CHCHPh), 3.92—
3.88 (IH, m, CHCHCHPh), 3.84-3.82 (1H, m, SeCH), 2.03—
1.90 (2H, m, SeCHCH,), 1.63 (3H, s, CH;), 1.56-1.20 (5H, m,
2 x CH, and CH,); Data for major (second eluting) isomer:
ou (400 MHz; CDCl,): 7.47-7.22 (10H, m, Ph), 5.33 (1H, d, J
4.7, CHPh), 4.25 (1H, dd, J 3.7 and 1.1, CHCHPh), 4.07-4.02
(1H, m, CHCHCHPh), 3.80 (1H, t, J 4.9, SeCH), 2.24-2.15 (1H,
m, SSCHCHH), 1.77-1.43 (9H, m, 2 x CH;, SesCHCHH, and
CH,CH,CH).

(6R, 4'S, 5 R)-6-(2',2’-Dimethyl-5'-phenyl-[1’,3'|dioxolan-4'-yl)-
5,6-dihydropyran-2-one (17). To a stirred solution of this orange
0il (16) in dichloromethane (4 mL) at 0 °C was added aqueous hy-
drogen peroxide (30%, 2 mL), and the reaction mixture stirred for
10 min. The reaction mixture was extracted with dichloromethane
(10 mL), and the organic extract dried (MgSO,), filtered, and the
solvent removed in vacuo to leave a colourless oil. Purification
by flash column chromatography, eluting with 50% diethyl ether—
petroleum ether (bp 40-60 °C), isolated 17 (0.057 g, 82% from
16) as a colourless foam. [a]}) (CHCL;, ¢ 0.55) = —34.2; v,,,, (thin
film)/cm~"' 2986, 2933, 1720, 1494, 1454, 1380, 1248, 1155, 1115,
1063, 1030; 4 (600 MHz; CDCl,): 7.51-7.45 (2H, m, Ph), 7.36
(2H, t, J 7.0, Ph), 7.31-7.27 (1H, m, Ph), 6.68-6.63 (1H, m,
OOCCHCH), 5.85 (1H, dd, J 9.8 and 2.1, OOCCH), 5.33 (1H,
d, J 6.9, CHPh), 4.33 (1H, dd, J 7.0 and 4.0, CHCHPh), 4.00
(1H, dt, J 12.1 and 3.9, CHCHCHPh), 2.43-2.35 (1H, m, CHH),
1.88-1.80 (1H, m, CHH), 1.69 (3H, s, CH;), 1.51 (3H, s, CH;); ¢
(100 MHz; CDCl;): 163.1 (COO), 144.3 (OOCCHCH), 135.8 (Ph,
quat.), 128.4 (Ph), 127.3 (Ph), 121.1 (OOCCH), 109.9 (CCH;),
79.5 (CHPh), 79.1 (CHCHPh), 75.6 (CHCHCHPh), 26.7 (CHs),
26.0 (CH,), 25.3 (CH;); m/z (FAB) 297 (98%, MNa*), 149 (100%).
Found (FAB): 297.1100 (MNa*). C,(H;O,Na requires 297.1103.

(+)-Goniodiol (1). 17 (0.018 g, 0.066 mmol) was dissolved in
aqueous acetic acid (50%, 3 mL) and stirred at 80 °C for 30 min.
The reaction mixture was quenched by the careful addition of
saturated aqueous sodium bicarbonate (3 mL), extracted with
diethyl ether (3 x 10 mL), and the combined extracts dried
(MgSO0,), filtered, and the solvent removed in vacuo to leave
a colourless oil. Purification by flash column chromatography,
eluting with 0% to 100% ethyl acetate—diethyl ether, isolated 1
(0.015 g, 97%) as a colourless foam. Spectroscopic data for 1 were
consistent with those reported in the literature.” [a]¥ (CHCL, ¢
0.74) = +71.4 (lit.: [a]?) (CHCL,, ¢ not reported) = +75.8;7 [a]¥
(CDCl;, ¢ 0.3) = +74.4);% vy, (thin film)/cm™" 3390 (br), 1698,
1391, 1259, 1037; §,; (600 MHz; CDCl;): 7.40-7.31 (5H, m, Ph),
6.93 (1H, ddd, J 9.5, 6.3 and 2.0, OOCCHCH), 6.01 (1H, dd,
J 10.8 and 2.4, OOCCH), 4.95 (1H, dd, J 7.2 and 5.5, CHPh),
4.80 (1H, ddd, J 6.0, 3.7 and 2.3, CHCHCHPh), 3.73 (1H, td,
J 8.0 and 2.2, CHCHPh), 2.80 (1H, ddt, J 17.3, 13.2 and 2.6,
CHH), 2.53 (IH, d, J 5.4, OH), 2.25 (1H, d, J 8.3, OH), 2.18
(1H, ddd, J 18.6, 6.0 and 4.2, CHH); J. (100 MHz; CDCl;):
163.9 (O0C), 146.3 (OOCCH=CH), 140.8 (quat. Ph), 128.6
(m-Ph), 128.1 (p-Ph), 126.5 (0-Ph), 120.4 (OOCCH=CH), 76.8
(CHCHOH), 75.0 (PhCHOH), 73.6 (CHCHOH), 26.0 (CH,);

m/z (FAB) 234 (25%, M*), 85 (100%); Found (FAB) M* 234.0885.
C;H,,0, requires 234.0892.
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A highly chemoselective conjugate reduction of electron-
deficient Michael acceptors, including o,f-unsaturated ke-
tones, carboxylic esters, nitriles and nitro compounds with
PMHS in the presence of catalytic B(C¢Fs); is described.

The regioselective reduction of the carbon—carbon double bond in
conjugated systems is one of the most desirable transformations
in organic synthesis. Despite the fact that a plethora of reducing
reagents' are available for this operation, new reagents, especially
the catalytic versions, are still highly desirable. Most of the
procedures reported for the selective reduction of activated (conju-
gated) olefins involve a pyrophoric hydride source or an expensive
catalyst. The metals and metallic hydrides include metals such as
iron,? tin,? zinc,* nickel,® copper,® sodium, boron and aluminium.”
The expensive catalytic systems include rhodium,? molybdenum,’
cobalt," palladium and platinum.'> However, the highly hydridic
nature of most of these metals (primarily sodium, boron and
aluminium and their metal hydrides, but also the platinum or
palladium catalysts used for hydrogenation) limits their usefulness
when high chemoselectivity is required. Undoubtedly, an eco-
friendly, safe and economically viable protocol would be a welcome
addition to the repertoire of existing methodologies. We have
now made the serendipitous observation that the system based
on polymethylhydrosiloxane'* and B(C,F;);,'*' which we have
thoroughly utilized for the reduction of carbonyl groups to the
methylene functionality,"” is a versatile reagent—catalyst combi-
nation for the chemo- and regioselective reduction of various
conjugated olefins in excellent yields (Scheme 1). The results
pertaining to this very interesting observation are documented
herein.

R/\< R B(CgFs); (0.5 mol%) R/\< R

R" PMHS, DCM, r.t R

R = Ar, Ar-CH=CH- R' = H, CO,Et, CN

R"= COCH3, CN, NO,

Scheme 1

Initially, compound 1a was treated with 2 eq. of PMHS and
0.5 mol% of B(C4Fs); and stirred for half an hour, providing
the reduced product in 81% yield (Table 1). Encouraged by this
result, several other electron-deficient Michael acceptors and

Organic Division-1, Indian Institute of Chemical Technology, Hyderabad,
500007, India. E-mail: srivaric@iict.res.in; Fax: +91 (40)27160512;
Tel: +91 (40)27193128

1 Electronic supplementary information (ESI) available: 'H and "C NMR,
IR, MS and HRMS spectral data for all new compounds. See DOI:
10.1039/b603610b

Table 1 Chemoselective reduction with B(CFs); using PMHS

Entry Yield
no. Reactant a Product* b Time/h  (%)®
1 e} O 0.5 81
o o
MeO MeO
2 N CN 3.0 75
CO,Et CO,EL
Cl 1
3 ~eON CN 4.0 82
CO,Ft CO,FEt
MeO MeO
O\/\ O\/\
4 S ENge N CN 4.0 85
©/\/\< CO,Et CO,Et
5 ©\/\/N02 (:(VN@ 10.0 76
NO, NO,
6 CN CN 1.5 89
(0] CN (0) CN
7 1.0 83
B CH, I\ CH,
(6) (6]
(@] (0]
8 MCOD\/\/ NOZ MCOD\/\/ NO, 120 80
MeO Br MeO Br
9 7\ 7\ 2.0 85
Cl, CH;
(0] O
10 0.5 78
i "o 1 _O
11 0.5 71
12 0] 0] 0.5 74

O
O

« All new compounds were characterized by 'H and *C NMR spectroscopy
and mass spectrometry. ® Isolated yields after column chromatography.
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Table 2 Chemoselective reduction of compounds 1a and 7a with different
Lewis acids using PMHS. A dash (—) indicates no reaction

Entry 1 Entry 7
Lewis acid Time/h Yield (%) Time/h Yield (%)
B(CFs); 0.5 81 1.0 83
AlCl, 10 — 10 —
Ti(O'Pr), 10 — 10 —
TMSOTf 10 10 10 20
BF;-Et,O 10 — 10 —
ZnCl,/Pd(0) 10 15 10 0
ZrCl, 10 — 10 —
CeCl;-7H,0 10 — 10 —

o,B-unsaturated ketones were reduced with good yields (Table 1).*®
Surprisingly, the reagent system was found to be highly chemose-
lective. For instance, the reagent system reduced selectively the
o,pB-carbon—carbon double bonds in the o,p,y,5-diunsaturated
compounds 4a and 9a. Easily reducible aromatic halides (entries
2 and 8), nitro compounds (entries 5 and 8), nitriles (entry 6)
and terminal alkenes (entries 3 and 10) were also tolerated by this
unique reagent, which therefore provides an attractive alternative
system for chemoselective reductions.

When attempts were made to improve the yields by increasing
the amount of the catalyst B(C4F;); to 1 mol%, the result was
a complex mixture of saturated and unsaturated compounds,
with partial reduction of the ketone moiety to the methylene
functionality. For comparison, entries 1 and entry 7 were studied
with several other Lewis acids [viz., AICl;, Ti(O'Pr),, TMSOTY,
BF;-Et,0, ZnCl, (in the presence of 2.0 mol% Pd(PPh;), and
1 eq. ZnCl,), ZrCl, and CeCl;-7H,0] with PMHS, following a
similar protocol (Table 2). The reaction with zinc chloride and
TMSOTT looked promising but suffered from lower yields and
longer reaction times than the PMHS-B(CF5); system. Even
when the amount of the catalysts AlCl;, Ti(O'Pr),, BF;-Et,0,
ZrCl, and CeCl;-7H,O were increased from 0.5 mol% to
20 mol%, the reactions did not proceed. Thus the PMHS-B(C(F5);
system was found to be superior than other PMHS-Lewis acid
combinations.

In conclusion, PMHS along with a catalytic amount of B(C¢F5);
was found to be a unique reagent system for the conjugate
reduction of Michael acceptors. Currently, development of a chiral
version® of this novel reagent and further studies on the scope of
this reagent system are in progress.

References

1 Comprehensive Organic Transformations, ed. R. C. Larock, VCH, New
York, 1989, pp. 8-17.

2 ). P. Collman, R. G. Finke, P. L. Matlock, R. Wahren, R. G.
Komoto and J. I. Brauman, J Am. Chem. Soc., 1978, 100,
1119.

3 (a) P. Four and F. Guibe, Tetrahedron Lett., 1982, 23, 1825; (b) E.
Keinan and P. A. Gleize, Tetrahedron Lett., 1982, 23, 477; (¢) E. Keinan
and N. Greenspoon, Tetrahedron Lett., 1982, 23, 241; (d) 1. Terstiege
and E. R. Maleczka, Jr., J. Org. Chem., 1999, 64, 342.

4 C. Petrier and J. L. Luche, Tetrahedron Lett., 1987, 28, 2347.

5 (a) A. E Barrero, E. J. Alvarez-Manzaneda, R. Chahboun and
R. Meneses, Synlett, 1999, 10, 1663; (b) P. Boudjouk, S. B. Choi,
B. J. Jauck and A. B. Rajkumar, Tetrahedron Lett., 1998, 39,
3951.

6 (a) T. Tsuda, T. Fuhii, K. Kawasaki and T. Saegusa, J. Chem. Soc.,

Chem. Commun., 1980, 1013; (b) E. C. Ashby, J. J. Lin and A. B. Goel,

J. Org. Chem., 1978, 43, 183; (c) M. F. Semmelhack and R. D. Stauffer,

J. Org. Chem., 1975,40,3619; (d) R. K. Baeckman, Jr. and R. Michalak,

J. Am. Chem. Soc., 1974, 96, 1623; (¢) W. S. Mahoney, D. M. Brestensky

and J. M. Struker, J. Am. Chem. Soc., 1988, 110, 291; (/) B. H.

Lipshutz, W. Chrisman, K. Noson, P. P. Papa, J. A. Sclafani, R. W.

Vivian and J. K. Keith, Tetrahedron, 2000, 56, 2779; (g) N. Ravasio,

M. Antenori, M. Gargano and P. Mastrorilli, Tetrahedron Lett., 1996,

37, 3529; (h) B. H. Lipshutz, J. Keith, P. P. Papa and R. Vivian,

Tetrahedron Lett., 1998, 39, 4627; (i) A. Mori, A. Fujita, H. Kajiro,

Y. Nishihara and T. Hiyama, Tetrahedron, 1999, 55, 4573; (j) A. Mori,

A. Fujita, H. Kajiro, Y. Nishihara and T. Hiyama, Chem. Commun.,

1997, 2159.

(a) R. W. Goetz and M. Orchin, J Am. Chem. Soc., 1963, 85, 2782;

(b) S. B. Kadin, J Org. Chem., 1966, 31, 620; (c¢) L. Mordenti, J. J.

Brunet and P. Caubere, J. Org. Chem., 1981, 46, 192; (d) T. Tsuda, T.

Hayashi, H. Satomi, T. Kawamoto and T. Saegusa, J. Org. Chem., 1986,

51, 537; (e) K. E. Kim, S. B. Park and N. M. Yoon, Synth. Commun.,

1988, 18, 89; (f) C. Bianchini, E. Farnetti, M. Graziani, M. Peruzzini

and A. Polo, Organometallics, 1993, 12, 3753; (g) B. C. Ranu and S.

Samanta, J. Org. Chem., 2003, 68, 7130.

8 (a) I. Ojima and T. Kogure, Organometallics, 1982, 1, 1390; (b) R. E.
Harmon, J. L. Parsons, D. W. Cooke, S. K. Gupta and J. Schoolgenberg,
J. Org. Chem., 1969, 34, 3684; (c) D. A. Evans and G. C. Fu, J. Org.
Chem., 1990, 55, 5678; (d) H. J. Liu and B. Ramani, Synth. Commun.,
1985, 15, 965.

9 E. Keinan and D. Perez, J. Org. Chem., 1987, 52, 2576.

10 (@) P. L. Maux, V. Massonneau and G. Simonneaux, J. Organomet.
Chem., 1985, 284, 101; (b) T. Keno, T. Kimura, Y. Ohtsuka and T.
Yamada, Synlett, 1999, 96.

11 (a) E. Keinan and N. Greenspoon, J. Org. Chem., 1983, 48, 3545; (b) E.
Keinan and N. Greenspoon, J. Am. Chem. Soc., 1986, 108, 7314; (¢) E.
Keinan and N. Greenspoon, Isr. J. Chem., 1984, 24, 82; (d) N. A. Cortese
and R. F. Rheck, J. Org. Chem., 1978, 43, 3985; (¢) E. Keinan and
N. Greenspoon, Tetrahedron Lett., 1985, 26, 1353; (f) P. A. Aristoff,
P. D. Johnson and A. W. Harrison, J. Am. Chem. Soc., 1985, 107,
7967.

12 E. Yoshii, H. Ikeshima and K. Ozaki, Chem. Pharm. Bull., 1972, 20,
1827.

13 (a) J. Lipowitz and S. A. Bowman, Aldrichimica Acta, 1973, 6, 1;
() R. Q. Savers, W. J. Scheiber and S. O. Brewer, J Am. Chem.
Soc., 1946, 68, 962; (c) A. L. Klyashchitskaya, G. N. Krasovskii and
S. A. Fridlyand, Gig. Sanit., 1970, 35, 28; A. L. Klyashchitskaya, G. N.
Krasovskii and S. A. Fridlyand, Chem. Abstr., 1970, 72, 124864.

14 For our contributions on PMHS, see: (a) S. Chandrasekhar, Y. R.
Reddy and C. Ramarao, Synth. Commun., 1997, 27, 2251; (b) S.
Chandrasekhar, Y. R. Reddy and Ch. R. Reddy, Chem. Lett., 1998,
29, 1273; (¢) S. Chandrasekhar, M. V. Reddy and L. Chandraiah,
Synth. Commun., 1999, 3981; (d) S. Chandrasekhar and Md. Ahmed,
Tetrahedron Lett., 1999, 40, 9325; (¢) S. Chandrasekhar, L. Chandraiah,
Ch. R. Reddy and M. V. Reddy, Chem. Lett., 2000, 780; (f) S.
Chandrasekhar, Ch. R. Reddy and Md. Ahmed, Synlett, 2000, 1655;
(g) S. Chandrasekhar, L. Chandraiah and M. V. Reddy, Synlett, 2000,
1351; (h) S. Chandrasekhar, Ch. R. Reddy and R. J. Rao, Tetrahedron,
2001, 57, 3435; (i) S. Chandrasekhar, Ch. R. Reddy and R. J. Rao,
Synlett, 2001, 1561; (j) S. Chandrasekhar, Ch. R. Reddy and B. N. Babu,
Tetrahedron Lett., 2003, 44, 2057; (k) S. Chandrasekhar, B. N. Babu,
Md. Ahmed, M. V. Reddy, P. Srihari, B. Jagadeesh and A. Prabhakar,
Synlett, 2004, 1303.

15 (a) D. J. Parks and W. E. Piers, J. Am. Chem. Soc., 1996, 118, 9440,
(b) J. M. Blackwell, K. L. Foster, V. H. Beck and W. E. Piers, J. Org.
Chem., 1999, 64, 4887; (¢) J. M. Blackwell, D. J. Morrison and W. E.
Piers, Tetrahedron, 2002, 58, 8247; (d) G. Erker, Dalton Trans., 2005,
1883 and references therein.

16 (a) S. Chandrasekhar, G. Chandrashekar, B. N. Babu, K. Vijeender and
K. V. Reddy, Tetrahedron Lett., 2004, 45, 5497; (b) S. Chandrasekhar,
Ch. R. Reddy, B. N. Babu and G. Chandrashekar, Tetrahedron
Lett., 2002, 43, 3801; (¢) S. Chandrasekhar, Y. S. Rao and N. R.
Reddy, Synlett, 2005, 1471; (d) S. Chandrasekhar, Ch. R. Reddy
and G. Chandrashekar, Tetrahedron Lett., 2004, 45, 6481; (¢) For a
review on tris(pentafluorophenyl)borane, see our contribution to the
‘Electronic Encyclopedia of Organic Reagents for Organic Synthesis’,
S. Chandrasekhar, B. N. Babu and G. Chandrashekar, eEROS, 2005,
and references therein.

-

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 1650-1652 | 1651





17 S. Chandrasekhar, C. R. Reddy and B. N. Babu, J. Org. Chem., 2002, sulfate, concentrated in vacuo, and the crude product purified by flash

67, 9080. chromatography.

18 General experimental procedure: To a solution of the o,B-unsaturated 19 For a few earlier chiral asymmetric conjugate reductions, see:
ketone (2 mmol) in anhydrous methylene chloride (5 mL) was added (a) B. H. Lipshutz, J. M. Servesko, T. B. Petersen, P. P. Papa
B(C4Fs); (5 mg, 0.01 mmol) and PMHS (4 mmol), and the solution and A. A. Lover, Org. Lett., 2004, 6, 1273 and references therein;
was stirred at room temperature for the appropriate time (monitored (b) C. Czekelius and E. M. Carreira, Org. Lett., 2004, 6, 4575 and
by TLC). Water was added to the reaction mixture, which was references therein; (¢) M. P. Rainka, Y. Aye and S. L. Buchwald,
then extracted with methylene chloride (3 x 5 mL). The combined Proc. Natl. Acad. Sci. U S. A., 2004, 101, 5821 and references
organic layers were washed with brine, dried over anhydrous sodium therein.

1652 | Org. Biomol. Chem., 2006, 4, 1650-1652 This journal is © The Royal Society of Chemistry 2006





