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v-Glutamyl transpeptidase (GGT, EC 2.3.2.2) is a highly glycosylated heterodimeric enzyme linked to
the external cellular membrane that catalyzes the hydrolysis of glutathione as well as the transfer of its
y-glutamyl group to amino acids and dipeptides in a transpeptidation reaction. The measurement of
both the hydrolytic and transpeptidation activity of this important enzyme is a challenge, since its
native substrates are not highly chromogenic. We have developed an HPLC-based method for the
quantitative photometric detection of numerous enzyme substrates and products, after their
pre-column derivation with dabsyl chloride. The broad applicability of this method was demonstrated
in the kinetic investigation of transpeptidation reactions of rat kidney GGT with glutathione, its native
substrate, as well as a series of pertinent glutathione analogues. The pH-rate profile constructed for
glutathione confirmed the dependence on the ionisation state of at least two residues. Analysis of the
free-energy relationships in the series of synthetic peptidic substrate analogues revealed the importance
of enzyme—substrate interactions unrelated to amine leaving group basicity during the acylation step.
These results are further interpreted in the context of the recently published structure for a similar GGT.

Introduction

v-Glutamyl transpeptidase (GGT, EC 2.3.2.2) is a highly glycosy-
lated heterodimeric enzyme linked to the external surface of cells
through a membrane anchor found in its large ~46 kDa subunit,
that is bound non-covalently to its small ~22 kDa subunit.!
GGT plays roles in several biological processes, including the
biosynthesis of leukotrienes D4,? cellular detoxification through
the formation of mercapturic acids,® homeostasis of glutathione
(GSH), its in vivo substrate, and possibly the transport of amino
acids across the cellular membrane via the y-glutamyl cycle.* This
enzyme has also been implicated in many physiological disorders
such as Parkinson’s disease,® inhibition of apoptosis,® diabetes’
and asthma.>® It is particularly concentrated in the kidney, brain
and pancreas.!

GGT catalyzes three different types of reactions via a modified
ping-pong mechanism.>'® The first reaction, transpeptidation,
comprises the transient transfer of a y-glutamyl moiety from a
donor substrate, GSH, to form an intermediate acyl-enzyme, fol-
lowed by acyl transfer to an acceptor substrate—either an amino
acid or a dipeptide—to yield a y-glutamyl peptide derivative."'**?
At higher concentrations, GSH may react as both donor and
acceptor substrates, leading to autotranspeptidation, the second
type of catalytic reaction.® The third catalytic reaction is hydrolysis,
resulting in the formation of glutamic acid when a water molecule
acts as an acceptor substrate. 114
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In the past, several mechanistic studies have been carried out
with GGT,"'*'518 but much remains to be learned concerning the
catalytic mechanism and the specific amino acid residues involved.
A better comprehension of this mechanism will be important for
the development of more efficient inhibitors for the treatment of
certain disorders.>>® Until recently, the mechanism of GGT was
studied primarily using chromogenic substrate analogues such
as y-glutamyl-p-nitroanilide, from which the intensely yellow-
coloured p-nitroaniline is liberated as a reaction product.'*!5"
We have also studied other para-substituted y-glutamyl anilide
substrate analogues through the colorimetric determination of
released aniline by a discontinuous diazotization assay.'® These
studies have led to a greater understanding of the mechanism of
GGT acylation, but the relevance of these studies with respect to
the mechanism of the native enzyme reaction may be questioned,
considering the structural differences between a y-glutamyl anilide
and glutathione, the native substrate. However, the study of more
structurally similar, peptidic substrate analogues has been limited
by the lack of a convenient kinetic method for following their
reaction with GGT. A high-performance liquid chromatography
(HPLC)-based method has been reported® for the specific detec-
tion of glutamate deriving from the hydrolase activity of GGT,
but this method is not applicable to the study of physiologically
relevant GGT-mediated transpeptidation reactions. In this paper,
we report the development of a complementary HPLC-based
method for the quantitative photometric detection of numerous
primary amine products of the acylation step, after their pre-
column derivation with (dimethylamino)azobenzenesulfonyl chlo-
ride (dabsyl chloride, DABS-CI).

This method permitted the study of rat kidney GGT-mediated
transpeptidation reactions from peptidic GSH substrate analogues
whose products cannot be detected simply and directly by
spectrophotometry (Scheme 1). A series of such analogues was

3790 | Org. Biomol. Chem., 2006, 4, 3790-3801

This journal is © The Royal Society of Chemistry 2006





co, H co, H, Cco,y
o N. _GGT-OH “ ON. o o.
*HaN® R *HN® A *HaN GGT
o 0 O. 0
GGT acyl enzyme
l/ H,N-R’
COy €O

N

H
H A I
W N\Rv - HsN 9 R’

o} © O\GGT

Scheme 1 Simplified mechanism of transpeptidation reactions mediated by GGT.

synthesized and used to investigate the free-energy relationships
and pH-rate effects of the acylation step of the catalytic transpep-
tidation process. Furthermore, the recent publication® of the first
high-resolution structure of GGT allowed, for the first time, the
interpretation of the mechanistic consequences of the results of
our studies in the context of a model for the enzyme structure.

Results and discussion
Substrate analogue synthesis

All of the substrate analogues tested in the course of this study
were prepared in excellent yields by standard peptide coupling
methods. Most of the substrates were prepared according to
Scheme 2, involving TBTU coupling of various amines with the
y-carboxylate group of the o-benzyl ester of N-Boc-L-glutamic
acid. The details of this coupling are provided as the general
method A. This coupling was followed by removal of the Boc
group with TFA (general method B) and removal of the benzyl
ester by hydrogenolysis (general method C). Two substrates

were prepared by slightly different synthetic routes. During the
preparation of L-y-glutamyl-2-(ethylthio)ethyl amide (16), benzyl
ester hydrolysis preceded removal of the Boc group (Scheme 3).
The synthesis of L-y-GluAlaGly (20) was effected according to a
simple peptide coupling with L-AlaGly according to a protocol
previously developed in the group.”? This synthesis, shown in
Scheme 4, involves the in situ preparation of a p-nitrophenyl ester
intermediate prior to peptide coupling, prior to hydrogenolysis of
the benzyl ester and removal of the Boc protecting group.

HPLC analysis

The amino acids and peptides found in the enzymatic reaction
mixtures of these substrate analogues do not possess a strong
chromophore, so a common derivatization method was used to
permit their facile detection. Dabsyl chloride derivation of amino
acids is well-known? and was optimized herein, with respect
to the pH of the amino acid solution and the solvent of the
dabsyl chloride stock solution used. Briefly, the optimal pH for
the derivatization reaction was determined to be 9.0.2** At lower
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Scheme 2 Synthesis of the majority of y-glutamyl amides studied herein.
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pH, primary amine groups are predominantly protonated and
slow to react, whereas at higher pH, background hydrolysis of
dabsyl chloride becomes problematic. Concerning the co-solvent,
although dabsyl derivatizations have been carried out previously in
acetonitrile, we found that the greater solubility of dabsyl chloride
in acetone allows for higher concentrations to be used, resulting
in more rapid derivatization.

Subsequent separation of derivatized substrate analogues and
enzyme reaction products was accomplished by reversed-phase
HPLC. The elution gradients reported in the ESI{ generally
permitted baseline resolution of the amino acid and peptide
derivatives. Making reference to an internal standard, the quan-
titative analysis of these reaction products from these HPLC
chromatograms was found to be linear and accurate over the
concentration range of 10-1000 uM in the enzymatic reaction
mixture.?® Although many amino acids were found to react rapidly
and reproducibly with DABS-CI, glutamine was chosen as an
internal standard since it elutes from the HPLC column with
a retention time similar to, but distinct from the other reaction
components assayed in this application, providing a means for
the reliable determination of its concentration, normalizing for
variance in injection volume.?’

In a typical application of this discontinuous assay to the kinetic
study of GGT-mediated reactions, enzymatic reaction mixtures
were prepared on such a scale as to provide several aliquots that
were removed at different times throughout the initial rate time
course. These aliquots were immediately quenched with TCA,
stopping the enzymatic reaction through precipitation of the
enzyme. Once a series of samples were accumulated, they were
analysed by HPLC, typically overnight, using an autosampler.
Admittedly, discontinuous assay methods are often tedious and
less convenient for application to kinetic analysis; however, the
availability of an autosampler allowed the injections and subse-
quent chromatographic separations to be completely automated,
rendering this method almost as practical as a continuous reaction
assay. In this way, kinetic data representing linear initial rates were
obtained rapidly for a variety of substrate analogue L-y-glutamyl
amides (see ESIT).

pH-Rate profile for rate-limiting acylation of GGT by GSH

Kinetic studies were thus carried out at pH 8.0 and 37 °C in the
presence of varied concentrations of L-y-glutamyl donor substrates
and a high concentration (20 mM, >6-fold Ky) of GlyGly, an ex-
cellent acceptor substrate for GGT-mediated transpeptidation.”"
This high concentration of GlyGly also assures that the deacyla-
tion step of the acyl-transfer mechanism is rapid and the preceding
acylation step is rate-limiting and manifested as k... Under these
conditions, the slower hydrolysis reaction and the adventitious
autotranspeptidation reaction of the y-glutamyl substrate are
apparently minimized."'*'>%" TInitial rates measured this way
were plotted against the substrate concentration at which they
were obtained, resulting in Michaelis—-Menten plots of which a
representative example is shown in Fig. 1.

The generality of the HPLC method also permitted the kinetic
evaluation of GSH, the non-chromogenic native donor substrate
of GGT. A pH-rate plot was constructed using GSH as donor
substrate and GlyGly as acceptor substrate, according to the
equation described in the Experimental section. The bell-shaped

35
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Fig. 1 Michaelis-Menten plot of the rate of GGT-mediated transpep-
tidation reaction between L-y-glutamylglycinamide and 20 mM GlyGly
at pH 8.0 and 37 °C. The standard deviations reported for the kinetic
parameters derive from the non-linear regression for the hyperbolic line
through data obtained from single kinetic runs.

curve thus obtained for GSH (Fig. 2) gives macroscopic kinetic
pK, values of 7.88 and 8.37, similar to those obtained previously by
another method," for ionizations of the E-S complex. This curve
illustrates the dependence of the catalytic mechanism for acylation
from the native donor substrate on the ionization states of (at least)
two residues, one of which must be in its basic form and another
that is active in its acidic form. The lower kinetic pK, value has
previously been attributed®? to a histidine imidazole. Subsequent
mutagenesis studies showed that replacement of the two histidine
residues of the small subunit of human GGT dramatically reduced
the efficiency of the mutant enzyme to 2% residual activity.?®
This is certainly suggestive of the involvement of these residues
in a general acid-base mechanism'>'¢ but does not exclude the
possibility that other ionizable groups may be involved.” For
example, other workers have suggested that the pH dependence of
the acidic limb reflects the pK, of GlyGly, the acceptor substrate
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Fig. 2 pH-Rate profile for the GGT-mediated reaction of GSH with
GlyGly at 37 °C.
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common to these studies, suggesting that the deprotonated form
of GlyGly (pK, 8.13) is the true acceptor.’ In either case, the
present work confirms the kinetic pK, values measured for the
GGT-mediated reaction of GSH with GlyGly. The general HPLC
method used herein could be applied to the study of a series of
acceptor substrates to test this hypothesis concerning the lower
kinetic pK, value. For example, at a relatively high concentration
of GSH (4 mM), the value of k,,, for L-AlaGly as acceptor substrate
was determined to be 250 & 30 s™'(Ky, = 1.2 & 0.3 mM). However,
the work described herein focuses primarily on GGT acylation
using donor substrate analogues.

Bronsted plots for substrate analogues

The flexibility of the method described herein permitted further
investigation of the GGT-mediated transpeptidation reactions
between GSH or a series of L-y-glutamyl amide donor substrates
and GlyGly as acceptor substrate (Table 1). Also shown in Table 1
are the pK, values®-* for the conjugate acids of the amine leaving
groups of the acylation reaction. It is apparent from Table 1 that
the relative reactivities of the different donor substrates studied
herein fall into three categories, their k., values for rate-limiting
acylation separated roughly by an order of magnitude. The native
tripeptide substrate, GSH, undergoes transpeptidation turnover
most rapidly, while dipeptide substrates and finally simple y-
glutamyl alkyl amides are slower. This tendency, represented
in Fig. 3, does not correlate simply with the nucleofugality of
the leaving group during the acylation step. Reaction efficiency
is apparently dominated by unidentified interactions related to
gross substrate structure and affinity, rather than limited to the

Table 1

35
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Fig.3 Bronsted plot for the acylation of GGT by a series of L-y-glutamyl
substrates in the presence of 20 mM GlyGly at pH 8.0 and 37 °C. pK, nus.
refers to the pK, of the conjugate acid ammonium of the amine leaving
group. Data obtained previously for a series of anilides's are shown as
circles. Data obtained in this work are shown in squares for a series of
alkyl amides, triangles for dipeptides and as a diamond for GSH (k,,
Table 1).

basicity of the departing amine. Simply stated, among the substrate
analogues tested, the turnover of the acylation step appears to
increase with the similarity of the leaving group to CysGly, the
initial product of the reaction with the native substrate GSH.
Also shown in Fig. 3 are k., values previously obtained for
acylation of GGT by a series of y-glutamyl anilides.” These
data were obtained under similar conditions, using a relatively
high concentration of GlyGly as an acceptor substrate, allowing

Kinetic parameters (k.,, Ky) determined for the series of y-glutamyl substrate analogues studied herein

e Lo

s

Donor substrate X PK i ke?/s7! Kyv¢/mM ke/ Kyg/mM™! 71
L-y-Glutamyl-L-cysteinylglycine (glutathione, GSH) SH 8.01 990 0.67 1480
H
N J;( N._COzH

H o

L-y-Glutamylglycine methyl ester l%N/\n/OMe 7.92 172 2.78 61.9
H (0]

L-y-Glutamylglycinamide HﬁN/ﬁfNHz 8.23 95.9 3.30 29.1
H O

L-y-Glutamylpropylamide TN 10.53 20.2 0.71 28.5
H

L-y-Glutamyl-2-(ethylthio)ethylamide ENT N e 9.57 11.6 0.49 23.7
H

L-y-Glutamyl-2,2,2-trifluoroethylamide "N CF, 6.02 339 2.35 14.4
H

“From ref. 31 and 32. ® Relative error for k., values was <6% (SD) from non-linear regression. ¢ Relative error for Ky values was <15% (SD) from

non-linear regression.
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comparison with the data obtained herein. In general, two
peculiarities of the anilide substrates are evident from this
comparison—their greater reactivity than alkyl amides and dipep-
tides and the distinctive free-energy relationship with the basicity
of their departing aniline groups. The enhanced reactivity of
anilides compared to alkyl amides toward acyl transfer reactions
is well-known, and they have long been studied as models for
amide hydrolysis reactions for this reason.® It is therefore not
surprising that the anilides studied previously are more efficient
substrates than the alkyl amides and peptides studied herein. It is
clear from Fig. 4 that the positive Bronsted correlation for the most
basic anilines does not continue with the more basic amine leaving
groups studied herein, for example. The non-linear free-energy
relationship for the k., values measured previously for the anilides
was ascribed to their concerted protonation and departure from
the tetrahedral intermediate formed during the acylation step.'®
However, no obvious trend is apparent for the k., values measured
for the substrate analogues studied herein.

3.5
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Fig.4 Bronsted plot for the acylation of GGT by a series of L-y-glutamyl
substrates in the presence of 20 mM GlyGly at pH 8.0 and 37 °C. pK, nus.
refers to the pK, of the conjugate acid ammonium of the amine leaving
group. Data are shown in squares for a series of alkyl amides, triangles for
dipeptides and as a diamond for GSH (k.,./ Ky, Table 1).

Rather, a more linear correlation is observed for the Bronsted
plot constructed from the ratio of k.,,/ Ky (Fig. 4), suggesting that
the rate-limiting step is the reaction of the free enzyme with the
substrate rather than the decomposition of a covalent tetrahedral
intermediate, as postulated for the anilides. From this plot it is
again apparent that the relative efficiencies of the different donor
substrates studied herein fall into at least two categories, their
specificity constants (k. /Ky) separated by roughly two orders
of magnitude. The native tripeptide substrate, GSH, undergoes
transpeptidation most efficiently, while the dipeptide and y-
glutamyl alkyl amide substrates are far less efficient. The near-
zero slope obtained for the substrate analogues suggests there is
very little development of charge on the nitrogen of the leaving
group at the transition state of the rate-determining step. Taken
together, the results shown in Fig. 3 and 4 are consistent with
rate-limiting nucleophilic attack of GGT on substrate analogues,
followed by rapid protonation and expulsion of the amine leaving
group to form the acyl enzyme. Again, this mechanism differs
markedly from that postulated previously® for the acylation of

GGT from a series of activated anilides, where nucleophilic attack
is apparently faster than the rate-limiting breakdown of the tetra-
hedral intermediate. Studies of non-enzymatic amide hydrolysis
(or the microscopic reverse reaction) have shown that either
formation or breakdown of the tetrahedral intermediate can be
rate-limiting and that related Bronsted slopes can be very weakly
negative.**¥ Alternatively, similar studies*** with chymotrypsin,
a hydroxyl-nucleophile enzyme that catalyzes analogous acyl
transfer reactions, have shown that weak Brensted slopes may
be observed when different means of substrate activation cancel
each other. For example, decreasing electrophilicity within a series
of substrates may be compensated by increasing hydrogen bonding
in the oxyanion hole of chymotrypsin—or in this case, with the
conserved glycine residues of GGT (Fig. 5).

L
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Fig.5 Crystal structure of y-glutamyl acyl-enzyme intermediate of E. coli
GGT from ref. 21 (PDB entry 2DBW). Active site nucleophile Thr391,
hydrogen bonding Gly382 and Gly383 and conserved binding site residues
Thr409 and Asn411 are shown in stick form.

Structural considerations

The differences between the mechanisms proposed for acylation
from anilides or from alkyl amides may be accounted for by
the structural differences between the series of substrates studied
and their accompanying interactions with the enzyme. Recently,
Fukuyama and coworkers published the first high resolution GGT
crystal structure for the E. coli enzyme.* In their publication,
they draw attention to the exposed cavity beside the y-glutamyl
carbonyl of the crystalline acyl-enzyme intermediate (Fig. 5).
When we used their crystal structure to construct the tetrahedral
intermediate formed from nucleophilic attack on the native sub-
strate GSH, the CysGly leaving group could be manually docked
into the adjacent putative binding site, providing a compelling
image of a potentially relevant mechanistic intermediate (Fig. 6).
From this model it is apparent that the dimensions of the cavity are
appropriate for binding CysGly and that the departing nitrogen
is correctly positioned to be protonated by the ammonium group
of the N-terminal nucleophilic Thr391 residue. The floor of the
cavity is formed by residues such as Asn4l1l and Thr409 in
the E. coli enzyme that are conserved in the rat and human

This journal is © The Royal Society of Chemistry 2006
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Fig. 6 Stereo view of model of anionic GSH tetrahedral intermediate constructed from crystalline acyl-enzyme intermediate, intended to demonstrate
the scale of the putative Cys—Gly subsite. Residues can be identified from Fig. 5, with Thr409 and Asn411 shown in line form and all labels removed for
the sake of clarity. Image generated using Accelrys Discovery Studio Visualizer.

enzymes. Furthermore, in the model, Thr409 can form a close
dipole interaction with the cysteine sulfhydryl while Asn411 can
form a hydrogen bond with the glycine NH of the leaving group.
The glycine carboxylate extends to the edge of the binding site
where its potential interactions with solvent may also contribute
to orienting the CysGly leaving group in the cavity. While these
interactions will be verified through more rigorous modelling
studies and/or future crystallographic efforts, the existence and
nature of the cavity allows meaningful interpretation of the kinetic
data presented herein.

The y-glutamyl anilide substrates studied previously would ap-
pear to owe their reactivity to their predisposition to nucleophilic
attack,*® leading to acylation through rate-limiting breakdown of
their tetrahedral intermediate’ without assistance from any spe-
cific interaction between the enzyme and the aniline leaving group.
Alkyl amides are less activated and subsequently less efficient
substrates such that nucleophilic attack may be the rate-limiting
step in their acylation of GGT. As the resemblance between these
substrate analogues and the native substrate GSH increases, their
efficiency increases also. This may be due to the ability of peptidic
substrates to take advantage of specific interactions in the binding
site identified by Fukuyama. Ultimately, the binding of CysGly
in the site would realise optimal interactions and imparts to
GSH its optimal reactivity. These interactions may help to distort
the y-glutamyl amide group, disrupting N-C=O resonance and
rendering the carbonyl more susceptible to nucleophilic attack,
a mechanism suggested to be important for amide cleavage
by proteases as well.®® This form of activation would be more
important than remote inductive effects expected from electron
withdrawing substituents on the amine leaving group, which may
explain why the slope of Fig. 4 is near zero, rather than negative
as expected for a series of substrates of varying electrophilicity.

Experimental
Materials

General information. Dabsyl chloride and synthetic starting
materials were purchased from Sigma-Aldrich; dabsyl chloride
was recrystallised from acetone.® All aqueous solutions were
prepared from water purified and deionized by a Millipore Milli-
Q Biocell system. All HPLC solvents including acetone were
purchased from VWR. HPLC solvents were filtered by a Millipore
filter (0.22 um). Sample preparation was carried out using 0.22 um
filters and 2 mL micro tubes with caps purchased from Sarstedt
and automated sample injection using 300 pL crimp vials with
clear snap-close lids purchased from VWR. Separation and
detection was effected using a Hitachi D-7000 HPLC, comprising
a model L-7100 pump, a Higgins Targa C18 5 uM HPLC column
(250 x 4.6 mm, Chromabec), an automatic injection system (model
L-7200) and a photodiode detector (model L-7450).

Enzyme preparation. GGT was purified from rat kidney
according to a modified protocol®® based on the method published
by Tate and Meister.*

Synthesis of glutathione analogue substrates.

Amide coupling reaction: general method A. Diisopropylethy-
lamine (DIEA) (2.32 mL, 13.3 mmol, 4.5 eq) was added dropwise
under an inert atmosphere at room temperature to a solution of
N-Boc-L-glutamic acid a-benzyl ester 1 (1.0 g, 2.9 mmol, 1.0 eq)
in 100 mL anhydrous acetonitrile. The solution was stirred for
about ten minutes prior to the addition of alkyl amine in the
form of its hydrochloride salt (8.9 mmol, 3.0 eq). After complete
dissolution, N,N,N,N-tetramethyl-O-(benzotriazol-1-yl)uronium
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tetrafluoroborate (TBTU) (1.9 g, 5.9 mmol, 2.0 eq) was added
and the reaction mixture was stirred prior to addition of 100 mL
of ethyl acetate. The organic phase was washed with water (2 x
30 mL), 0.1 M HCI solution (20 mL), a solution of 5% NaHCO,
(2 x 20 mL) and finally with saturated NaCl (20 mL). The organic
phase was dried over MgSO,, filtered and concentrated under
reduced pressure. The alkyl amide product was obtained as an
off-white solid.

N-Boc-L-y-glutamyl-2,2,2-trifluoroethylamide a-benzyl ester (2).
The general coupling procedure was followed using 2,2,2-
trifluoroethylamine HCI (1.2 g, 8.9 mmol, 3.0 eq) and stirring
for 6 hours. Amide 2 was obtained as a beige solid (1.18 g, 95%).
R;: 0.66 (70 : 30 EtOAc-hexane). Mp 96-97 °C. [a]?: —2.3° (¢ =
1.00; CHCl;). '"H-NMR (400 MHz, CD;0D) ¢ (ppm): 7.37-7.33
(m, 5H), 5.17 (q, J/ = 10.2 Hz, 2 H), 4.17 (m, 1 H), 3.89-3.85 (m,
2H),2.35(t,J=73Hz,2H),2.152.12 (m, 1 H), 1.94-1.92 (m,
1 H), 1.43 (s, 9 H). "C-NMR (100 MHz, CDCl,) ¢ (ppm): 172.3,
171.9, 155.9,135.0, 128.5, 128.4, 128.2, 124.0 (q, J » = 278.6 Hz),
80.2, 67.1, 52.8, 40.0 (q, Jc ¢ = 34.4 Hz), 38.4, 32.0, 28.0 HRMS
CyHysF;N,05 (M + H)* calc: 419.1716, found: 419.1783.

N-Boc-L-y-glutamylglycine methyl ester a-benzyl ester (3). The
general coupling procedure was followed using glycine methyl ester
HCI (1.1 g, 8.9 mmol, 3.0 eq) and stirring for 5 hours. Amide 3
was obtained as a yellowish white solid (0.98 g, 82%). R;: 0.48 (70 :
30 EtOAc-hexane). Mp 88-90 °C. [a]y: +2.3° (¢ = 1.00; CHCl,).
'"H-NMR (400 MHz, CD;0D) ¢ (ppm): 7.39-7.31 (m, 5 H), 5.17
(q, J = 10.3 Hz, 2 H), 4.17 (m, 1 H), 3.91 (s, 2 H), 3.71 (s, 3 H),
235 (t, J = 7.6 Hz, 2 H), 2.15-2.13 (m, 1 H), 1.92 (m, 1 H),
1.43 (s, 9 H). *C-NMR (100 MHz, CDCl;) J (ppm): 172.6, 170.8,
156.2, 135.7, 129.0, 128.9, 128.7, 80.5, 67.6, 53.3, 52.7, 41.7, 32.6,
29.4, 28.7. HRMS C,)HxN,0; (M + H)* calc: 409.1897, found:
409.1965.

N-Boc-L-y-glutamylglycinamide a-benzyl ester (4). The gen-
eral coupling procedure was followed using glycinamide HCI
(0.33 g, 2.9 mmol, 2.0 eq) and stirring for 18 hours. Amide 4
was obtained as a beige solid (0.38 g, 65%). R;: 0.83 (70 : 30
EtOAc-hexane). Mp 43-45 °C. [a]2: +4.5° (¢ = 1.00; CHCL,).
'"H-NMR (400 MHz, CD;0D) ¢ (ppm): 7.37-7.31 (m, 5 H), 5.17
(q, J = 9.5 Hz, 2 H), 4.18-4.16 (m, 1 H), 3.81 (q, J = 9.3 Hz,
2H),2.37(t,J =7.4Hz,2H),2.16-2.13 (m, 1 H), 1.91 (m, 1 H),
1.43 (s, 9 H). "C-NMR (100 MHz, CDCl;) é (ppm): 173.0, 172.8,
172.4,156.2,136.6,129.1,128.9,128.7,128.5,80.6,67.7,53.4,43.3,
32.3, 28.7. HRMS C,,H,;N;O, (M + H)* calc: 394.1900, found:
394.1991.

N-Boc-L-y-glutamylpropylamide a-benzyl ester (5). The gen-
eral coupling procedure was followed using propylamine HCl
(0.85 g, 8.9 mmol, 3.0 eq) and stirring for 4 hours. Amide 5 was
obtained as a white solid (1.08 g, 96%). R;: 0.62 (70 : 30 EtOAc—
hexane). Mp 87-88 °C. [a]3: —3.5° (¢ = 1.00; CHCL;). '"H-NMR
(400 MHz, CD;0D) 6 (ppm): 7.37-7.34 (m, 5 H), 5.17 (m, 2 H),
4.17 (m, 1 H), 3.11 (m, 2 H), 2.27 (m, 2 H), 2.17-2.13 (m, 1 H),
1.91 (m, 1 H), 1.45 (m, 2 H), 1.43 (s, 9 H), 0.92 (m, 3 H). "C-NMR
(100 MHz, CDCl;) 6 (ppm): 172.0, 171.8, 155.7, 135.2, 128.4,
128.3, 128.2, 79.8, 67.0, 53.1, 41.2, 32.4, 28.6, 28.1, 22.5, 11.2.
HRMS C,,H3;N,O;5 (M + H)* calc: 379.2155, found: 379.2242.

Removal of Boc protecting group: general method B

To a solution of N-Boc-L-y-glutamylalkylamide o-benzyl ester 2—
5 (2.9 mmol, 1.0 eq) in 50 mL of anhydrous dichloromethane
was added, dropwise at 0 °C, trifluoroacetic acid (TFA) (4.5 mL,
59 mmol, 20 eq). The solution was stirred at 0 °C for about
30 minutes and then at room temperature for around 2 hours. Then
4.5 mL of TFA (20 eq) at 0 °C was added again. The solution was
stirred at 0 °C for another 30 minutes, and then again for 2 hours at
room temperature. The solvent was then removed under reduced
pressure and the crude product was washed with CH,Cl, (2 x
10 mL) and with cyclohexane (4 x 10 mL). This TFA salt of the
product amine was then dissolved in 0.1 M HCI (50 mL) and
washed with diethyl ether (3 x 15 mL). The aqueous phase was
evaporated under reduced pressure to give the product amine as a
yellowish-white HCI salt.

L~y-Glutamyl-2,2,2-trifluoroethylamide a-benzyl ester (6). The
general procedure for Boc group removal was followed using 1.2 g
of N-Boc-L-y-glutamyl-2,2,2-trifluoroethylamide o-benzyl ester 2
to give amine 6 as a yellowish-white solid HCI salt (0.98 g, 94%).
R;:0.13 (70 : 30 EtOAc-hexane). Mp 125-127 °C. [a]¥: +5.1° (¢ =
1.00; H,0). '"H-NMR (400 MHz, CD,0D) d (ppm): 7.41-7.36 (m,
5H), 5.28 (m, 2 H), 4.16-4.13 (m, 1 H), 3.89-3.84 (m, 2 H), 2.51-
2.47 (m, 2 H),2.21-2.17 (m, 2 H). *C-NMR (100 MHz, CD;0D) ¢
(ppm): 174.3, 170.0, 136.3, 129.9, 129.6 (2 peaks), 127.2(q, Jcr =
278.2 Hz), 69.2, 53.5,41.6 (q, Jc ¢ = 34.8 Hz), 31.8, 26.8. HRMS
C H;F;N,O; (M + H)* calc.: 319.1191, found: 319.1260.

L-y-Glutamylglycine methyl ester a-benzyl ester (7). The gen-
eral procedure for Boc group removal was followed, but without
washing with ether or formation of the HCl salt, using N-Boc-L-y-
glutamylglycine methyl ester a-benzyl ester 3 (0.98 g, 2.4 mmoles,
1.0 eq) to give the TFA salt of amine 7 as a brownish oil (0.97 g,
95%). R;: 0.08 (70 : 30 EtOAc-hexane). [a]¥: +3.6° (¢ = 1.00;
H,0). '"H-NMR (300 MHz, CD;0D)J (ppm): 7.41-7.34 (m, 5 H),
5.29 (m,2 H),4.16 (m, 1 H), 3.91 (s,2 H), 3.70 (s, 3 H), 2.49 (t, J =
7.0 Hz, 2 H), 2.25-2.10 (m, 2 H). *C-NMR (100 MHz, CD;0D) ¢
(ppm): 174.5,171.9, 170.1, 161.0 (q, Jc r = 38.0 Hz), 136.3, 129.8,
129.7,129.6,117.2(q, Jc r = 287.9 Hz), 69.2, 53.6,52.7,41.9,31.8,
27.0. LRMS C,;sH»N,Os (M + H)* calc.: 309.1, found: 309.1.

L-y-Glutamylglycinamide a-benzyl ester (8). The general pro-
cedure for Boc group removal was followed using N-Boc-L-y-
glutamylglycinamide a-benzyl ester 4 (0.33 g, 0.8 mmol, 1.0 eq)
to give amine 8 as a yellowish-white solid HCl salt (0.28 g, 82%).
R;: 0.05 (70 : 30 EtOAc-hexane). Mp 57-60 °C. [a]?: +5.8° (¢ =
1.00; H,0). '"H-NMR (400 MHz, CD,0D) 6 (ppm): 7.44-7.36 (m,
5 H), 5.30 (m, 2 H), 4.17 (t, J = 6.3 Hz, 1 H), 3.85 (m, 2 H),
2.50 (m, 2 H), 2.25 (m, 1 H), 2.18-2.14 (m, 1 H). "C-NMR
(100 MHz, CD;0OD) ¢ (ppm): 174.5, 174.4, 170.2, 136.4, 129.9
(2 peaks), 129.8, 69.3, 53.7, 43.0, 32.0, 26.9. LRMS C,,H;,N;0,
(M + H)* calc.: 294.1, found: 294.2.

L-y-Glutamylpropylamide a-benzyl ester (9). The general pro-
cedure for Boc group removal was followed using N-Boc-L-y-
glutamylpropylamide a-benzyl ester 6 (1.08 g, 2.9 mmol, 1.0 eq)
giving 9 as a yellowish oil (1.01 g, 95%). Rz 0.2 (70 : 30 EtOAc—
hexane). [a]¥: +4.9° (¢ = 1.00; H, O). '"H-NMR (400 MHz,
CD;0OD) ¢ (ppm): 7.44-7.35 (m, 5 H), 5.30 (m, 2 H), 4.15
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(t, J =64 Hz, 1 H), 3.11 (t, J = 7.3 Hz, 2 H), 242 (t, J =
6.9 Hz, 2 H), 2.19-2.13 (m, 2 H), 1.53-1.47 (m, 2 H), 0.91 (t,
J =7.5Hz, 3 H). *"C-NMR (100 MHz, CD;0D) ¢ (ppm): 173.8,
170.1, 136.4, 129.9 (3 peaks), 69.2, 53.7,42.3, 32.3,27.2,23.5, 11.7.
HRMS CsH,,N,0; (M + H)* calc.: 279.1630, found: 279.1713.

Removal of benzyl protecting group: general method C

A solution of L-y-glutamylalkylamide o-benzyl ester 6-9
(2.5mmol, 1.0 eq) in 50 mL methanol was added, under inert atmo-
sphere at room temperature, to palladium over carbon (10 wt%).
The reaction mixture was allowed to stir for 18 hours under
150 psi hydrogen in a hydrogenation bomb. Once the reaction
was complete, the reaction mixture was filtered over Celite® and
washed with methanol. The methanol was then removed under
reduced pressure and the crude reaction product was obtained
as an oil. The product was then purified by precipitation from a
methanol-ether mixture to give the final product as a white solid.

L-y-Glutamyl-2,2,2-trifluoroethylamide ~ (10). The general
method C for removal of the benzyl group was followed using
L-y-glutamyl-2,2,2-trifluoroethylamide a-benzyl ester 7 (0.88 g,
2.5 mmol, 1.0 eq) and 0.09 g of palladium. The crude reaction
product was obtained as an oil (0.6 g, 92%) and the purified
product 10 was obtained as a white solid (0.39 g, 60%). Mp
167-170 °C (dec.). [a]¥: +14.1° (¢ = 1.00; H, O). 'H-NMR
(400 MHz, D,0) 6 (ppm): 3.84-3.79 (m, 3 H), 2.45-2.40 (m, 2 H),
2.08 (m, 2 H). "C-NMR (100 MHz, D,0) ¢ (ppm): 175.7, 172.3,
124.9 (q, Jor = 278.0 Hz), 53.0, 41.0 (q, Jor = 34.6 Hz), 31.7,
26.1. HRMS C,;H, F;N,0; (M + H)* calc.: 229.0722, found:
229.0810.

L-y-Glutamylglycine methyl ester (11). The general method
C for removal of the benzyl group was followed using L-y-
glutamylglycine methyl ester a-benzyl ester 7 (0.97 g, 2.3 mmol,
1.0 eq). The crude reaction product, obtained as a yellow oil
(0.71 g, 92%) was further purified by precipitation from methanol-
ether to give final product 11 as a white solid (0.42 g, 55%). Mp
195 °C (dec.). [a]¥: +6.7° (¢ = 1.00; H,0). 'H-NMR (400 MHz,
D,0) J (ppm): 4.04 (s, 2 H), 3.81 (t, J = 6.1 Hz, 1 H), 3.77 (s,
3 H), 2.52 (t, J = 7.5 Hz, 2 H), 2.20-2.16 (m, 2 H). "C-NMR
(100 MHz, D,0O) J (ppm): 176.1, 174.6, 173.1, 54.8, 53.6, 42.0,
31.9,27.0. HRMS C3H,N,O5 (M + H)* calc.: 219.1, found: 219.1.

L-y-Glutamylglycinamide (12). The general method C for
removal of the benzyl group was followed using L-y-gluta-
mylglycinamide o-benzyl ester 8 (0.23 g, 0.7 mmol, 1.0 eq). The
crude reaction product, obtained as a yellow oil (0.16 g, 95%) was
further purified by precipitation from methanol-ether to give final
product 12 as a white solid (0.13 g, 76%). Mp 190 °C (dec.). [a]¥:
+11.3° (¢ = 1.00; H,0). '"H-NMR (400 MHz, D,0) J (ppm): 3.88
(t, J = 6.2 Hz, 1 H), 3.81 (s, 2 H), 2.45 (m, 2 H), 2.11-2.08 (m,
2 H). "C-NMR (100 MHz, D,0) ¢ (ppm): 175.8, 175.1, 172.5,
53.3,42.9,31.6,26.2. HRMS C;H,;N;0, (M + H)"* calc.: 204.0906,
found: 204.0979.

L-y-Glutamylpropylamide (13). The general method C for
removal of the benzyl group was followed using L-y-
glutamylpropylamide a-benzyl ester 9 (0.94 g, 3.0 mmol, 1.0 eq).
The crude reaction product, obtained as a colourless oil (0.6 g,
89%) was further purified by precipitation from methanol-ether

to give final product 13 as a white solid (0.33 g, 50%). Mp
86-89 °C. [a]¥: +14.3° (¢ = 1.00; H,0). '"H-NMR (400 MHz,
D,0)d (ppm): 4.05 (t, J = 6.1 Hz, 1 H), 3.14 (t, J/ = 6.9 Hz, 2 H),
2.50-2.45 (m, 2 H), 2.23-2.18 (m, 2 H), 1.53-1.48 (m, 2 H), 0.88
(t, J = 7.3 Hz, 3 H). "*C-NMR (100 MHz, D,0) ¢ (ppm): 174.8,
172.7, 53.3, 42.1, 32.1, 26.7, 22.5, 11.4. HRMS C;H (N,O; (M +
H)* calc.: 189.1161, found: 189.1243.

N-Boc-L-y-glutamyl-2-(ethylthio)ethylamide a-benzyl ester (14).
N-Boc-L-glutamic acid a-benzyl ester 1 (0.6 g, 1.78 mmol, 1.0 eq)
was coupled with 2-(ethylthio)ethyl amine according to Method
A, with the following exceptions: 1.5 eq of alkyl amine and 4.0 eq
of DIEA were used (instead of 3.0 eq and 4.5 eq, respectively)
and the reaction with TBTU was allowed to proceed overnight.
Amide 14 was obtained as a beige solid (0.67 g, 88%). R;: 0.23 (70 :
30 EtOAc-hexane). Mp 62-65 °C. [a]p: —1.5 (¢ = 0.01; CHCl,).
'"H-NMR (300 MHz, CDCl;) 6 (ppm): 7.33 (m, 5 H), 5.13 (q, J =
129Hz,2H),4.31 (m, 1l H), 3.38(q, / =6.3Hz,2 H),2.62 (t,J =
6.6 Hz 2 H), 2.50 (q, J = 7.4 Hz, 2 H), 2.26-2.21 (m, 2 H), 2.17-
2.14 (m, 1 H), 1.95-2.02 (m, 1 H), 1.41 (s, 9 H), 1.23 (t, J/ = 7.4,
3 H). "C-NMR (75 MHz, CDCl,) ¢ (ppm): 172.6, 172.4, 156.2,
135.7,128.9, 80.4,78.0, 67.5, 60.8, 53.6, 39.0, 32.9, 31.5, 30.0, 28.7,
25.9, 15.1. HRMS C,;H;,N,0;S (M + H)* calc.: 424.5560, found:
424.2032.

N-Boc-L-y-glutamyl-2-(ethylthio)ethylamide (15). A solution
of N-Boc-L-y-glutamyl-2-(ethylthio)ethylamide o-benzyl ester 14
(225 mg, 0.141 mmol, 1.0 eq) dissolved in a 1 : 1 mixture of
H,O-THF was cooled to 0 °C, followed by the addition of K,CO;
(219 mg, 1.58 mmol, 3 eq) to the reaction mixture. The mixture was
stirred initially at 0 °C and allowed to warm to room temperature
overnight. Water was then added (5 mL) and the reaction was
stirred for another 5 hours. The THF was then removed under
reduced pressure and the aqueous phase was acidified with 1 M
HCI and extracted with 25 mL EtOAc. The organic phase was
then dried over MgSQ,, filtered and removed under reduced
pressure. The residue was dissolved in EtOAc and purified by
flash chromatography (80 : 15 : 5 EtOAc-hexane-HOAc). Acid
15 was thus obtained as a colourless gum (107 mg, 61%). R;: 0.55
(80:15:5 EtOAc—hexane-HOAC). [a]p: +8.3 (¢ = 0.0029; CHCI,).
'"H-NMR (300 MHz, CDCl;) § (ppm): 4.30 (m, 1 H), 3.48 (q, J =
6.1 Hz, 2 H), 2.70 (t, / = 6.6 Hz, 2 H), 2.57 (q, J/ = 7.4 Hz, 2
H), 2.44 (m, 1 H), 2.22-2.19 (m, 1 H), 2.17-2.04 (m, 1 H), 1.46
(s, 9 H), 1.28 (t, / = 7.4, 3 H). "C-NMR (75 MHz, CDCl;) ¢
(ppm): 174.6, 174.0, 156.5, 80.7, 53.3, 39.2, 33.0, 30.6, 29.4, 28.8,
25.9,15.2. HRMS C,;H,;N,O; S (M + H)" calc.: 334.4354, found:
334.1562.

L-7-Glutamyl-2-(ethylthio)ethylamide (16). To a solution of N-
Boc-L-y-glutamyl-2-(ethylthio)ethylamide 15 (38 mg, 0.11 mmol,
1.0 eq) dissolved in dichloromethane (10 mL), TFA (0.026 mL,
0.342 mmol, 3 eq) was added dropwise at 0 °C. After stirring for
20 minutes, the reaction mixture was allowed to warm to room
temperature. After stirring for another 90 minutes, another 3 eq
aliquot of TFA was added dropwise at 0 °C over 20 minutes. The
mixture was stirred for another 3.5 hours at room temperature
and another 3 eq aliquot of TFA was added dropwise at 0 °C. The
solution was allowed to warm to room temperature with stirring
overnight. Solvent was then removed under reduced pressure.
Cyclohexane was added and subsequently removed under reduced
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pressure 4 times. The residue was dissolved in CH,Cl, and purified
by elution from a 3 cm plug of silica gel, through rapid washing
with 10 mL aliquots of hexane, EtOAc, CH,Cl, and a subsequent
gradient of MeOH in CH,Cl,. A white solid was thus obtained
(23 mg, 54%). R;: 0.56 (80 : 15 : 5 EtOAc-hexane-HOAc). Mp
198-201 °C. 'H-NMR (300 MHz, D,0) 6 (ppm): 3.74 (t, J =
6.1 Hz, 1 H), 3.39 (t, / = 6.7 Hz, 2 H), 2.69 (t, J = 6.6 Hz, 2 H),
2.56 (g, J = 7.4 Hz, 2 H), 2.42-2.37 (m, 2 H), 2.14-2.09 (m, 2 H),
1.20 (t,J =7.4Hz,3 H). *C-NMR (75 MHz, D,0) (ppm): 175.0,
174.3, 54.5, 38.9, 31.8, 30.2, 26.8, 25.3, 14.2. HRMS C,H3sN,O,S
(M + H)* calc.: 234.3222, found: 234.1038.

N-Boc-L-y-glutamyl-AlaGly o-benzyl ester (18). N-Boc-L-
glutamic acid o-benzyl ester 1 (100 mg, 0.296 mmol, 1.0 eq) was
dissolved in 4 mL anhydrous acetonitrile under an inert atmo-
sphere at 0 °C. Triethylamine (0.041 mL, 0.296 mmol, 1.0 eq) was
then added dropwise, followed by p-nitrophenyl chloroformate
(63 mg, 0.311 mmol, 1.05 eq). After stirring for 5 minutes, 4-
dimethylaminopyridine (DMAP) (4 mg, 0.030 mmol, 0.1 eq) was
added. After 45 minutes, excess p-nitrophenyl chloroformate was
hydrolysed upon addition of 1 mL of a solution of triethylamine
(0.164 mL, 1.184 mmol, 4.0 eq) in 4 mL water. After ~10 minutes,
L-AlaGly (173 mg, 1.184 mmol, 4.0 eq) was added to the remaining
3 mL of the aqueous triethylamine solution, and the resulting
solution was added dropwise to the reaction mixture. The reaction
was allowed to stir for 2.5 hours. Solvents were then removed under
reduced pressure and the resulting residue was purified by flash
chromatography (85: 10 : 5 EtOAc-MeOH-HOAC). Tripeptide 18
was obtained as a colourless gum (66 mg, 54%). R;: 0.48 (85:10:5
EtOAc-MeOH-HOALC). [a]p: —4.2 (¢ = 0.005; CHCl;). "H-NMR
(300 MHz, CD;OD) 6 (ppm): 7.30-7.36 (m, 5 H), 5.15 (q, J =
12.5Hz, 2 H), 4.38 (m, 1 H), 4.17 (m, 1 H), 3.84 (s, 2 H), 2.34 (m,
2H), 1.42(s,9H), 2.15-2.12 (m, 1 H), 1.94-1.89 (m, 1 H), 1.34 (d,
J =7.1 Hz, 3 H). "*C-NMR (75 MHz, CD;0D) ¢ (ppm): 174.3,
173.5,172.9,157.1, 136.2, 128.6, 128.2, 79.7, 66.9, 53.7, 49.3, 31.8,
27.7, 27.1, 17.0. HRMS C,,H;N;O3y (M + H)* calc.: 465.4949,
found 465.2111.

N-Boc-L-y-glutamyl-L-alanylglycine  (19). N-Boc-L-y-gluta-
myl-L-alanylglycine o-benzyl ester 18 (63 mg, 0.151 mmol) was
dissolved in ~5 mL of methanol. Palladium on charcoal (6 mg,
10 wt%) was then added to the reaction mixture, that was allowed
to react overnight under 150 psi hydrogen in a hydrogenation
bomb. The reaction mixture was then filtered over Celite® and
washed with methanol. The solvent was then evaporated under
reduced pressure to give 19 as a pale white gum (49 mg, 99%). R
0.21 (85 : 10 : 5 EtOAc-MeOH-HOAC). [a]p: —6.4 (¢ = 0.002;
MeOH). '"H-NMR (300 MHz, CD;0D) 6 (ppm): 4.38 (q, J =
7.1 Hz, 1 H), 4.08 (m, 1 H), 3.87 (s, 2 H), 2.36 (m, 2 H), 2.12 (m,
1 H), 1.95-1.89 (m, 1 H), 1.44 (s, 9 H), 1.36 (d, J = 7.1 Hz, 3
H). "C-NMR (75 MHz, CD;0D) ¢ (ppm): 175.6, 174.4, 173.9,
172.9, 157.0, 79.5, 53.9, 49.4, 41.5, 32.0, 27.8, 27.8, 17.0. HRMS
C;5H,sN;05 (M + H)* calce.: 375.3775, found: 375.1642.

L-y-Glutamyl-L-alanylglycine (20). To a solution of N-Boc-
L-y-glutamyl-L-alanylglycine 19 (41 mg, 0.125 mmol, 1.0 eq)
dissolved in 15 mL CH,Cl,, TFA (0.127 mL, 0.752 mmol,
6.0 eq) was added dropwise over 20 minutes, with stirring, at
0 °C. The reaction mixture was then allowed to stir for 5 hours at
room temperature. Solvent was removed under reduced pressure.

Cyclohexane was then added and subsequently removed under
reduced pressure 4 times. The resulting residue was then dissolved
in 25 mL EtOAc and extracted using ~0.1 M aqueous HCI (3 x
25 mL). The aqueous phase was then evaporated under reduced
pressure, giving the HCl salt of tripeptide 20 as a pale yellow gum
(31 mg, 80%). Ry: 0.07 (80 : 15 : 5 EtOAc-hexane-HOAC) [a]p:
+18.4 (¢ =0.01; CHCL;). "H-NMR (300 MHz, D,0) J (ppm): 4.27
(q, / =8.0Hz, 1H),3.96 (t,J = 7.1 Hz, 1 H), 3.89 (s, 2 H), 2.31
(t,/ =7.0Hz 2 H), 1.99-1.93 (m, 2 H), 1.05(d, / = 7.9 Hz, 3 H).
BC-NMR (75 MHz, D,0)é (ppm): 176.1, 174.5,173.4, 52.7, 50.0,
41.3, 31.1, 25.7, 16.9, 16.3. HRMS C,,H;N;0, (M + H)* calc.:
275.2643, found: 275.1117.

Methods

Assay procedure. Enzyme activity was normalized”® using
the standard GGT specific activity assay. The progress of the
enzymatic reactions of the L-y-glutamyl amide substrate analogues
studied was followed by the formation of the transpeptidation
product, L-y-GluGlyGly. A test tube was charged with donor
substrate giving final concentrations of 0.05-3.5 mM, after
addition of 0.50 mL of a solution of 0.1 M glycylglycine, pH 8.0
(final concentration 20 mM) and dilution to 2.5 mL with 0.1 M
HEPES buffer (pH 8.0). (HEPES was chosen as an appropriate
reaction buffer since it does not contain a primary amine group
for adventitious reaction with DABS-CI during the subsequent
derivatization step.) The solution was pre-incubated for 10 min at
37 °C and the reaction was initiated by the addition of 0.05-
1.19 units of GGT, depending on the substrate analogue. At
different times between 0 and 75 minutes, an aliquot of 195 pL
was taken from the reaction vessel and transferred to a 2 mL
microcentrifuge tube containing 60 pL of 40% trichloroacetic acid
(TCA), thus quenching the reaction.”” The enzyme precipitate
was removed by centrifugation at 10000 rpm (10600 g) for
5 min at 4 °C. The supernatant fraction was then removed and
placed in a second 2 mL microcentrifuge tube. A 20 pL aliquot
of the standard 50 mM glutamine solution (in 0.2 M sodium
bicarbonate, pH 9.0) was then added to each quenched reaction
solution as an internal standard (0.5 mM final concentration). The
concentration of derivatized reaction product in each quenched
sample was determined by HPLC (see below) and plotted against
reaction time to give linear initial rates. These acylation rates
(measured under conditions where deacylation is rapid) were used
to determine the kinetic parameters V,,, and K\, according to the
standard hyperbolic Michaelis-Menten equation by non-linear
regression. The value for V,,, was converted to k. by dividing
by the concentration of enzyme used. The kinetic parameters of
L-AlaGly as acceptor substrate were determined according to the
same general procedure, using final concentrations of L-AlaGly
between 0.2 and 5 mM and 4 mM of GSH as donor substrate.

Dabsyl chloride derivatization. Dabsyl derivatives were pre-
pared according to a modified* procedure based primarily on the
method published previously by Chang et al.* Firstly, the pH
of each aliquot was adjusted to 9.0 £ 0.1 with NaOH. Next, an
equal volume of a freshly prepared 20 mM solution of DABS-CI
in acetone was added to the solution. The resulting 2-fold molar
excess of DABS-Cl s sufficient to ensure complete derivatization.*
The mixture was then heated at 70 °C for 10-15 min, to ensure
complete solubility, in 2 mL tubes equipped with airtight caps

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3790-3801 | 3799





to prevent the evaporation of acetone. Under these conditions,
derivatization is rapid and complete after heating to the point of
solubilization. Finally, a 1 : 1 (v/v) solution of 40 mM sodium
phosphate (pH 6.5)-ethanol was added, to a final volume of
2 mL, to dilute the derivatized sample prior to HPLC analysis.
Derivatized samples were found to be stable at room temperature
for several months*! and can be stored at —20 °C for one year.*

HPLC analysis. Mixtures of dabsyl derivatives were separated
and analysed by HPLC according to a modified*® method based
on a previously published procedure.** Samples were prepared
as indicated above and analysed on a reversed-phase column,
using an injection volume of 40 pL. The mobile phase for
separation of dabsyl derivatives was comprised of two solvents:
25 mM monobasic potassium phosphate (pH 6.8) (solvent A)
and an 80 : 20 mixture of acetonitrile-propan-2-ol (solvent
B). The chromatographic profile used to separate products of
the enzymatic reactions is shown in the ESIf. Note that for
the enzymatic reactions of L-y-glutamyl-2,2,2-trifluoroethylamide
and L-y-glutamylglycinamide, additional washing and column
reconditioning steps were added to the profile, also reported in
the ESI. In each case, the flow rate was 1 mL minl~' and the
elution was carried out at ambient temperature.

Standard calibration plots. Authentic transpeptidation prod-
ucts were dissolved in sodium bicarbonate 0.2 M buffer (pH 9.0)
according to the desired concentration. To a 0.5 mL aliquot of
any given compound were added 20 pL of a standard 0.5 mM
glutamine solution and 0.52 mL of a freshly prepared acetone
solution of DABS-CI, resulting in a final >2-fold excess of
DABS-CI, sufficient to ensure complete derivatization according
to the method described above.** The derivatized sample was
then diluted to a final volume of 2 mL with a solution of 1 : 1
40 mM sodium phosphate (pH 6.5)-ethanol prior to injection
onto the HPLC. Subsequent quantification was accomplished
by comparing the areas of the elution peaks of the analyte and
the internal standard glutamine, measured by their absorbance
at 420 nm. These curves displayed excellent linearity (see ESIT).
The plot of the ratio of the area of the elution peak of L-y-
GluGlyGly to that of L-Gln, the internal standard, versus the
injected concentration of L-y-GluGlyGly, had a slope of 1.69 x
107 uM~(R* = 0.994). This effective extinction coefficient was
used subsequently to determine the concentration of product L-y-
GluGlyGly in the quenched reaction aliquots. The quantitative
measurement of L-y-GluAlaGly as a transpeptidation product
was accomplished similarly using peak heights, giving a slope of
0.853 x 107 uM~'(R* = 0.999).

pH—Rate curve. The protocol described above for enzyme
kinetic analysis was followed using 0.15-3.0 mM GSH and 20 mM
GlyGly in 100 mM of the following buffers:'* MES (pH 6.0),
MOPS (pH 7.0), HEPES (pH 8.0) and CHES (pH 8.5, pH 9.0,
pH 9.5). Kinetic parameters were determined from non-linear
regression to the Michaelis—-Menten equation as described above,
and normalized k., values were subsequently determined from
non-linear regression according to the following equation for two

ionizations of the Michaelis ES complex:
ke

M+1+KESZ

Kgsl [H*]

cat —

Conclusions

In summary, we report a complementary method for kinetic
analysis of the GGT-mediated transpeptidation reactions of non-
chromogenic substrates, based on dabsyl derivatization of all
primary amine products followed by separation and quantification
by reversed-phase HPLC. This method is economical, simple,
reproducible, sensitive and precise. Furthermore, its flexibility
offers the potential for the analysis of enzymatic reactions of series
of substrates that do not contain a chromophore, in particular
those of the transamidases (EC 2.3.-.-) and peptidases (EC 3.4.-.-),
whose peptidic substrates and products are not easily visualized
quantitatively.

Using this kinetic technique, we obtained structure—function
data for GGT-mediated transpeptidation that are not easily
accessible by other methods. Kinetic data obtained for the
acylation of GGT with the native substrate GSH as well as
a series of dipeptide substrate analogues (with GlyGly as an
efficient acceptor substrate) indicate that their reactivity is not
dependent solely on the nucleofugality of the amine leaving group.
The remarkable efficiency of GSH as a donor substrate, taken
together with the higher turnover numbers obtained for dipetide
substrate analogues, seems to suggest there are important enzyme-—
substrate affinity interactions that contribute more predominantly
to acylation efficiency. Preliminary homology modelling based on
the recently published® crystal structure of the similar E. coli
enzyme suggests there may be specific interactions between the
Cys—Gly leaving group of GSH and an adjacent binding sub-site
that may contribute to the activation of GSH as an acyl-donor
substrate. Further studies using peptidic substrate analogues that
closely resemble the native substrates of GGT will be required to
explore this hypothesis.

Abbreviations used

CHES, 2-(cyclohexylamino)ethanesulfonic acid; DABS, dabsyl,
4-dimethylaminoazobenzene-4'-sulfonyl; DIEA, diisopropylethy-
lamine; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; MES, 4-morpholinoethanesulfonic acid; MOPS, 4-
morpholinopropanesulfonic acid; TBTU, N,N,N',N'-tetramethyl-
O-(benzotriazol-1-yl)uronium tetrafluoroborate; TCA, trichloro-
acetic acid; TFA, trifluoroacetic acid.
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The conjugates of porphyrin macrocycles with boron-containing polyhedra are under investigation as
agents for binary treatment strategies of cancer. Aiming at the design of photoactive compounds with
low-to-zero dark toxicity, we synthesized a series of carboranyl and monocarbon-carboranyl derivatives
of protohaemin IX using the activation of porphyrin carboxylic groups with di-tert-butyl
pyrocarbonate or pivaloyl chloride. The water-soluble 1,3,5,8-tetramethyl-2,4-divinyl-6(7)-[2'-(closo-
monocarbon-carborane-1"-yl)methoxycarbonylethyl]-7(6)-(2'-carboxyethyl)porphyrin Fe(iir)
(compound 9) exerted no discernible cytotoxicity for cultured mammalian cells, nor did it cause general
toxicity in rats. Importantly, 9 demonstrated dose-dependent activity as a phototoxin in photodynamic
therapy of M-1 sarcoma-bearing rats. In animals injected with 20 mg kg™' of 9, the tumours shrank

by day 3 after one single irradiation of the tumour with red laser light. Between 7 and 14 days
post-irradiation, 88.9% of rats were tumour-free; no recurrence of the disease was detectable within at
least 90 days. Protohaemin IX alone was without effect, indicating that boronation is important for the
phototoxic activity of 9. This is the first study that presents the synthesis and preclinical in vivo efficacy
of boronated derivatives of protohaemin as phototoxins. The applicability in photodynamic treatment

broadens the therapeutic potential of boronated porphyrins beyond their conventional role as

radiosensitizers in boron neutron capture therapy.

Introduction

Photodynamic therapy (PDT) and boron neutron capture therapy
(BNCT) emerge as important treatment modalities in patients with
locally advanced cancer.'* The efficacy of these binary strategies
is based on two critical events: accumulation of the photo- or
radiosensitizing drug in the tumour site and triggering cytotoxicity
via drug activation by external irradiation.’ Both these goals can
be accomplished by design of agents containing porphyrins, the
macrocyclic compounds abundantly present in the cells being the
components of prosthetic groups of many enzymes.* The following
features of porphyrins favour their use as anticancer agents: 1)
highly reactive free-oxygen species are generated upon tumour
irradiation; 2) porphyrins are entrapped predominantly by actively
proliferating cells; therefore, the conjugates of porphyrins with
other potential killers would be targeted to the tumour while
sparing normal tissues; 3) due to functional groups at the periphery
of the macrocycle, porphyrins are suitable for conjugating other
potentially cytotoxic moieties including boron-containing polyhe-
dra (carboranes).>® Indeed, boronated derivatives of porphyrins
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have been the subjects of an extensive investigation as tentative
agents for binary anticancer strategies.’

A major problem that limits clinical use of porphyrin-based
compounds is general (dark) toxicity. Although boronated por-
phyrins demonstrate therapeutic efficacy due to high ratio of
tumour-to-tissue content and the ability to generate intratumoural
ionization processes,>*® these compounds may cause toxicity
prior to irradiation. Our carborane-substituted derivatives of
5,10,15,20-tetraphenylporphyrin and their metal complexes were
toxic to cultured human cells, largely due to the cytotoxicity
of the porphyrin moiety.” Although the anticancer activity of
carbonylporphyrins without irradiation is important,® their dark
toxicity might be unfavourable in clinical situations. Thus, use of
non-toxic porphyrins for design of carboranylporphyrins should
attenuate general toxicity while their antitumour activity in binary
treatments is expected to be retained. Photofrin®, a mixture
of porphyrin oligomers derived from natural products, recently
entered clinical trials as a photosensitizer for PDT of bladder,
stomach, lung, esophageal and cervical tumours. However, skin
photosensitivity emerged as an unfavourable effect, and a series
of novel porphyrins and chlorins have been synthesized to obtain
active antitumour compounds with attenuated general toxicity."
Studies of BOPP [the tetrakiscarborane carboxylate ester of
2,4-bis(a,B-dihydroxyethyl)deuteroporphyrin IX disodium salt], a
water-soluble boronated porphyrin, demonstrated its excellent
characteristics such as selective tumour uptake, mitochondrial
localization and an anticancer effect in PDT of experimental
intracranial tumours and in phase I clinical trials.""'> However,
thrombocytopenia was a dose-limiting factor, and skin photo-
sensitivity needed to be taken into consideration.'
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We have developed the synthesis of carboranyl derivatives of
deuteroporphyrin IX and protoporphyrin IX using the activation
of porphyrin carboxylic groups with di-fert-butyl pyrocarbonate
(Boc,0) or pivaloyl chloride.”® This method allowed us to
obtain the neutral and anionic congeners in which the boron
polyhedra are linked to the porphyrin ring by ester or amide
bonds. We report here the synthesis of a series of carboranyl
and monocarbon-carboranyl derivatives of protohaemin IX (1),
a component of haem-containing proteins. Importantly, 1,3,5,8-
tetramethyl-2,4-divinyl-6(7)-[2'-(closo-monocarbon-carborane-1"-
yl)methoxycarbonylethyl]-7(6)-(2'-carboxyethyl)porphyrin Fe(iir)
(compound 9), being non-toxic and well tolerated by tumour-
bearing animals, demonstrated high antitumour activity in PDT
of experimental sarcoma.

Results and discussion
Chemistry

The reaction of porphyrin 1 with neutral 9-hydroxymethyl-m:-
carborane 2 in a Py—CH,Cl, system in the presence of a catalytic
amount of 4-dimethylaminopyridine (DMAP) resulted in the
cationic dicarboranyl-substituted porphyrin 3 (Scheme 1). The
carboxylic groups of 1 were activated by Boc,O.

The carborane fragment in 3 is linked to the porphyrin
macrocycle by an ester bond through the boron atom of the
polyhedron. Under the same reaction conditions compound 1
reacted with neutral 3-amino-o-carborane 4 to yield compound
5, in which the carborane moiety is bound to porphyrin via the
amide bond through the boron atom of the polyhedron (Scheme 2).

Regardless of the fact that 3 and 5 are cations, these compounds
were hydrophobic and poorly soluble in hydroxyl-containing
solvents. Given that amphiphilicity is a prerequisite for biological
use of carboranylporphyrins, we improved the hydrophilicity
by 1) modifying the closo-polyhedra into their water soluble
nido-analogues, and 2) direct introduction of anionic closo-
monocarbon-carborane polyhedra into the porphyrin system.

Deboronation of closo-polyhedra in porphyrin 5 into their cor-
responding nido-analogues was performed by the reaction of
porphyrin 5 with Bu,NF-2H,0 in THF to yield the anionic
porphyrin 6 with two amphiphilic nido-7,8-dicarbaundecaborate
substituents (Scheme 3). The porphyrin 6 was isolated as its
tetrabutylammonium salt with 85% yield.

2 BuyNF-2H,0
5 ——

O BorBH
@ CH

Scheme 3

To introduce the closo-monocarbon-carborane anion into
the porphyrin system, we used porphyrin 1 and (1-
hydroxymethyl-closo-monocarbon-carborane)caesium 7 or {1-[1'-
hydroxy(phenyl)methyl]-closo-monocarbon-carborane }caesium 8
to yield porphyrins 9 and 10. Although alcohols 7 and 8 were used
in a 4-fold excess relative to compound 1, we isolated only mono-
substituted zwitterionic monocarbon-carboranylporphyrins 9 and
10. This fact is likely to be due to specific features of the electronic
structure of the monocarbon-carborane polyhedron, which make
the formation of the zwitterionic product preferable. In contrast
to the anionic monocarbon-carboranes, neutral carboranes 2
and 4 readily formed disubstituted protohaemins 3 and 5. The
monocarbon-carboranes in 9 and 10 were linked to the porphyrin
by an ester bond through the carbon atom of the polyhedron
(Scheme 4).

The free carboxylic group in compounds 9 and 10 allows
for the introduction of various cations, which might improve
water solubility of the whole conjugate. In our experiments the
free carboxylic group in 9 was used for conjugating the neutral
closo-carborane substituent to further increase the boron content

Boc,O
+ 2 —_—
HO Py - CH,Cl,
Q 2
HO' OH O BorBH o
1 ® CH
Scheme 1
Boc,0O
1+ 2 NH, —— ——— >
Py - CH,Cl,
4
O BorBH
® CH
5
Scheme 2
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Cs* Boc,0
1 +2 Py - CH,Cl,
o
7R=H BH
8R = CgHs ocC

9R=H
10 R = CgHs

Scheme 4

in the complex. The reaction of 9 with carborane 4 resulted
in disubstituted protohaemin 11 in 63% yield. Compound 11
contains the anionic closo-monocarbon-carborane and neutral
closo-carborane polyhedra linked to the porphyrin macrocycle by
ester and amide bonds, respectively (Scheme 5). This approach
demonstrates a way of synthesizing derivatives of haemin with
higher boron content.

Boc,O
Py - CH,CI,

9+ 4

O BorBH
@® CorCH

Scheme 5

Thus, we obtained a series of novel derivatives of protohaemin
IX (1). As we have demonstrated for other carboranylporphyrins,**
the mixed anhydride formed upon interaction of the carboxylic
groups of 1 and Boc,O is an effective acylating agent for intro-
ducing both anionic and neutral carboranes into protohaemin
IX. The water-soluble derivatives of boronated protohaemin
IX can be good candidates for binary anticancer treatments.
Most importantly, the hydrolytically stable closo-monocarbon-
carborane makes compounds 9 and 10 clinically promising.

All synthesized compounds were isolated by column chro-
matography as dark red crystals soluble in chloroform, methylene
chloride, THF, pyridine, acetone, and acetonitrile. The identity of
all compounds was confirmed by mass spectra, and electronic and
infrared spectroscopy.

Biological testing

We considered two major criteria, i.e., the solubility in water
and the boron content, for selecting novel boronated derivatives
of protohaemin IX as phototoxins in experimental therapy for
sarcoma. In this study we selected compound 9, notwithstanding
the fact that the boron content in 9 is somewhat lower than in
11 (~16% and ~25%, respectively). Although both 9 and 10 are
zwitterionic, at therapeutic concentrations (see below) 10 was less
hydrophilic than 9, probably due to the phenyl group in 10. The
higher water solubility of 9 can be attributed to the anionic boron
polyhedron and free carboxylic group. In the initial experiments
we tested the toxicity of 9 on cultured cells. Treatment with 9 (up

to 100 uM for 72 h) caused no death or growth retardation of McA
7777 liver epithelium, Rat-1 and REF fibroblasts, freshly isolated
peripheral blood lymphocytes or human breast epithelium (MCF-
10A cell line) (data not shown). At concentrations >100 uM the
solubility of 9 in culture medium was limited. Therefore, at least
at the doses not exceeding the solubility limit, compound 9 had
no effect upon the tested mammalian cells.

Next, we tested the activity of 9 as a photosensitizer in PDT of
cultured Rat-1 cells. Compound 9 (10 pM or 20 uM) was added to
the cells over a period of 3 h, followed by withdrawal of the drug
and irradiation of cells with the laser beam (see the Experimental
for details). Twenty-four hours post-irradiation, the phototoxic
effect was clearly detectable. At 10 pM of 9 almost all cells lost
their polygonal shape and became rounded; ~30-50% of cells
detached from the plastic and floated in the medium. At 20 uM of
9 we observed severe damage to cells, leakage of the cytoplasm and
disruption of the nuclei. No signs of cytotoxicity were detected in
untreated cells, in cells exposed to 9 alone or in cells irradiated in
the absence of 9. The phototoxic effect was reproduced in three
experiments, proving that 9 is promising for further investigation
as a photosensitizer in vivo.

We set out to study the in vivo efficacy of 9 in PDT of M-
1 rat sarcoma.’ After the subcutaneously transplanted tumour
noduli reached ~0.1 cm?® in volume, animals were divided into four
cohorts (9 animals per group). Rats in group 1 were left untreated
(no drug, no irradiation). Animals in group 2 were injected i.p.
with saline followed by PDT (see below). Animals in groups 3 and
4 were injected i.p. with compound 9; group 3 was subjected to
PDT, whereas group 4 received no laser treatment. Thus, groups
1, 2 and 4 were controls for group 3 (experimental). In preliminary
experiments we found that the doses of 9 up to 20 mg kg i.p. did
not affect animals’ behavior, their nutritional habits, nor did we
notice hair loss or altered blood cell count. These data suggested no
general toxicity of 9 within this range of concentrations. Tumour
irradiation performed 3 h or 24 h after injection of 9 resulted in
a similar therapeutic outcome; however, the complete responses
(see the Experimental) were more frequent with the latter regimen
(data not shown). Therefore, in the subsequent experiments we
injected 9 (2.5-20 mg kg™') i.p. followed by tumour irradiation
24 h later.

In all control cohorts the tumours grew exponentially with
similar rates. Tumour irradiation in group 2 or injection of 9
without subsequent irradiation had no effect on the growth of
sarcoma compared to untreated animals (data not shown). In
striking contrast, PDT in rats injected with 2.5 mg kg™' of
compound 9 led to a significant reduction of the tumour size
(Fig. 1).
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Fig. 1 Phototoxic activity of compound 9. Rats bearing s.c. transplanted

sarcoma M-1 node were injected i.p. with saline or 2.5 mg kg' of
compound 9. Twenty-four hours later the tumours were irradiated with red
laser (see the Experimental). Tumour size was measured at the indicated
time intervals and plotted as the percentage of the size of the tumour before
irradiation (100%). One representative experiment out of a total of three
is presented. P < 0.05 between the ‘saline’ group and the ‘compound 9’
group at days 7, 10, 14 and 21.

Retardation of tumour growth was observed early after irradi-
ation (by days 3-6) and remained sustained during the period of
follow-up (until day 21). With this schedule a complete response
resulted in one animal out of a total of 9 in the group. These data
proved the principle that our boronated derivative of protohaemin
IX can be a candidate agent for anticancer PDT.

We next tested higher doses of compound 9, given that this agent
caused no general toxicity. At 5 mg kg™' the tumour shrinkage
(up to 50% of the initial volume) was observed in 8 out of 9
rats by day 3 post-irradiation. However, all tumours eventually
resumed growth; overall the therapeutic effect was <50% (Fig. 2).
A complete response was registered only in 2 out of 9 rats (22.2%).
With 10 mg kg™' of compound 9 the therapeutic effect was
statistically higher during the whole follow-up period (~60-80%;
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Fig.2 Theantitumour effect of PDT is dependent on the concentration of
compound 9. Tumour-bearing animals were injected i.p. with compound
9 at the indicated concentrations and subjected to PDT. Tumour size
was monitored until 21 days post-irradiation. Therapeutic effect (TE) was
calculated as described in the Experimental section. Values are mean +
S.D. of three independent experiments. P < 0.05 between the ‘5 mg kg="”
group and the two other groups.

Fig. 2); however, only 3 out of 9 (33.3%) rats were cured by day 21
post-irradiation. The most robust effect of PDT was achieved in
rats injected with 20 mg kg™' of compound 9. A marked decrease
of the tumour size (down to 10-20% of its initial volume) was
detected in all animals as early as by day 3 post-irradiation.
Remarkably, 7 out of 9 animals were cured by days 7-9; in one
rat the palpable tumour disappeared by day 14. Therefore, 88.9%
of animals were cured within the initial 1-2 weeks of PDT and
remained tumour-free for at least 90 days. Re-growth of sarcoma
after partial response (~50% of the initial volume) was registered
only in one rat. No signs of general toxicity (such as anaemia
and loss of weight or hair) were observed during the entire time
of monitoring of the animals. In the experiments with matched
concentrations of protohaemin IX and 9, no phototoxic activity of
the former compound was observed, i.e. no decrease of tumour size
was detected in rats injected with 2.5-20 mg kg™ of protohaemin
IX followed by laser treatment (data not shown).

General cytotoxicity of synthetic porphyrin-based compounds
(dark toxicity) frequently hampers their clinical use. Therefore,
non-toxic porphyrins are likely to be more suitable for the
design of practically applicable drugs. Indeed, the efficacy of
protohaemin IX as a photosensitizer has been demonstrated.
In these protocols protohaemin IX was generated in the body
from its precursor, S-aminolevulinic acid (5-ALA), in the haem
cycle.’® The effect of PDT largely depended on the delivery of
a sufficient amount of 5-ALA to the tumour site and metabolic
conversion of the precursor into protohaemin IX in cells across the
tumour.”” However, intratumoural accumulation of the precursor
can be limited by impaired blood supply and by the fact that
at physiological pH 5-ALA is hydrophilic and zwitterionic."®
Thus, design of more lipophilic 5-ALA derivatives and their
activation in tumour cells remain as yet unresolved issues.'®"
Furthermore, the biosynthesis of protohaemin IX is regulated by
cell size, cell density, differentiation status and cell cycle phase.?**!
Therefore, tumour heterogeneity is likely to be the reason for
unequal production of protohaemin IX in different areas within
the tumour. Therefore, the metabolic conversion of the precursor
asan approach for achieving a sufficient amount of the photoactive
drug in the tumour has its limitations; we believe that exogenous
protohaemin IX-based compounds could be advantageous, as
they bypass the requirement for being metabolized to yield a
therapeutically active phototoxin.

Aiming at the design of efficient antitumour agents with minimal
general toxicity, we used protohaemin IX for conjugation with
boron-containing polyhedra. Our data demonstrate that the water-
soluble compound 9 has virtually no effect upon human and rat
cells. In contrast, 9 markedly potentiated the cytotoxic effect of
laser treatment in cultured fibroblasts. Most importantly, PDT
with non-toxic concentrations of 9 completely cured 88.9% of
animals. Thus, this boronated derivative of protohaemin IX is a
prospective anticancer agent.

The exact mechanism of phototoxicity of boronated proto-
haemin IX remains to be elucidated; however, other studies have
attributed it to the biodistribution of boronated protohaemins.
Mitochondrial localization has been shown to be an important
prerequisite for high phototoxicity of boronated porphyrins,* and
the mitochondrial anti-apoptotic Bcl-2 protein was found to be
a major target of PDT.»® However, species-specific patterns of
intracellular distribution of boronated porphyrins should be taken
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into consideration, given that BOPP was entrapped in lysosomes
in human glioma cells and in mitochondria in rat glioma cells.**
Investigating the intracellular distribution of compound 9, we
found that it had cytoplasmic but not nuclear localization; further-
more, 9 did not bind double-stranded DNA in aqueous solution
(manuscript in preparation). If 9 is entrapped in mitochondria,
this compound should not be genotoxic and therefore should lack
a mutagenic effect. Although the intratumoural accumulations of
9 and protohaemin IX have yet to be compared accurately, an
increased uptake of 9 and its ‘favourable’ intracellular localization
could explain, at least in part, the higher phototoxic activity of the
boronated derivative of protohaemin IX.

Because the conjugation of carboranes is critical for the
tumouricidal efficacy of the congjugate, boronated protohaemins
with more boron atoms should be therapeutically advantageous.
In particular, further work is needed to increase water solubility
of disubstituted boronated protohaemins (compound 11 as a
prototype) and to obtain practically applicable derivatives with
higher boron content and different carborane structure.” More-
over, boronated protohaemins can be used in both PDT and boron
neutron capture therapy, and the latter modality is important if
the tumour response to PDT is incomplete. Escalation of the dose
of the photosensitizer has been proven efficient in experimental
models and patient protocols.?! Kostenich and co-workers have
shown that the effect of PDT on M-1 sarcoma was dependent on
the dose of chlorin eg;** our present data demonstrate the direct
correlation of tumour response to PDT with the concentration
of compound 9. These results and the fact that the animals were
cured with tolerable concentrations of 9 imply that, if necessary,
the amount of this agent in the body can be elevated and the laser
irradiation repeated.

Concluding remarks

We synthesized novel carboranyl and monocarbon-carboranyl
derivatives of protohaemin IX using the activation of
porphyrin carboxylic groups with di-zert-butyl pyrocarbonate
or pivaloyl chloride. In tolerable concentrations the water-
soluble compound 1,3,5,8-tetramethyl-2,4-divinyl-6(7)-[2'-(closo-
monocarbon-carborane-1"-yl)methoxycarbonylethyl]-7(6)-(2'-car-
boxyethyl)porphyrin ~ Fe(i1) demonstrated dose-dependent
therapeutic efficacy against transplanted M-1 sarcoma in rats.
Protohaemin IX alone was without effect, indicating that
boronation accounts for the phototoxic activity of the conjugate.
Thus, boronated derivatives of protohaemin IX have potential
for further development as agents for PDT. Given that boronated
porphyrins are used in boron neutron-capture therapy, these
compounds might be of dual advantage as agents for both types
of binary anticancer strategies.

Experimental

The carboranes 2, 4, 7 and 8 were obtained as reported by us
previously.” The IR-spectra were obtained on a UR-20 instrument
in KBr pellets. The electronic spectra were recorded on a Hitachi
UV-557 instrument. The mass spectra were measured on a
VISION-2000 (MALDI) spectrophotometer. The purity of the
compounds was assessed by TLC on Silufol plates with a 9 :
1 CHCl;-MeOH solvent system. All carboranylporphyrins were

isolated by column chromatography carried out on L silica gel
(40-100 um) using the same solvent system. The solvents were
purified according to standard protocols.

General procedure for the synthesis of carboranyl-substituted
porphyrins 3, 5, 9 and 10

To the solution of 100 mg (0.15 mmol) of porphyrin 1 in a
mixture of 8§ mL CH,Cl, and 8 mL Py, 100 mg (0.46 mmol)
Boc,O was added at 0 °C followed by mixing for 10 min to
form the mixed anhydride (TLC in 9 : 1 CHCl;-MeOH, R; =
0.6). Then the respective carborane (2, 4, 7 or 8) and 10 mg of
DMAP were added, and the mixture was kept at 20 °C for 4 h.
After removal of the solvents in vacuo, the residue was isolated by
column chromatography on SiO, as dark red crystals soluble in
CHCI;, CH,Cl,, THF and pyridine. The structures of all newly
synthesized compounds were confirmed by elemental analysis,
their mass spectra, and electronic and IR spectra.

1,3,5,8-Tetramethyl-2,4-divinyl-6,7-di[2'-(m-carborane-9”-yl)-
methoxycarbonylethyl]porphyrin Fe(i11) chloride 3. From 100 mg
(0.15 mmol) of porphyrin 1 and 40 mg (0.23 mmol) of car-
borane 2, 102.7 mg (71%) of carboranylporphyrin 3 was obtained.
(Found: C, 49.76; N, 5.69; H,5.93. Calc. for C, Hs,N,O,B, FeCl:
C, 49.82; N, 581; H, 5.85%); An(CHCl)/nm 389.2
(¢/dm® mol™" ecm™ 99000), 511.4 (11190); 542 (10780) and
643 (5220); Vu(KBr)/cm™' 2590 (BH), 1713 (CO) and 1602
(-CH=CH,); MS (MALDI) m/z 964 (M*).

1,3,5,8-Tetramethyl-2,4-divinyl-6,7-di[2'-N{o-carborane-3"-yl)car-
bamoylethyl]porphyrin Fe(i) chloride 5. From 100 mg
(0.15 mmol) of porphyrin 1 and 48.6 mg (0.30 mmol) of car-
borane 4, 86.7 mg (62%) of carboranylporphyrin 5 was obtained.
(Found: C, 48.96; N, 8.75; H, 5.94. Calc. for C;;Hs,N4O,B, FeCl:
C, 48.85; N, 8.99; H, 5.83%); /Jmx(CHCL)/nm 386.8
(¢/dm® mol™' cm™' 61100) 511.2 (6650), 545.2 (6120) and
642.2 (2960); Ve (KBr)/cm™' 2585 (BH), 1737 (CO) and 1656
(-CH=CH,); MS (MALDI) m/z 934 (M*).

1,3,5,8-Tetramethyl-2,4-divinyl-6,7-di[2'-(nido-7,8-dicarbaunde-
caborate-3"-yl)carbamoylethyl]porphyrin Fe(ii) tetrabutylammo-
nium salt 6. To the solution of 50 mg (0.05 mmol) of carbo-
ranylporphyrin 5 in 15 mL THEF, 39.2 mg (0.15 mmol) Bu,NF
was added, and the mixture was boiled for 4 h. The THF was
evaporated and the residue dissolved in 15 mL water, filtered and
dried to give 47.5 mg (85%) of carboranylporphyrin 6. (Found:
C,58.36; N,8.85; H, 7.48. Calc. for C;,Hg,N;0O,BsFe: C, 58.24; N,
8.80; H, 7.60%); /. (CHCLy)/nm 415 (¢/dm?® mol~' cm~' 17 070),
512 (1180) and 588 (380); vy (KBr)/em™" 2522 (BH), 1725 (CO)
and 1656 (-CH=CH,); MS (MALDI) m/z 1113 (M*).

1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-|2’-(closo-monocarbon-car-
borane-1"-yl)methoxy-carbonylethyl]-7(6)-(2'-carboxyethyl)porphy-
rin Fe(i) 9. From 100 mg (0.15 mmol) of porphyrin 1
and 55 mg (0.18 mmol) of carborane 7, 65.8 mg (57%) of
monocarboranylporphyrin 9 were obtained. (Found: C, 55.86; N,
7.13; H, 5.92. Calc. for C;x;H,,N,O,B; Fe: C, 56.04; N, 7.26; H,
5.75%); Amx(CHCl3)/nm 389.4 (¢/dm® mol~! cm™' 85790), 510.6
(7370), 539.6 (7050) and 642.8 (3820); Ve (KBr)/cm™ 2560 (BH),
1737 (CO) and 1649 (-CH=CH,).); MS (MALDI) m/z 771 (M*).
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1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-|2'-closo-monocarbon-car-
borane-1”-yl-2”-phenyl)methoxycarbonylethyl]-7(6)-(2'-carboxy-
ethyl)porphyrin Fe(ir) (10). From 100 mg (0.15 mmol) of por-
phyrin 1 and 48.6 mg (0.30 mmol) of monocarborane 8, 74.9 mg
(59%) of monocarboranylporphyrin 10 were obtained. (Found: C,
59.75; N, 6.48; H, 5.79. Calc. for C,,HxN,O,B, Fe: C, 59.51; N,
6.61; H, 5.71%); Anx (CHCI;)/nm 387.4 (¢/dm®* mol~' cm~! 37 700),
511.2 (4190), 543.6 (3860) and 642.2 (1810); v, (KBr)/cm™" 2531
(BH), 1726 (CO) and 1624 (-CH=CH,, Ph); MS (MALDI) m/z
847 (M*).

1,3,5,8-Tetramethyl-2,4-divinyl-6(7)-[2'-(closo-monocarbon-car-
borane-1"-yl)methoxycarbonylethyl-7(6)-|2'-/N-(o-carborane-3"-yl)-
carbamoylethyl]porphyrin Fe(ir) 11. From 50 mg (0.065 mmol)
of monocarboranylporphyrin 9 and 10.3 mg (0.065 mmol) of
carborane 4, 37.4 mg (63%) of disubstituted carboranylporphyrin
11 were obtained. (Found: C, 49.83; N, 7.55; H, 6.10. Calc. for
CyHssNsO;B, Fe: C, 50.01; N, 7.67; H, 6.07%); A (CHCL;)/nm
361.8 (¢/dm® mol~' cm™' 3890), 411 (2450), 492 (4150), 553 (870)
and 592 (910); v, (KBr)/cm™ 2587 (BH) and 1682 (CO). MS
(MALDI) m/z 912 (M*).

Cell culture and cytotoxicity assays and cell irradiation

The McA 7777 rat liver epithelial cell line, Rat-1 and REF
fibroblasts and MCF-10A human breast epithelial cell lines were
propagated in RPMI-1640 supplemented with 10% fetal calf
serum, 2 mM L-glutamine, 100 U mL~" penicillin, and 100 pg
mL~! streptomycin at 37 °C, 5% CO, in a humidified atmo-
sphere. Novel carboranylporphyrins were dissolved in dimethyl
sulfoxide (DMSO) to give 10 mM stock solutions, and serial
aqueous dilutions were made immediately before experiments.
All porphyrin-containing compounds were kept away from light,
and the experiments were performed in the dark. For testing the
cytotoxicity, cells (3 x 10* in 100 puL of culture medium) were
plated into a 96-well plate (Becton Dickinson, Franklin Lakes,
NJ) and treated with vehicle control (DMSO) or compound 9
(each concentration in triplicate) for 72 h. After the completion
of drug exposure, 100 pg MTT in 20 pL of aqueous solution
were added into each well for an additional 2 h. Formazan was
dissolved in acidified DMSO, and the absorbance at A = 540 nm
was measured on a Flow Multiscan plate reader (LKB, Sweden).
Cell survival was calculated as ratio of ODs,, in wells with the
respective drug concentrations to the ODs, of wells containing
vehicle control (100%). DMSO at <1% caused no discernible
toxicity, growth arrest or morphological changes in cells within
the time of experiments. For PDT, Rat-1 fibroblasts were seeded
into a 24-well plate (5 x 10* cells per well) overnight followed
by the addition of compound 9 at final concentrations of 10 uM
or 20 uM for 3 h at 37 °C, 5% CO,. After the completion of
exposure, the culture medium was replaced with 0.5 mL saline,
and cell monolayers were irradiated with the laser beam (4 =
630 nm, density of light emission energy 200 J cm2). The saline was
removed, fresh culture medium was added to the wells, and cells
were incubated at 37 °C, 5% CO, for an additional 24 h. Control
cells were left untreated (no drug, no irradiation) or exposed
to 9 alone or irradiated in the absence of 9. The cytotoxicity
was determined by morphological examination. To confirm the
effects observed in unstained cells, glass coverslips were placed into
the wells, cells were grown on this support, treated as described

above, washed with saline, fixed in 10% formalin and stained with
hematoxylin and eosin. Each concentration of 9 was tested in three
independent experiments.

Animals and in vivo PDT

Rats were hosted in the animal facility of the Medical Radiological
Research Center, Obninsk, Russia. Animals were given food and
water ad libitum. Transplantation of M-1 sarcoma was performed
as described. Briefly, tumour cells were freshly isolated from the
sarcoma-bearing animal. Three million tumour cells in 0.5 mL
saline were injected under the skin of rear extremities (one
inoculum per animal). After the implanted tumours reached
~0.1 cm® in volume (normally 8-10 days post-implantation) rats
were divided into four groups (9 animals per group). Group 1
received no treatment, group 2 was injected i.p. with saline, and
groups 3 and 4 were injected i.p. with compound 9. Twenty-
four hours later, tumours in groups 1-3 were irradiated with
the laser beam (lamp ATO-150, filter 630 nm, density of light
emission energy 300 J cm~2). Hair in the area of the tumour was
epilated prior to tumour irradiation. The duration of exposure
was calculated by the formula:

T =(D* x E x 13.09)/P (1)

where T is time (min) of laser light exposure, D is the biggest
diameter (cm) of the tumour, E is the density of absorbed light
energy (J cm~2), and P is the power (mW) of emitted light.

The tumour size was evaluated before irradiation (day 0) and
at days 3, 7, 10, 14 and 21 post-irradiation. The volume ¥ (cm?)
of the tumour was calculated using the equation:

inxd xd,xd, ()

where d,, d, and d; are the perpendicular diameters (cm) of the
tumour mass.

The therapeutic effect TE (determined as the change of tumour
size in the course of PDT) was calculated by the formula:

TE = (V. — V)/V. x 100% 3)

where V. is the tumour volume in untreated rats, and V,; is the
tumour volume at the respective day after irradiation. Group 4
animals received no laser treatment. The complete response to
PDT was estimated as disappearance of the tumour and cure
of animals, i.e., rats were tumour-free for at least 90 days post-
irradiation. The tumour-bearing animals were sacrificed by day
22 post-irradiation.
Statistical analysis was performed using Student’s ¢-test.
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The Diels—Alder reactions of maleimide with the acetonide derivative (6a) of cis-3,5-cyclohexadiene-1,2-
diol (1a) in various solvents showed facial selectivities ranging from 1 : 1 to 1 : 9. The same derivative 6a
reacted in benzene with ethylenic dienophiles with generally modest facial selectivity, but acetylenic
dienophiles added exclusively anti to the oxygen functions of 6a. Dimerization of cyclic acetals 6a and 7
was mainly, but for 6a not exclusively, by anti addition with respect to both the diene and the dienophile
partners. Reactions of azo dienophiles with derivatives of 1a were predominantly by anti addition, but

the diol itself (1a) gave the syn adduct as the major product.

Introduction

cis-3,5-Cyclohexadiene-1,2-diol 1a and its optically active variants
1b (Fig. 1) are available directly from aromatic precursors by the
action of mutant strains of Pseudomonas putida.** These cis-diols
are now well established as compact, multifunctional starting
materials,® and there are many recent examples of their use in
synthesis.**°

H H
i: [-':OTMS C :‘:OMe
2~ OTMS 2 OMe
H H
1aX=H 2 3
1b X = carbon
or halogen
H
CEEO Me Me
\ 7
Si
VAR
=0 Me Me
H
5 6aX=H
6b X = carbon
or halogen
H
O, C6H57 R
y 0
O TCgHs £
H
7 8 9

Fig. 1 The diene 1a with its 3-substituted analogue 1b and derivatives.

Itisnot surprising that the diols and their derivatives have served
as Diels—Alder dienes in many instances. We assessed the facial
selectivities of 1a and a number of diol-protected derivatives 2-8
in Diels—Alder reactions in chloroform with N-phenylmaleimide
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as the dienophile.” What was most remarkable was that additions
were very largely syn to the oxygen functions with 1a and with
the noncyclic derivatives 2, 3 and 4a (from 88 : 12 with 4a up
to exclusively syn with 2). This was corroborated recently by the
reaction of 1a with a bromophenyl analog of N-phenylmaleimide,’
and, under high pressure, cyclic enones added to 1b (X = CHs;)
to provide the syn-addition products with isolated yields of
approximately 70%.*”® The reactions of 4-phenyl-1,2,4-triazoline-
3,5-dione (PTAD) with 1b (X = carbon and halogen) took place
with at least 97% syn selectivity.”> Thus, the oxygen functions of
la/b appear to impart a significant bias toward syn addition,
just as syn addition is the preferred mode of reaction of some
5-heteroatom-substituted 1,3-cyclopentadienes.’**> However, the
structure of the adduct of a bromophenyl analog of PTAD with
4b (X = CH;) was determined by X-ray crystallography, and this
was the anti adduct.'

The facial selectivities in the additions of N-phenylmaleimide
to the cyclic derivatives 6a, 7 and 8 ranged from 60 : 40, slightly
favoring syn addition with 5 and 6a, to 4 : 96, strongly favoring
anti addition with 8. It was postulated that these cyclic derivatives
present steric interactions in the syn-transition state that cannot
be avoided by conformational mobility of the protecting groups,
so the cyclic protecting groups in 6a, 7 and 8 overcome the
inherent tendency for syn addition. The result is that the anti-
addition product either equals the amount of the syn adduct, or
predominates.

The acetonide (6a/b) has been the derivative of 1a/b that has
been utilized far more than any other. Experiments with 6a and
6b (X = alkyl, 7-norbornadienyl, CF;, and halogens) and N-
phenyl- and N-ethylmaleimide resulted in additions with low facial
selectivities,"'"? with the ratios being somewhat dependent on
the solvent.”? However, for the reactions of 6b (X = carbon)
with maleic anhydride, a dienophile that with 5-alkyl- and 5-
halogen-substituted 1,3-cyclopentadienes was closely related to
the maleimides in terms of reactivity and facial selectivity,'**
only anti-addition products were reported,* and the additions
of substituted maleic anhydride derivatives to 6a gave the anti-
addition products in roughly 75% yield.* Quinones are also
closely related to maleimides in terms of their Diels—Alder
behavior,'"* so it is curious that the reactions of benzoquinone
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and naphthoquinone with 6b (X = Cl, Br) gave only the anti
adducts, although the yields were reported to be modest. 2
All other reactions of 6b (X = carbon, halogens) with carbon-
based dienophiles provided anti-addition products only.#17-20-2426
Reactions of 6a and 6b (X = CF;, 7-norbornadieneyl, halogen)
with PTAD and with nitroso compounds gave the anti adducts
exclusively.!”1820:242627 Algo, addition of singlet oxygen to 6b (X =
Cl) was only via anti addition.”®

The epoxide compound 9 has some similarity to la, and
its Diels—Alder reaction with N-phenylmaleimide took place
exclusively anti to the oxygen.”” The same facial preference was
reported for the addition of PTAD to 9.3 Calculations pointed to
steric hindrance as the controlling factor.

In spite of the number of examples of Diels—Alder reactions of
1a and 1b in the literature, explanations for the facial selectivities
are still lacking. The major drawback of using the published data
for the development of hypotheses is that in most instances it
appears that only the major adduct was isolated and characterized.
Yields of less than 70% are not uncommon—some are even less
than 50% —and so it is not known if the reactions of 1a/b are
really highly facially selective with some important dienophiles.
Therefore we undertook a reexamination of the facial selectivity
in the Diels—Alder reactions of diol 1a and some of its derivatives.
First, the acetonide 6a was reacted with a series of carbon-based
dienophiles to determine if the maleimides are truly different from
other dienophiles in that only they have been reported to have low
facial selectivities. Second, 1a and a number of derivatives were
reacted with azo-dienophiles in order to confirm whether large
differences exist in facial selectivity between 1a and the derivatives.
Our results are presented here.

Results and discussion
The acetonide 6a with carbon-based dienophiles

The acetonide 6a was prepared from 10 by acetonization and
double-elimination with base. The diol 10 had been synthesized
from 1,4-cyclohexadiene (Scheme 1) by a previously described
method."

Br OH Br. O Me
SERSEEN St
B OH B 0 Me
10

Scheme 1 Preparation of acetonide 6a.

The reactant pair of diene 6a and maleimide provided an
opportunity to assess the influence of the solvent on facial
selectivity, because both addends might be expected to associate
significantly with polar solvents. To the best of our knowledge,
only three similar studies have been reported.'***? The reactions
of 6a with maleimide were carried out at room temperature in a
variety of solvents (Table 1). In every instance two adducts (11
and 12, in Fig. 2) were obtained, in combined yields of over
80%. As in all of the work described here, the relative amounts
of the adducts were determined by careful integration of the well-
dispersed signals for the olefinic hydrogens in the "H NMR spectra
of the reaction mixtures. (In this, and most subsequent reactions,
the adducts were separable by flash chromatography, and the

1MR=H 12R=H
13 R=Me 14 R =Me
15 R=Et 16 R=Et
17 R=Ph 18 R=Ph

19 Ry, R, = -CO-O-CO-

21 Ry, R, = -CO-CH=CH-CO-
24 R1 = Rz = C02CH3

26 Ry =-COCH3, Ry = H

29 Ry, R, = -0-CO-O-

20 Ry, Ry = -CO-O-CO-

22 Ry, Ry = -CO-CH=CH-CO-
25 R1 = R2 = 002CH3

27 R1 = -COCH3, Rz =H

30 Ry, Ry =-0-CO-O-

Me Me

23 28
Me Me
Me’%o H
o} H
H
H
‘I Ra
H
H R
31 32 R1 = R2 = COzMe

33 Ry =CO.Et, R, =H

Fig.2 Adductsderived from diene 6a and various ethylenic and acetylenic
dienophiles.

stereochemistry of each adduct was determined by measurement
of NOE enhancements.)

The results in Table 1 show a much greater range of fa-
cial selectivities than the previous studies, from essentially
no facial selectivity up to a 1 : 9 ratio. Whereas the three
previous studies all used oxygen-substituted dienes (1a,!’ 6a"
and 5-[(hydroxyimino)methyl]-1,2,3,4,5-pentamethylcyclopenta-
diene®?), in this work the dienophile bore an acidic hydrogen (in
contrast with N-ethyl- and N-phenylmaleimide'"***). The anti-
addition product was generally more favored by a high solvent
dielectric. (In Table 1, the solvents from benzene to water are given
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Table 1 Ratios of the syn adduct (11) to the anti adduct (12) from the
Diels—Alder reactions of maleimide with the acetonide diene 6a in different
solvents

Total yield (11 Ratio of the syn adduct (11)

Solvent and 12) (%) to the anti adduct (12)
No solvent 99 27:73
Benzene 83 42 :58
Chloroform 99 46 : 54
Diethyl ether 90 45:55
Dichloromethane 99 39:61
Pyridine 97 29:71
Methanol 94 27:73
Acetonitrile 99 21:79
Dimethyl sulfoxide 97 14: 86
‘Water 89 10:90
1 M LiCl in water 81 14: 86
1 M LiClO, in water 85 19:81
5 M LiClO; in diethyl ether 92 32:68

in the order of increasing dielectric constant.) Addition of salts
(LiCl and LiClO,) to the water resulted in slightly reduced facial
selectivities. The facial selectivity in a solution of LiClO, in diethyl
ether was better than in just diethyl ether. Thus, synthetically it
would be advisable to use a solvent of high dielectric to maximize
the yield of an anti adduct.

The facial selectivities of the reactions of N-methyl-, N-ethyl,
and N-phenylmaleimide with 6a (leading to products 13-18) were
similar to that of maleimide, i.e., low, when all the reactions
were conducted in benzene (Table 2). The facial selectivity in
the reaction of the unsymmetrical diol 1b (X = CF;) with N-
ethylmaleimide was consistent with the reactions of 1a: the ratio
was 48 : 53 slightly favoring the anti adduct.”®

Reactions of 6a with a number of additional carbon-based,
ethylenic dienophiles were conducted in benzene (Table 2).
Like maleimide, maleic anhydride, p-benzoquinone, and dimethyl
maleate reacted with low facial selectivities, at best approximately 1
: 2, in favor of the anti adducts. The two adducts from the reaction
of the quinone behaved very differently during purification on
silica. The syn adduct 21 was isolated in a straightforward way,
but the anti adduct 22, while evident by 'H NMR in the crude
product mixture, was obtained as the aromatized compound 23.
The unsymmetrical dienophile 3-buten-2-one was modestly more

facially selective than maleimide, producing (endo) adducts in a
ratio of 1 : 4 in favor of the anti adduct. In addition to the two
endo adducts, the reaction with 3-buten-2-one yielded a small
proportion of the anti-exo adduct 28. It was surprising that
vinylene carbonate, which reacted sluggishly with 6a, produced
adducts in a ratio of 4 : 1 in favor of the syn adduct. The reason
for this difference in facial preference is not obvious.

Overall, none of these ethylenic dienophiles gave only one
adduct with 6a. The many results for 6b suggest that it reacts with
much higher facial selectivity than does 6a. A possible explanation
is that an interaction between the annular substituent and the
closer oxygen of 6b makes the difference in transition state energies
of the syn and anti transition states larger with 6b than with 6a.
The torsional angle from the annular substituent to the closer
oxygen of 6b is very close to 60°. In the syn transition state, this
angle would be compressed, whereas in the anti transition state
this angle would become larger. While angular changes at the
transition states would be similar with 6a, the size of a hydrogen
on 6a, versus the substituent on 6b, would make the consequence
of the angular change less pronounced.

Tetracyanoethylene presents sterically hindering carbon sub-
stituents in both the endo and exo regions of the Diels—Alder
transition state. Thus, it would be reasonable to expect a significant
barrier to syn addition with this dienophile,'*?*' and, indeed, only
its anti adduct 31 was observed. On the other hand, there is no
steric reason to anticipate a significant barrier to syn addition
with an acetylenic dienophile. With 5-alkyl-1,3-cyclopentadienes
dimethyl acetylenedicarboxylate showed more syn adduct than did
ethylenic dienophiles,?! and Paquette’s dodecahedrane synthesis
relied on an initial syn addition of acetylenedicarboxylate to 9,10-
dihydrofulvalene.®®* Nevertheless, both dimethyl acetylenedicar-
boxylate and ethyl propiolate reacted with 6a to provide only
the anti adducts 32 and 33. Unsymmetrical dienes 1b (X =
CF;, 7-norbornadieneyl, F) had shown the same selectivity.'”'82
It can be conjectured that the reluctance of the alkyne to add
syn to the oxygen functions stems from a repulsive interaction
in the syn transition state between the m-bond of the alkyne
that is orthogonal to the plane of the developing o-bonds and
the lone pair(s) of the oxygen(s) on the diene. There is some
computational evidence that a second factor can attenuate syn
addition. A comparison of computed (HF/6-31G(d)) transition

Table 2 Proportions of syn adduct and anti adduct from the Diels—Alder reactions of carbon-based dienophiles with the acetonide diene 6a in benzene

Proportions (%) of the syn

Dienophile syn Adduct anti Adduct and the anti adducts
Maleimide 11 12 42:58
N-Methylmaleimide 13 14 47:53
N-Ethylmaleimide” 15 16 39:61
N-Phenylmaleimide® 17 18 52:48°
Maleic anhydride 19 20 40 : 60°
p-Benzoquinone 21 22 32:68
Dimethyl maleate 24 25 32:68
3-Buten-2-one! 26 27 21:79%
Vinylene carbonate 29 30 81:19
Tetracyanoethylene — 31 0:100
Dimethyl acetylenedicarboxylate — 32 0:100
Ethyl propiolate — 33 0:100

“Data from ref. 19. ® Ratio 60 : 40 for the reaction in chloroform, ref. 11. ¢ The adducts were not isolated. ¢ Reaction in toluene. ¢ Only the endo adducts

are given in the Table. The ratio of 25 : 26 : 27 was 21 : 79 : 14.
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states for syn and anti additions of acetylene and of maleimide
to 5-methyl-1,3-cyclopentadiene indicates that more syn addition
should occur with acetylene (29% syn with acetylene versus 13%
syn with maleimide).”® This is in accord with a simple steric
rationalization. However, the corresponding comparisons with 5-
chloro- and 5-bromo-1,3-cyclopentadiene reveal that much less syn
addition should take place with acetylene compared to maleimide
(for the chloro-diene, 14% syn with acetylene versus 88% syn with
maleimide; and for the bromo-diene, 0.7% syn with acetylene
versus 33% syn with maleimide).'® These results are not consistent
with a simple steric argument, but do indicate another, very
significant mechanism of inhibition of the syn addition. In the
case of 6a/b, the geometry of this interaction is different from that
in a S-substituted 1,3-cyclopentadiene, and 6a/b has two, not just
one, lone-pair-bearing plane-nonsymmetric atoms.

Dimerization

Dimerization of 1a or its derivatives would be a special case of the
addition of a carbon-based dienophile, one in which the dienophile
is also plane-nonsymmetric. Dienes 1a and 1b do not appear to
dimerize spontaneously, but dimerization of 6b (X = CF;,"” Br,3***
C1,* vinyl,** CN,*” SiHMe,**) is well known, and trans-benzylidene
8 (and the p-NO,-phenyl variant) also dimerizes readily giving 34
(Fig. 3)." In every instance, the only dimer isolated was the result
of anti addition of both the diene and the dienophile partners.
That only one dimer was produced from 8 was in accord with
the high facial selectivity witnessed in the reaction of 8 with N-
phenylmaleimide."" Prolonged storage of the cis-benzylidene 7,
which was initially thought not to dimerize,'* also produced one
dimer 35. This was once again the result of anti addition of both
the diene and the dienophile partners.

34R;=Ph R, =H
36 35R;=H, Ry =Ph
37R1 =Ry =Me

Fig. 3 Dimeric products from acetonides.

In comparison with 7 and 8, 6a had shown less facial selectivity
with N-phenylmaleimide." Diene 6a was less facially selective in
dimerization, also. When 6a was kept under nitrogen at room
temperature for 28 days, the result was conversion to two dimers
36 and 37, in a ratio of 1 : 6. Measurement of NOE enhancements
revealed that the minor isomer was the result of syn addition of the
diene and anti addition of the dienophile (36). The major isomer
was the result of anti addition of both the diene and the dienophile
partners (37). Compound 37 was the same as the product of
debromination of the dimer of 6b (X = Br).* It is not clear why
6a shows less facial selectivity in its dimerization than does 6b,
but that only two of the four possible endo-addition dimers were

Table 3 Proportions of syn adduct and anti adduct from the Diels—Alder
reactions of 4-phenyl-1,2,4-triazoline-3,5-dione with 1a and derivatives in
acetone

Proportions (%) of syn

Diene syn Adduct anti Adduct and anti adducts
la 38 39 76:24

2 — 40 0:100

4a 41 42 12:88

6a — 43 0:100

7 — 44 0:100

8 — 45 0:100

produced from 6a indicates that 6a is more facially selective as a
dienophile than as a diene.

Azo dienophiles with 1a and derivatives

A survey of additions of 1a and derivatives 2, 4a, 6a, 7 and
8 with PTAD was carried out. The results are summarized in
Table 3. The stereochemistry of the adducts could be determined
by measurement of NOE enhancements, in most instances. This
was not the case for 42 (Fig. 4), but acetylation of 39, the minor
adduct from 1a, produced 42, the major adduct from 4a.

\

CO,Et
43X =Y=Me 46X =Y =Me
44X =H,Y=Ph 47X =H,Y=Ph
45X =Ph, Y=H 48X =Ph Y=H

Fig. 4 Adducts derived from PTAD and DEAD.

The computational study with S-substituted 1,3-cyclopen-
tadienes® had revealed inhibition of syn addition of 4-phenyl-
1,2,4-triazoline-3,5-dione (PTAD) to a diene with a lone-pair-
bearing substituent. It was suggested that this interaction was
a filled-orbital repulsion. The data in Table 3 suggest that such
an interaction might exist with the derivatives of la as well.
Whereas PTAD should be less sterically demanding than N-
phenylmaleimide, the proportions of anti adduct with PTAD were
much higher. What was again observed was that the simpler dienes
la and 4a seemed to react with less facial selectivity than the
substituted dienes 1b (X = wide variety of substituents), which
had reacted with PTAD to give over 97% of the syn adduct,' and
4b (X = CH,;), for which only the anti adduct had been reported.'®
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It is tempting to ascribe the syn selectivity of 1a/b to hydrogen
bonding between the addends.

The only products detected from the Diels—Alder reactions of
PTAD with dienes 6a, 7 and 8 were the anti adducts 43, 44
and 45. The same facial selectivity was observed when diethyl
azodicarboxylate (DEAD) was employed as an azo dienophile
with 6a, 7 and 8. There are many examples of additions of hetero-
dienophiles to 6b, and, in every instance, only the anti adducts
were reported.17’18’20’24’26’27

Conclusions

The reactions of 6a with maleimide in various solvents showed
a significant range of facial selectivities, from essentially 1 : 1 up
to 1 : 9. Different ethylenic dienophiles added to 6a (in benzene)
with modest facial selectivities, in contrast with reportedly high
selectivities for the substituted dienes 6b. Acetylenic dienophiles
added to 6a exclusively anti. There was also a marked tendency
for azo dienophiles (PTAD and DEAD) to add anti to the oxygen
functions of the diene, although the reaction of PTAD and 1a gave
mainly the syn adduct.

Experimental
General

Melting points are uncorrected. NMR spectra are at 300 MHz for
"H and 74.5 MHz for "*C. Shifts are relative to internal tetramethyl-
silane. Nuclear Overhauser effect (NOE) measurements were made
using difference spectra. Assignments are based on 2-D homo-
and heterocorrelation experiments, APT spectra (for *C) and the
NOE measurements. *C NMR shifts that are not assigned may
be followed in parentheses by the number of attached hydrogens.
Mass spectra were obtained by electron impact ionization at 70 eV.
“Chromatography” refers to flash chromatography on silica gel;
elution was with hexanes containing an increasing proportion of
ethyl acetate.

Diene 1a was obtained from the Aldrich Chemical Co. Dienes
2,1 4a,'" 6a,'34 7 1 and 8" were prepared by literature methods
from 10.¥ Diels—Alder reactions were conducted at RT except
in those cases in which no product was evident by TLC after
a few hours at RT. Solvents were evaporated, and the ratios of
the adducts were obtained by careful integration of the '"H NMR
spectra. In most instances, the adducts could be separated by
chromatography.

Diels—Alder reactions of acetonide 6a with carbon-based
dienophiles

Solutions of 6a and the dienophile in benzene were maintained
at RT for a few hours. If TLC revealed some reaction progress,
the mixture was stirred at RT until reaction was complete (by
TLC). If TLC showed no reaction progress, the solution was
heated at reflux until reaction was complete (by TLC). (Under
these conditions cis-stilbene and styrene failed to undergo any
Dicls—-Alder addition to 6a.) After removal of the solvent the
crude reaction mixture was analysed by '"H NMR in order to
obtain the proportions of the adducts by integration. Adducts
were then purified by chromatography. Benzene solutions of some

pure adducts (11-14, 24, 25, 29, 30, 31 and 33) were heated under
reflux for 12 to 16 h. In no case was there evidence, by TLC or by
'"H NMR, of equilibration to a mixture of adducts.

Diels—Alder reaction of 6a with maleimide

A solution of 6a (124 mg, 0.817 mmol) and maleimide (158 mg,
1.63 mmol) in benzene (4.0 ml) at RT for 16 h gave 11 (182 mg,
45% after recrystallization from benzene) and 12 (152 mg, 38%
after recrystallization from benzene) as colourless crystals.

For (3aa,40,4apP,7ap,8a0,8a0)-4a,7a,8,8a-tetrahydro-2,2-di-
methyl-4,8-etheno-4H-1,3-dioxolo[4,5-fJisoindole-5,7(3aH,6 H)-
dione 11: mp 172-174 °C; v, /cm™ 1754; 64 (CDCl;) 8.40 (1
H, very br, N-H), 6.20 (2 H, m, 9-H and 10-H), 4.15 (2 H, dd, J
1.6 and 2.2, 3a-H and 8a-H), 3.39 (2 H, m, 4-H and 8-H), 3.36
(2 H, narrow m, 4a-H and 7a-H), 1.49 (3 H, s, 2-Mg;) and 1.35
(3 H, s, 2-Me,); saturation at ¢ 6.20 led to NOEs at ¢ 4.15 (1%)
and 3.39 (9%), saturation at ¢ 4.15 led to NOEs at J 6.20 (1.5%),
3.39 (14%) and 1.35 (2%), saturation at 0 3.39 led to NOEs at
6.20 (8%) and 4.15 (7%), saturation at 0 3.36 led to NOE at J
1.49 (1%), saturation at & 1.49 led to NOE at  3.36 (5%) and
saturation at & 1.35 led to NOE at d 4.15 (8%); dc (CDClL;) 179.7
(C-5 and C-7), 131.6 (C-9 and C-10), 112.5 (C-2), 73.7 (C-3a and
C-8a), 39.0 (C-4a and C-7a), 36.5 (C-4 and C-8), 26.3 (2-Mey)
and 24.2 (2-Me,); m/z 250 (5%, M* + 1), 234.0775 (64, M* —
CH;, C,H,,NO, requires 234.0766), 192 (51), 191 (63), 163 (40),
162 (35), 146 (36), 135 (48), 120 (64), 119 (32), 118 (48), 117 (39),
100 (74), 92 (78), 91 (82), 85 (53), 78 (49), 65 (55) and 43 (100).

For (3aa,4pB,4aa,7a0,8p,8a0)-4a,7a,8,8a-tetrahydro-2,2-di-
methyl-4,8-etheno-4H-1,3-dioxolo[4,5-flisoindole-5,7(3aH,6 H)-
dione 12: mp 233-234 °C; v, /cm™ 1701; 6y (CDCl;) 8.27 (1 H,
very br, N-H), 6.13 (2 H, m, 9-H and 10-H), 4.28 (2 H, narrow
m, 3a-H and 8a-H), 3.44 (2 H, br m, 4-H and 8-H), 2.81 (2 H,
t, J 1.4, 4a-H and 7a-H), 1.34 (3 H, s, 2-Mey) and 1.29 3 H, s,
2-Me,); saturation at ¢ 6.13 led to NOE at d 3.44 (7%), saturation
at 0 4.28 led to NOEs at 0 3.44 (9%), 2.81 (13%) and 1.29
(2%), saturation at ¢ 3.44 led to NOEs at J 6.13 (8%, 4.28 (4%)
and 2.81 (5%), saturation atd 2.81 led to NOEs at 0 4.28 (11%) and
3.44 (8%), saturation at 0 1.34 led to NOE at 6 6.13 (1.5%)
and saturation at 6 1.29 led to NOE at J 4.28 (7%); o (CDCl;)
177.3 (C-5 and C-7), 129.7 (C-9 and C-10), 109.8 (C-2), 77.2
(C-3a and C-8a), 41.7 (C-4a and C-7a), 36.3 (C-4 and C-8), 25.3
(2-Meg) and 24.9 (2-Me,); m/z 250 (0.7%, M* + 1), 234.0773
(30, M* — CH;, C,H,NO, requires 234.0766), 192 (17), 191 (23),
163 (14), 162 (12), 146 (12), 135 (15), 120 (23), 100 (32), 92 (55),
91 (72) and 43 (100).

Diels—Alder reaction of 6a with /N-methylmaleimide

A solution of 6a (108 mg, 0.712 mmol) and N-methylmaleimide
(79 mg, 0.71 mmol) in benzene (1.0 ml), stirred at RT for 17 h,
yielded 13 (74 mg, 40%) and 14 (71 mg, 38%) as colourless crystals.

For (3ac,40,4ap,7ap,80,8a0)-4a,7a,8,8a-tetrahydro-2,2,6-tri-
methyl-4,8-etheno-4H-1,3-dioxolo[4,5-fisoindole-5,7(3aH,6 H)-
dione 13: mp 218-220 °C; v /cm™" 1689; 6y (CDCLy) 6.12 (2 H,
dd, J 3.0 and 4.5, 9-H and 10-H), 4.15 (2 H, dd, J 1.7 and 2.2,
3a-H and 8a-H), 3.41 (2 H, m, 4-H and 8-H), 3.32 (2 H, narrow m,
4a-H and 7a-H), 2.91 3 H, s, N-Me), 1.48 (3 H, 5, 2-Me;) and 1.35
(3 H, s, 2-Me,); saturation at ¢ 4.15 led to NOEs at ¢ 6.12 (2%),
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3.41 (10%) and 1.35 (2%) and saturation at ¢ 1.48 led to NOE at
3.32 (5%); 6 (CDCl;) 179.4 (C-5 and C-7), 131.5 (C-9 and C-10),
112.4 (C-2), 73.9 (C-3a and C-8a), 37.7 (C-4a and C-7a), 36.6
(C-4 and C-8), 26.3 (2-Mey), 24.7 (N-Me) and 24.2 (2-Me,); m/z
264 (2%, M* + 1), 248.0913 (35, M* — CH;, C;;H,NO, requires
248.0922), 206 (51), 205 (47), 204 (16), 177 (32), 176 (25), 160
(21), 146 (37), 120 (43), 119 (21), 118 (22), 100 (73), 92 (100), 91
(100), 85 (39), 78 (28), 77 (22), 65 (33) and 43 (100).

For  (3ac0,4f,4a0,7a0,8B,8aa)-4a,7a,8,8a-tetrahydro-2,2,6-tri-
methyl-4,8-etheno-4 H-1,3-dioxolo[4,5-f]isoindole-5,7(3aH,6 H)-
dione 14: mp 190-192 °C; v, /cm~' 1691; 6, (CDCl;) 6.05 (2 H,
dd, J 3.1 and 4.4, 9-H and 10-H), 4.30 (2 H, narrow m, 3a-H and
8a-H), 3.46 (2 H, m, 4-H and 8-H), 2.92 (3 H, s, N-Me), 2.76 (2 H,
narrow m, 4a-H and 7a-H), 1.33 (3 H, s, 2-Mey) and 1.29 3 H, s,
2-Me,); saturation at 6 4.30 led to NOEs at 6 3.46 (9%), 2.76
(14%) and 1.29 (2%) and saturation at J 1.33 led to NOE at J
6.05 (2%); 6 (CDCl;) 177.4 (C-5 and C-7), 129.6 (C-9 and C-10),
109.7 (C-2), 77.3 (C-3a and C-8a), 40.4, 36.4, 25.3 and 24.9 (3C);
m/z 264 (1%, M* + 1), 248.0922 (41, M* — CH;, C;H,,NO,
requires 248.0922), 206 (45), 205 (41), 204 (16), 177 (32), 176 (22),
160 (20), 146 (33), 120 (41), 118 (22), 100 (54), 92 (100), 91 (96),
85 (37), 78 (29), 65 (25) and 43 (93).

Diels—Alder reaction of 6a with maleic anhydride

A solution of 6a (124 mg, 0.817 mmol) and maleic anhydride
(159 mg, 162 mmol) in benzene (4.0 ml) was stirred at RT for
16 h. After a '"H NMR spectrum was taken, the product was
passed through a very short silica gel column in order to remove
less polar impurities. A mixture of adducts (334 mg, 83%) was
obtained. Attempts to separate the adducts by chromatography led
to hydrolysis. Assignment of the structures was based on similarity
of the NMR spectra to other adduct mixtures. In the 'H NMR
spectra, the olefinic signal was always slightly downfield in the syn
adduct, the carbinolic signal was always slightly downfield in the
anti adduct, and the signal for the hydrogens a to the carbonyls
was always at least 0.5 ppm downfield for the syn adduct.

For  (3ac.40,4aP,7aB,8a,8a0)-3a,4,4a,7a,8,8a-hexahydro-2,2-
dimethyl-4,8-ethenofuro[3,4-f]-1,3-benzodioxole-5,7-dione 19: dy
(CDCl;) (data from the adduct mixture) 6.20 (2 H, dd, J 2.9 and
4.3), 4.15 (2 H, narrow m), 3.40 (2 H, m), 3.38 (2 H, narrow m),
1.49 (3 H, s)and 1.35 (3 H, s).

For  (3aa,4pB,4aa,7a0,8p,8a0)-3a,4,4a,7a,8,8a-hexahydro-2,2-
dimethyl-4,8-ethenofuro[3,4-f]-1,3-benzodioxole-5,7-dione 20: dy
(CDCl,) (data from the adduct mixture) 6.13 (2 H, dd, J 3.0 and
4.5), 4.28 (2 H, narrow m), 3.44 (2 H, m), 2.82 (2 H, apparent t, J
1.4),1.34(3H,s)and 1.29 3 H, s).

Diels—Alder reaction of 6a with p-benzoquinone

A solution of 6a (358 mg, 2.34 mmol) and p-benzoquinone
(385 mg, 3.53 mmol) in benzene (2.0 ml) was stirred at RT for
72 h. Chromatography (20% EtOAc in hexanes) could not separate
the adducts cleanly. Compound 21 (84 mg, 9%) was obtained
as colourless crystals following recrystallization four times from
EtOAc-hexanes and hexanes. The other adduct was isolated as
the aromatized compound 23 (511 mg, 56%) after recrystallization
three times from EtOAc—hexanes and hexanes.

For (3aa,40,4ap,8aB,90,9aa)-3a,4,9,9a-tetrahydro-2,2-di-
methyl-4,9-etheno-1,3-dioxolo[4,5-b]naphthalene-5,8(4a H ,8a H)-
dione 21: mp 122-123 °C; v, /cm™" 1703; 6y (CDCL;) 6.69 (2 H,
s, 6-H and 7-H), 6.17 (2H, dd, J 2.9 and 4.4, 10-H and 11-H), 4.10
(2 H, apparent t, J 1.9, 3a-H and 9a-H), 3.51 (4 H, apparent br s,
4-H, 4a-H, 8a-H and 9-H), 1.51 (3 H, s, 2-Me;) and 1.36 (3 H,
s, 2-Me,); saturation at d 6.17 led to NOEs at 6 4.10 (1%) and 3.51
(2%), saturation at 6 4.10 led to NOEs at 6 6.17 (2%) and
3.51 (4%), saturation at 0 1.51 led to NOE at ¢ 3.51 (3%) and
saturation at ¢ 1.36 led to NOE at d 4.10 (8%); 0. (CDCl;) 199.4
(C-5 and C-8), 141.8 (C-6 and C-7), 132.8 (C-10 and C-11), 122.2
(C-2), 73.9 (C-3a and C-9a), 42.0, 39.2, 26.5 (2-Me;) and 24.3
(2-Me,); m/z 260 (7%, M*), 245.0815 (50, M* — CH;, C,,H;;0,
requires 245.0812), 231 (8), 203 (11), 202 (13), 185 (18), 173 (23),
157 (13), 145 (16), 129 (17), 120 (29), 100 (46), 91 (44), 82 (54), 54
(33) and 43 (100).

For (3aa,4B,4a0,8a0,9p,9a0)-3a,4,9,9a-tetrahydro-2,2-di-
methyl-4,9-etheno-1,3-dioxolo[4,5-bnaphthalene-5,8(4a H ,8a H)-
dione 22: 6y (CDCl;) (data from the adduct mixture before
chromatography) 6.70 (2 H, s, 6-H and 7-H), 6.10 (2 H, dd, J 3.0
and 4.5, 10-H and 11-H), 4.33 (2 H, narrow m, 3a-H and 9aH),
3.53 (2 H, m, 4-H and 9-H), 2.82 (2 H, narrow m, 4a-H and
8a-H), 1.32 (3 H, s, 2-Me) and 1.29 (3 H, s, 2-Me).

For (3a0,4p,4a0,8a0,9p,9aa)-3a,4,9,9a-tetrahydro-2,2-di-
methyl-4,9-etheno-1,3-dioxolo[4,5-b]naphthalene-5,8-diol 23: mp
151-152 °C; 6 (CDCl;) 6.68 (2 H, s, 6-H and 7-H), 6.41 (2 H, dd,
J3.0and 4.3, 10-H and 11-H), 4.57 (2 H, m, 4-H and 9-H), 4.27 (2
H,t,J 1.7, 3a-H and 9a-H), 1.37 (3 H, s, 2-Meg;) and 1.25 (3 H, s,
2-Me,); saturation at d 6.41 led to NOE at d 4.57 (7%), saturation
at 0 4.57 led to NOEs at J 6.41 (7%) and 4.27 (4%), saturation at
0 4.27 led to NOEs at 6 4.57 (10%) and 1.25 (1.5%), saturation at
0 1.37 led to NOE at ¢ 6.41 (3%) and saturation at ¢ 1.25 led to
NOE at ¢ 4.27 (9%); dc (CDCl;) 146.9, 135.9, 131.5, 113.7, 78.4,
39.4, 25.7 and 25.5 (two aromatic signals are likely overlapped);
m/z 260.1031 (10%, M*, C,sH,O, requires 260.1047), 245 (27),
231 (19), 203 (13), 202 (29), 185 (24), 173 (36), 145 (18), 129 (15),
120 (47), 100 (90), 91 (57), 85 (22), 82 (88), 77 (16), 65 (22), 54
(51) and 43 (100).

Diels—Alder reaction of 6a with dimethyl maleate

A solution of 6a (120 mg, 0.794 mmol) and dimethyl maleate
(229 mg, 1.58 mmol) in benzene (1.0 ml) was stirred at RT for
5 days. TLC still showed much unreacted 6a, but the mixture was
concentrated, and flash chromatography provided 24 (25 mg, 11%)
and 25 (83 mg, 35%) as colourless solids.

For dimethyl (3aR,4S,7R,7aS,8S,9R)-3a,4,7,7a-tetrahydro-2,2-
dimethyl-4,7-ethano-1,3-benzodioxole-8,9-dicarboxylate 24: mp
134-135 °C; vy /cm™" 1738 and 1732; 6y (CDCl;) 6.29 (2 H,
dd, J 3.0 and 4.8, 5-H and 6-H), 4.05 2 H, br t, J =~ 2.1, 3a-H
and 7a-H), 3.61 (6 H, s, 2 x OCH;), 3.54 (2 H, br s, 8-H and 9-H),
3.14 (2 H, br m, 4-H and 7-H), 1.53 (3 H, s, 2-Me,,,,) and 1.34
(3 H, s, 2-Me,,,); saturation at ¢ 6.29 led to NOEs at ¢ 4.05 (1%)
and 3.14 (4%), saturation at ¢ 4.05 led to NOEs at 0 6.29 (1%),
3.14 (5%) and 1.34 (1.5%), saturation at 0 3.54 led to NOEs at
3.14 (3%) and 1.53 (0.8%), saturation at ¢ 1.53 led to NOE at ¢
3.54 (3%) and saturation at 6 1.34 led to NOE at J 4.05 (5%); dc
(CDCIy) 173.6, 131.6, 112.0, 74.0, 51.7, 40.0, 37.4, 26.3 and 24.3;
m/z296.1258 (4%, M*, C;sH,,O, requires 296.1258), 281 (16), 265

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3838-3848 | 3843





(23), 238 (51), 207 (16), 206 (22), 179 (28), 178 (20), 147 (100), 119
(37), 100 (58), 91 (56), 59 (37) and 43 (57).

For dimethyl (3aR,4R,7S,7aS,8R,95)-3a,4,7,7a-tetrahydro-2,2-
dimethyl-4,7-ethano-1,3-benzodioxole-8,9-dicarboxylate 25: mp
196-197 °C: vy /cm™ 1742 and 1725; 0y (CDCL;) 6.20 (2 H, dd, J
3.3 and 4.5, 5-H and 6-H), 4.22 (2 H, narrow m, 3a-H and 7a-H),
3.63 (6 H,s,2 x OCH,;), 3.21 2 H, br m, 4-H and 7-H), 2.86 (2 H,
brs, 8-Hand 9-H), 1.34 (3 H, s, 2-Me,,,,) and 1.28 (3 H, s, 2-Me,,,);
saturation at 0 6.20 led to NOE at ¢ 3.21 (8%), saturation at J 4.22
led to NOEs at 6 3.21 (10%), 2.86 (15%) and 1.28 (2%), saturation
at 0 3.21 led to NOEs at J 6.20 (10%), 4.22 (5%) and 2.86 (4%),
saturation at 0 2.86 led to NOEs at ¢ 4.22 (15%) and 3.21 (9%),
saturation at ¢ 1.34 led to NOE at ¢ 6.20 (2%) and saturation at J
1.28 led to NOE at 6 4.22 (7%); 6 (CDCl;) 172.3 (2 x CO,), 129.4
(C-5and C-6),109.2 (C-2), 77.5 (C-3a and C-7a), 52.0 (2 x OCH,),
42.9 (C-8 and C-9), 39.5 (C-4 and C-7), 25.3 (2-Me,,,;,) and 25.0
(2-Me,,,); m/z 296.1249 (4%, M*, C;sH, O, requires 296.1258),
281 (27), 265 (20), 238 (16), 207 (20), 206 (29), 179 (27), 178 (17),
147 (100), 119 (33), 100 (32), 91 (56), 85 (28), 59 (42) and 43 (62).

Diels—Alder reaction of 6a with 3-buten-2-one

A solution of 6a (126 mg, 0.833 mmol), a large excess (1.0 ml) of 3-
buten-2-one, and hydroquinone (10 mg) in toluene (5.0 ml), heated
at reflux for 72 h, provided 27 (119 mg, 64%) after recrystallization
from hexane, and a fraction (17 mg, 9%) containing a mixture of
26 and 28.

For (3aR*4R* 7R*7a5* 8R*)-8-acetyl-3a,4,7,7a-tetrahydro-
2,2-dimethyl-4,7-ethano-1,3-benzodioxole 26: Jy (CDCl;) (data
from a mixture with 28) 6.22 (1 H, overlapped), 6.06 (1 H, br
t,J 7.2),4.00-4.11 (2 H, m), 3.8 (2 H, m, overlapped), 2.84 (1 H,
m), 2.13 (3 H, s), 2.13 (1 H, m, overlapped), 1.54 (3 H, s, 2-Me),
1.53 (1 H, m, overlapped) and 1.35 (3 H, s, 2-Me).

For (3aR*4S*,75*,7aS*,85*)-8-acetyl-3a,4,7,7a-tetrahydro-
2,2-dimethyl-4,7-ethano-1,3-benzodioxole 27: mp 61-62 °C;
Vma /M~ 1710; 6y (CDCLy) 6.17 (1 H, t, J 7.5, 5-H), 5.97 (1 H, t,
J 17.5,6-H), 428 (1 H, dd, J 3.1 and 7.2, 7a-H), 4.22 (1 H, dd, J
3.2and 7.2, 3a-H), 3.23 (1 H, m, 7-H), 2.92 (1 H, m, 4-H), 2.48 (1
H, ddd, J 2.0, 5.1 and 9.8, 8-H), 2.16 (3 H, s, COMe), 1.81 (1 H,
ddd, J 3.3, 5.1 and 13.4, 9-H,,,,), 1.46 (1 H, ddd, J 2.3, 9.8 and
13.4, 9-H,,,), 1.34 3 H, s, 2-Me,,,,) and 1.29 (3 H, s, 2-Me,,,);
saturation atd 6.17 led to NOEs at¢ 5.97 (3%) and 2.92 (2%, satu-
ration at 6 5.97 led to NOEs at 6 6.17 (4%) and 3.23 (3%),
saturation at J 4.28 led to NOEs at 6 3.23 (4%), 2.48 (8%) and
1.29 (0.6%), saturation at J 4.22 led to NOE:s at § 2.92 (3%), 1.46
(4%) and 1.29 (approx. 0.5%), saturation at ¢ 3.23 led to NOEs
at 0 5.97 (5%); 4.28 (3%), 2.48 (2%) and 2.16 (1%), saturation
at 0 2.92 led to NOEs at ¢ 6.17 (5%), 4.22 (3%, 1.81 (3%) and
1.46 (1.5%), saturation at ¢ 2.48 led to NOEs at ¢ 4.28 (7%), 4.22
(1%), 3.23 (3%) and 1.46 (4%), saturation at 0 1.81 led to NOEs
at 0 2.92 (5%) and 1.46 (9%), saturation at 0 1.46 led to NOEs at
0 4.22 (5%), 2.92 (2%), 2.48 (5%) and 1.81 (14%), saturation at &
1.341ed to NOEs at 9 6.17 (1%) and 5.97 (1.5%) and saturation at
0 1.29 led to NOEs at 6 4.28 (7%) and 4.22 (6%); o (CDCl;) 207.5
(CO), 132.4 (C-5), 127.8 (C-6), 108.6 (C-2), 78.3 (C-3a and C-7a),
46.9 (C-8), 37.1 (C-7), 34.5 (C-4), 28.4 (COMe), 25.4 (2-Me,..),
24.9 (2-Me,,,) and 22.9 (C-9); m/z 222.1247 (1%, M*, C;;H;50;
requires 222.1256), 207 (13), 164 (20), 147 (7), 121 (62), 104 (19),
103 (37), 100 (26), 91 (22), 85 (20), 77 (23) and 43 (100).

For (3aR*,4S5*,758* 7aS5* 8 R*)-8-acetyl-3a,4,7,7a-tetrahydro-
2,2-dimethyl-4,7-ethano-1,3-benzodioxole 28: Jy (CDCl;) (data
from a mixture with 26) 6.13-6.26 (2 H, m), 4.17 (1 H, br dd,
J 3.0 and 7.2), 4.1 (1 H, overlapped), 3.8 (1 H, overlapped, 7-H),
2.94 (1 H, m, 4-H), 2.53 (1 H, ddd, J 2.7, 5.5 and 10.8, 8-H), 2.23
(3H, s, COCH;), 1.86 (1 H, ddd, J 2.1, 5.5 and 13.5, 9-H), 1.37 (1
H, overlapped, 9-H), 1.32 (3 H, s, 2-Me) and 1.23 (3 H, s, 2-Me).

Diels—Alder reaction of 6a with vinylene carbonate

A solution of 6a (152 mg, 1.00 mmol) and vinylene carbonate
(0.12 ml, 2.0 mmol) in benzene (8 ml), heated under reflux for
8 days, gave 29 (182 mg, 38%) and 30 (43 mg, 9%) as colourless
solids after recrystallization from hexane.

For (3ac0,4B.4ap,7ap,8p,8a0)-3a,4,4a,7a,8,8a-hexahydro-6,6-
dimethyl-4,8-ethenobenzo[1,2-d:4,5-d']bis[1,3]dioxol-2-one  29:
mp 167-169 °C; v, /cm™" 1796; 6, (CDCly) 6.23 (2 H, dd, J 3.0
and 4.5,9-H and 10-H), 5.17 (2H, br s, 3a-H and 8a-H), 4.21 (2 H,
t,J 2.1, 4a-H and 7a-H), 3.47 (2 H, m, 4-H and 8-H), 1.46 (3 H, s,
6-Me,) and 1.30 (3 H, s, 6-Mey); saturation at 6 6.23 led to NOEs
at 0 4.21 (1%) and 3.47 (5%), saturation at  5.17 led to NOEs at
0 3.47 (5%) and 1.46 (0.7%), saturation at 6 4.21 led to NOEs at &
6.23 (2%), 3.47 (8%) and 1.30 (1.5%), saturation at 6 3.47 led to
NOEs at 0 6.23 (7%), 5.17 (5%) and 4.21 (5%), saturation at o 1.46
led to NOE at ¢ 5.17 (6%) and saturation at 6 1.30 led to NOE at
0 4.21 (9%); oc (CDCl;) 155.0 (C-2), 130.5 (C-9 and C-10), 112.1
(C-6), 74.3 (C-3a and C-8a), 73.7 (C-4a and C-7a), 38.4 (C-4
and C-8), 25.8 (6-Me,) and 23.2 (6-Me;); m/z 239 (1%, M* + 1),
223.0604 (45, M* — CH;, C,;H,,0s requires 223.0605), 180 (43),
119 (14), 107 (42), 95 (27), 94 (68), 91 (27), 79 (46), 77 (29), 66
(21) and 43 (100).

For (3aa,4B,4aa,7a0,8B,8a0)-3a,4,4a,7a,8,8a-hexahydro-6,6-
dimethyl-4,8-ethenobenzo[1,2-d:4,5-d']bis[1,3]dioxol-2-one  30:
mp 205-207 °C; vy /cm~! 1772; 6y (CDCL;) 6.16 (2 H, dd, J 3.3
and 4.2, 9-H and 10-H), 4.67 (2 H, br s, 3a-H and 8a-H), 4.20 (2
H, br s, 4a-H and 7a-H), 3.47 (2 H, m, 4-H and 8-H), 1.35 (3 H,
s, 6-Me;) and 1.27 (3 H, s, 6-Me, ); saturation at ¢ 6.16 led to NOE
at 0 3.47 (5%), saturation at 0 4.67 led to NOEs at ¢ 4.20 (10%)
and 3.47 (7%), saturation at ¢ 4.20 led to NOE:s at ¢ 4.67 (13%),
3.47 (7%) and 1.27 (2%), saturation at ¢ 3.47 led to NOEs at 0
6.16 (6%), 4.67 (3%) and 4.20 (3%), saturation at ¢ 1.35 led to
NOE at ¢ 6.16 (2%) and saturation at ¢ 1.27 led to NOE at ¢ 4.20
(7%); dc (CDCLy) 154.5, 128.4, 110.1, 74.5, 74.0, 38.8, 25.0 and
24.6; m/z 239 (0.5, M* + 1), 223.0606 (53, M* — CH;, C,;H,,0s
requires 223.0605), 180 (9), 119 (14), 118 (29), 107 (48), 95 (25),
94 (43), 91 (26), 79 (35), 77 (23), 59 (40) and 43 (100).

Diels—Alder reaction of 6a with tetracyanoethylene

A solution of 6a (122 mg, 0.802 mmol) and tetracyanoethylene
(102 mg, 0.802 mmol) in benzene (2.0 ml), heated under reflux for
24 h, yielded 31 (141 mg, 63%) as a pale brown solid.

For (3ac0,40,70,7a0)-8,8,9,9-tetracyano-3a.4,7,7a-tetrahydro-
2,2-dimethyl-4,7-ethano-1,3-benzodioxole 31: mp 218-220 °C;
Vmax/Cm™ 2233 (weak); oy (CDCl/CD,Cl,/CD,COCD;)
6.52/6.53/6.63 (2 H, dd, J 3.0 and 4.7, 5-H and 6-H),
4.76/4.79/4.87 (2 H, br s, 4-H and 7-H), 3.85/3.92/4.34 2 H, m,
4-Hand 7-H), 1.34/1.32/1.40 (3H, s,2-Me) and 1.34/1.32/1.33(3
H, s, 2-Me); in CDCI, solution, saturation atd 6.52 led to NOE at 0
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3.85 (7%), saturation at 6 4.76 led to NOEs at 6 3.85 (11%)
and 1.34(0.7%); saturation atd 3.85led to NOEs atd 6.52 (7%) and
4.76 (4%) and saturation at ¢ 1.34 led to NOEs at § 6.52 (1.5%)
and 4.76 (9%); . (CDCl;/CD,Cl,/CD;COCD;) 130.7/131.1/
132.0,111.6/111.8/112.8,110.7/111.4/111.7,109.9/110.6/111.6,
72.3/72.8/73.5, 42.8/43.1/43.4, 25.0/25.1/25.4 and 25.0/
25.1/25.2; m/z 280 (0.7%, M*), 265.0730 (30, M* — CHj,
C,,HyN,O, requires 265.0725), 100 (17), 95 (57), 85 (12), 59 (43),
58 (17) and 43 (100); analysis: found C, 64.08; H, 4.29; N, 20.04%;
CsH;,N,O, requires C, 64.26; H, 4.32; N, 20.00%.

Diels—Alder reaction of 6a with dimethyl acetylenedicarboxylate

A solution of 6a (118 mmol, 0.782 mmol) and dimethyl
acetylenedicarboxylate (111 mg, 0.782 mmol) in benzene (2.0 ml)
was stirred at RT for 17 h. This provided 32 (198 mg, 86%) as
colourless crystals after recrystallization from hexane.

For dimethyl (3a0,4B,7B,7aa)-4,7-dihydro-2,2-dimethyl-4,7-
etheno-1,3-benzodioxole-5,6-dicarboxylate 32: mp 93-94 °C;
Vma/Cm~' 1732 and 1714; 6y (CDCL) 6.39 (2 H, dd, J 3.1 and
4.4, 8-H and 9-H), 4.39 (2 H, narrow m, 3a-H and 7a-H), 4.23 (2
H, m, 4-H and 7-H), 3.79 (6 H, s, 2 x CO,Me), 1.34 (3 H, s, 2-
Me;) and 1.26 (3 H, s, 2-Me,); saturation at J 6.39 led to NOEs at
0 4.23 (11%) and 1.34 (0.2%), saturation at ¢ 4.39 led to NOEs
at 0 4.23 (7%) and 1.26 (1.5%), saturation at ¢ 4.23 led to NOEs
atd 6.39 (9%) and 4.39 (5%), saturation at ¢ 1.34 led to NOE at
6.39 (2%) and saturation at ¢ 1.26 led to NOE at 6 4.39 (9%); Jc
(CDCl;) 165.8 (2 x C=0), 141.3 (C-5 and C-6), 131.2 (C-8 and
C-9), 113.6 (C-2), 78.1 (C-3a and C-7a), 52.4 (2 x OMe), 44.2 (C-4
and C-7), 25.7 (2-Mey) and 25.5 (2-Me,); m/z no M*, 279 (4%),
207 (4), 205 (3), 163 (20), 100 (85), 85 (100) and 43 (22); analysis:
found C, 61.33; H, 6.20%; C,sH 3O requires C, 61.22; H, 6.16%.

Diels—Alder reaction of 6a with ethyl propiolate

A solution of 6a (62 mg, 0.46 mmol) and ethyl propiolate (43 mg,
0.40 mmol) in benzene (0.5 ml) was stirred at RT for 3 days. Adduct
33 (63 mg, 61%) was obtained as a sweet-smelling oil.

For ethyl (3aR*,4R* 75*,7a5%)-4,7-dihydro-2,2-dimethyl-4,7-
etheno-1,3-benzodioxole-5-carboxylate 33: v,,,./cm™' 1713, 1634
and 1598; oy (CDCl;) 7.21 (1 H, dd, J 1.7 and 6.4, 6-H), 6.40
(1 H, br ddd, J 1.6, 6.0 and 6.8, 9-H), 6.30 (1 H, ddd, J 1.7, 6.0
and 6.7, 8-H), 4.39 (1 H, m, 4-H), 4.26 (2 H, m, 3a-H and 7a-H),
4.19(2H, dq,J 0.6 and 7.1, OCH,CH;), 4.00 (1 H, m, 7-H), 1.35
(3H,s, 2-Me,,.,), 1.29 (3 H, t,J 7.1, OCH,CH;) and 1.26 (3 H, s,
2-Me,,,); saturation atd 7.21 led to NOEs at 6 4.26 (0.6%) and 4.00
(5%), saturation at ¢ 6.40 led to NOE at 6 4.39 (4%), saturation
at 0 6.30 led to NOE at 6 4.00 (3%), saturation at ¢ 4.39 led to
NOE at ¢ 6.40 (4%), saturation at 6 4.26 led to NOEs at 6 7.21
(3%), 4.39 (5%), 4.00 (1.5%) and 1.26 (2%), saturation at § 4.00
led to NOEs at 0 7.21 (8%) and 6.30 (5%), saturation at ¢ 1.35 led
to NOEs at 0 6.40 (1.5%) and 6.30 (1.5%) and saturation at J 1.26
led to NOE at d 4.26 (8%); dc (CDCl;) 164.4 (0), 144.1 (1), 138.7
(0), 132.4 (1), 130.7 (1), 113.2 (0), 78.3 (1), 78.1 (1), 60.7 (2), 43.1
(1), 41.6 (1), 25.8 (3), 25.5 (3) and 14.2 (3); m/z no M*, 235.0957
(3%, M* — CH;, C;3H;;0, requires 235.0969), 163 (10), 147 (5),
135 (7), 105 (25), 100 (96), 91 (10), 85 (100), 77 (16), 60 (14) and
43 (30).

Dimerization of 7

Diene 7 dimerized to 35 spontaneously during storage, forming
colourless crystals.

For (20,3aB,5a0,6B,6a0,88,9a0,108,10aa,10bp)-3a,5a,6,6a,9a,
10,10a,10b-octahydro-2,8-diphenyl-6,10-ethenonaphtho[1,2-d:6,
7-d'bis[1,3]dioxole 35: mp 152-154 °C; vy /cm™' 3057, 1522,
1445 and 1055; 6,; (CDCl;) 7.48-7.24 (10 H, m), 6.17 (2 H, m,
11-H and 12-H), 5.84 (1 H, s, 2-H), 5.68 (2 H, broadened AB, 4-H
and 5-H), 5.61 (1 H, s, 8-H), 4.39-4.31 (3 H, m, 3a-H, 6a-H and
9a-H), 4.30 (1 H, br d, J 5.7, 10b-H), 3.14 (1 H, m, 10-H), 3.07
(1 H, m, 6-H) and 2.44 (2 H, broadened AB, 5a-H and 10a-H);
saturation at 0 6.17 led to NOEs at § 3.14 (4%) and 3.07 (4%),
saturation at 0 5.84 led to NOEs at ¢ 7.48-7.42 (2%) and 4.30
(7%), saturation at ¢ 5.61 led to NOEs at 0 7.48-7.42 (3%) and a
multiplet at 4.38 (3%), saturation at ¢ 4.30 led to NOEs at 0 5.84
(12%) and 3.14 (13%), saturation at J 3.14 led to NOEs at ¢ 6.17
(4%), 4.30 (12%) and 2.44 (2%), saturation at ¢ 3.07 led to NOEs
at 0 6.17 (4%), 5.68 (5%) and 2.44 (2%) and saturation at ¢ 2.44
led to NOEs at ¢ 5.68 (3%), double-doublets at 4.38 and 4.33
(9%), 3.14 (4%) and 3.07 (5%); dc (CDCL,) 137.9, 136.1, 132.9
(C-11 or C-12), 129.7, 129.2 (C-11 or C-12), 129.1 (C-4 or C-5),
128.3 (4C), 127.4, 127.1, 126.4 (C-4 or C-5), 103.5 (C-2), 103.1
(C-8),79.7 (C-10b), 79.0 (2C), 70.6, 40.8 (C-6 and C-10), 34.5 and
33.5; m/z 400 (1.6%, M*), 399 (4), 171 (14), 170 (28), 159 (37),
145 (27), 144 (25), 141 (20), 129 (22), 120 (31), 105 (100), 94 (40),
91 (72), 78 (31), 77 (55) and 66 (30); analysis: found C, 78.11; H,
5.99%; CyH,, O, requires C, 77.98; H, 6.04%.

Dimerization of 6a

A sample of 6a (214 mg, 1.41 mmol) was kept at RT for 28 d. Flash
chromatography (10% EtOAc in hexanes) gave 36 (41 mg, 19%)
and 37 (129 mg, 60%) as colourless solids.

For (3aa,5ap,60,6a0,9aa,100,10ap,10ba)-3a,5a,6,6a,9a,10,10a,
10b-octahydro-2,2,8,8-tetramethyl-6,10-ethenonaphtho[1,2-d:6,
7-d'bis[1,3]dioxole 36: mp 92-93 °C; v, /cm~' 2985, 2935, 1375,
1238, 1207 and 1061; 6 (CDCI;) 6.07 (2 H, narrow m, 11-H and
12-H), 5.56 (1 H, ddd, J 1.3, 3.4 and 10.3, 5-H), 549 (1 H, brd, J
10.3,4-H), 4.19 (1 H, m, 3a-H), 4.06 (3 H, m, 6a-H, 9a-H and 10b-
H),3.01 (1 H,brd, J9.0,5a-H),2.96 (1 H, brd, J 9.0, 10a-H), 2.80
(2H, m, 6-H and 10-H), 1.55 (3 H, s, 8-Me), 1.38 (3 H, 5, 2-Mey),
1.35 (3 H, s, 8-Me,) and 1.33 (3 H, s, 2-Me,); saturation at ¢ 6.07
led to NOEs at 6 4.19 (3%), 4.06 (0.6%) and 2.80 (5%), saturation
at 0 5.56 led to NOEs at 6 2.96 (3%) and 2.80 (1%), saturation
at 0 5.49 led to NOEs at 6 4.19 (2%) and 3.01 (4%), saturation at
0 4.19 led to NOEs at ¢ 6.07 (2%) and 5.49 (4%, saturation at ¢
4.06 led to NOEs at d 6.07 (2%), 2.96 (4%), 2.80 (11%) and 1.35
(1.5%), saturation at ¢ 2.80 led to NOEs at ¢ 6.07 (7%), 5.56 (4%),
4.06 (8%), 3.01 (4%) and 2.96 (3%) and saturation at ¢ 1.55 led to
NOEs at 0 3.01 (5%), 2.96 (5%) and 1.35 (1%); 6. (CDCl;) 134.6
(C-12), 131.1 (C-11), 130.3 (C-5), 126.8 (C-4), 111.9 (C-8), 107.4
(C-2),77.9 (C-10b), 75.2 (C-6a or C-9a), 74.7 (C-6a or C-9a), 71.2
(C-3a), 40.8 (C-6 or C10), 40.3 (C-6 or C10), 30.5 (C-5a and C-
10a), 28.4 (2-Mey), 26.8 (2-Me,), 26.3 (8-Me;) and 24.4 (8-Me,);
m/z no M*, 289 (15%), 275 (2), 231 (3), 188 (40), 171 (85), 159
(30), 153 (19), 145 (20), 143 (26), 129 (26), 100 (50), 91 (34) and
43 (100); analysis: found C, 70.98; H, 7.91%; C;H,,O, requires C,
71.03; H, 7.95%.
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For (3ac,5ap,6a,6apB,9ap,100,10ap,10ba)-3a,5a,6,6a,9a,10,10a,
10b-octahydro-2,2,8,8-tetramethyl-6,10-ethenonaphtho[1,2-d:6,7-
d'Ibis[1,3]dioxole 37: mp 149-151 °C (1it.35 150-151 °C); vpper /cm™!
2987, 2930, 2911, 2884, 1456, 1365, 1236, 1046 and 886; oy
(CDCl;) 5.99 (2 H, narrow m, 11-H and 12-H), 5.60 (1 H, dd,
J 3.8 and 10.3, 5-H), 5.51 (1 H, d, J 10.3, 4-H), 4.30 2 H, m,
6a-H and 9a-H), 4.20-4.14 (2 H, m, 3a-H and 10b-H), 2.87 (2
H, m, 6-H and 10-H), 2.36 (1 H, br d, J 9.1, 5a-H), 2.23 (1 H, d,
J 9.1, 10a-H), 1.36 (3 H, s, 2-Mey), 1.34 (3 H, s, 2-Me,), 1.32 (3
H, s, 8-Me,) and 1.29 (3 H, s, 8-Mey); saturation at 6 5.99 led to
NOEs at J 4.17 (4%), 2.87 (5%) and 1.32 (0.3%), saturation at &
5.60 led to NOE:s at ¢ 2.87 (2%) and 2.36 (2%), saturation at
5.51 led to NOE at 6 4.17 (2%), saturation at ¢ 4.30 led to NOEs
at 0 2.87 (3%), 2.36 (5%) 2.23 (10%) and 1.29 (1%), saturation
at 0 4.17 led to NOEs at § 5.99 (2%), 5.51 (4%), 2.87 (6%), 2.23
(3%) and 1.34 (0.7%), saturation at J 2.87 led to NOEs at ¢ 5.99
(7%), 5.60 (6%), 4.30 (4%), 4.17 (10%), 2.36 (3%) and 2.23 (3%),
saturation at ¢ 2.36 led to NOEs at 6 5.60 (4%), 4.30 (4%) and
2.87 (2%), saturation at ¢ 2.23 led to NOEs at ¢ 4.30 (4%, 4.17
(1.5%) and 2.87 (0.7%), saturation at 6 1.36 led to NOE at ¢ 5.51
(4%), saturation at ¢ 1.34 led to NOE at 6 4.17 (9%), saturation at
0 1.32 led to NOE at J 5.99 (2%) and saturation at ¢ 1.29 led to
NOE at ¢ 4.30 (6%); dc (CDCl;) 132.4 (C-12), 129.3 (C-5), 128.8
(C-11), 126.6 (C-4), 108.6 (C-8), 107.6 (C-2), 78.6 (C-6a or C-9a),
78.3 (C-6a or C-9a), 77.6 (C-10b), 70.9 (C-3a), 41.0 (C-6 or C-10),
40.7 (C-6 or C-10), 34.3 (C-10a), 33.1 (C-5a), 28.3 (2-Mey), 26.8
(2-Me,), 25.4 (8-Me,) and 25.0 (8-Me;); m/z no M*, 289 (12%),
246 (8), 230 (7), 188 (49), 171 (20), 158 (26), 145 (19), 143 (18),
131 (20), 129 (22), 119 (22), 100 (30), 95 (72), 91 (36) and 43 (100);
analysis: found C, 71.00; H, 7.84%; C;H,,O, requires C, 71.03;
H, 7.95%.

Diels—Alder reactions with 4-phenyl-1,2,4-triazoline-3,5-dione
(PTAD)

A solution of PTAD in acetone was added dropwise to an
equimolar amount of the diene in acetone. The initial carmine
colour of the PTAD faded as the solution was stirred at RT
for 16-18 h. The solution was concentrated under vacuum, and
the residue was analysed by '"H NMR spectroscopy in order to
obtain the proportions of the adducts in Table 3. The adducts
were isolated by chromatography (20-30% EtOAc in hexanes).
Yields are for the isolated adducts.

Diels—Alder reaction of 1a with PTAD

PTAD (171 mg, 0.98 mmol) and 1a (109 mg, 0.89 mmol) provided
38 (193 mg, 68%), as colourless crystals, and some impure 39
(19 mg, 7% if pure).

For (5R,8S,10S,11R)-5,8-dihydro-10,11-dihydroxy-2-phenyl-
5,8-ethano-1H-[1,2.,4]triazolo[1,2-a]-pyridazine-1,3(2H)-dione
38: mp 226228 °C; vp/cm™' 1779 (m) and 1738; oy
(CDCl;/CD;0D) 7.50-7.38/7.50-7.40 (5 H, m), 6.51/6.57
(2 H, dd, J 3.2 and 4.1, 6-H and 7-H), 5.00/4.89 (2 H, m, 5-H
and 8-H), 3.95/3.94 (2 H, m, 10-H and 11-H), 3.21/3.30 (2 H,
OH); in CD;0OD solution, saturation at ¢ 6.57 led to NOEs at
0 4.89 (4%) and 3.94 (1.5%), saturation at 0 4.89 led to NOEs
at 6 6.57 (5%) and 3.94 (5%) and saturation at J 3.94 led to
NOEs at d 6.57 (3%) and 4.89 (9%); d. (CD,OD) 156.1, 131.6

(likely overlapping the quaternary aromatic signal), 130.1, 129.5,
127.4, 63.6 and 57.4; m/z 287.0893 (3%, M*, C,,H,;N;O, requires
287.0905), 258 (8), 228 (16), 227 (83), 119 (42), 91 (12) and
80 (100).

For (5R,8S,10R,115)-5,8-dihydro-10,11-dihydroxy-2-phenyl-
5,8-ethano- 1 H -[1,2,4]triazolo[1,2 -] - pyridazine- 1,3(2H)-dione
39: oy (CDCly) 7.50-7.35 (5 H, m), 6.56 (2 H, br t, J 3.6), 5.04
(2H, m), 4.44 (2 H, m) and 2.76 (2 H, OH).

Diels—Alder of 2 with PTAD

PTAD (60 mg, 0.33 mmol) and 2 (85 mg, 0.33 mmol) provided 40
(103 mg, 72%) as colourless crystals.

For (5R,8S,10R,115)-5,8-dihydro-2-phenyl-10,11-bis(trimethyl-
silyloxy)-5,8-ethano-1H-[1,2,4]triazolo[1,2-a]pyridazine-1,3(2H)-
dione 40: mp 62-63 °C; v, /cm~' 1718; 5 (CDCl;) 7.48-7.36 (5H,
m), 6.55 (2 H, dd, J 3.2 and 4.0, 6-H and 7-H), 4.81 (2 H, m,
5-H and 8-H), 4.34 (2 H, narrow m, 10-H and 11-H) and 0.21
(18 H, s, 2 x OTMS); saturation at é 6.55 led to NOE at ¢ 4.81
(10%), saturation at 0 4.81 led to NOEs at ¢ 6.55 (10%) and 4.34
(8%), saturation at J 4.34 led to NOEs at ¢ 4.81 (16%) and 0.21
(0.7%) and saturation at 6 0.21 led to NOEs at J 6.55 (1.5%), 4.81
(5%) and 4.34 (5%); dc (CDCl;) 155.6, 130.1, 129.6 (C-6 and C-7),
129.2, 128.4, 125.5, 68.4 (C-10 and C-11), 54.5 (C-5 and C-8) and
0.23 (2 x OTMS); m/z no M*, 416 (3%), 300 (1), 297 (1), 227
(100), 204 (25), 147 (16), 119 (17), 80 (43) and 73 (61); analysis:
found C, 55.70; H, 6.66; N, 9.74%; C,HxN;0,Si, requires C,
55.66; H, 6.71; N, 9.74%.

Diels—Alder reaction of 4a with PTAD

PTAD (145 mg, 0.830 mmol) and 4a (163 mg, 0.830 mmol)
provided 41 (39 mg, 13%) and 42 (238 mg, 77%) as colourless
crystals.

For (5R,85,108,11R)-10,11-bis(acetyloxy)-5,8-dihydro-2-
phenyl-5,8-ethano-1H-[1,2,4]triazolo[1,2-a]pyridazine-1,3(2H)-
dione 41: mp 224-225 °C; vy /cm™' 1744 (m) and 1707; oy
(CDCly) 7.51-7.36 (5 H, m), 6.60 (2 H, apparent dd, J 3.1 and
4.2, 6-H and 7-H), 5.10 (2 H, m, 5-H and 8-H), 5.04 (2 H, narrow
m, C-10 and C-11), 2.15 (6 H, s, 2 x OAc); saturation at ¢ 6.60
led to NOEs at ¢ 5.10 (10%) and 5.04 (1.5%), saturation at ¢ 5.10
led to NOEs at d 6.60 (9%) and 5.04 (7%) and saturation at d 5.04
led to NOEs at ¢ 6.60 (2%) and 5.10 (12%); 6. (CDCl;) 169.8,
155.4, 131.1, 130.1, 129.2, 128.5, 125.6, 63.4, 53.1 and 20.6; m/z
371 (3%, M*), 329 (3), 269 (9), 228 (22), 227 (100), 119 (25), 80
(56) and 43 (71); analysis: found C, 58.27; H, 4.61; N, 11.34%;
CsH;N;Oq requires C, 58.20; H, 4.62; N, 11.32%.

For (5R,8S,10R,115)-10,11-bis(acetyloxy)-5,8-dihydro-2-
phenyl-5,8-ethano-1H-[1,2,4]triazolo[1,2-a]pyridazine-1,3(2H)-
dione 42: mp 219-220 °C: v,,./cm™~" 1749 and 1717; 6, (CDCl;)
7.48-7.36 (5 H, m), 6.58 (2 H, dd, J 3.1 and 4.0, 6-H and 7-H),
5.46 (2 H, narrow m, 10-H and 11-H), 5.10 (2 H, m, 5-H and
8-H), 2.05 (6 H, s, 2 x OAc); saturation at é 6.58 led to NOE at o
5.10 (11%), saturation at ¢ 5.46 led to NOEs at ¢ 5.10 (16%) and
2.05 (0.5%), saturation at & 5.10 led to NOEs at J 6.58 (8%) and
5.46 (8%) and saturation at ¢ 2.05 led to NOEs at ¢ 6.58 (1.5%),
5.46 (1.5%) and 5.10 (1%); o (CDCl;) 169.2, 155.4, 130.9, 129.5
(C-6 and C-7), 129.1, 128.4, 125.3, 67.0 (C-10 and C-11), 51.4
(C-5 and C-8) and 20.2 (2 x OAc); m/z 371 (1%, M*), 329 (1),
311 (1), 269 (12), 228 (15), 227 (76), 119 (28), 80 (62) and 43 (100);

3846 | Org. Biomol. Chem., 2006, 4, 3838-3848

This journal is © The Royal Society of Chemistry 2006





analysis: found C, 58.35; H, 4.63; N, 11.38%; C;sH,;N;O,4 requires
C, 58.20; H, 4.62; N, 11.32%.

Conversion of 39 to 42

A solution of 39 (12 mg, 0.042 mmol) in pyridine (1.0 ml) and
acetic anhydride (0.5 ml) was stirred at RT overnight. Aqueous
work-up afforded 42 (14 mg, 90%).

Diels—Alder reaction of 6a with PTAD

PTAD (121 mg, 0.689 mmol) and 6a (105 mg, 0.689 mmol)
provided 43 (256 mg, 97%) as colourless crystals.

For  (3a0,4B,10B,10a0)-3a,4,10,10a-tetrahydro-2,2-dimethyl-
7-phenyl-4,10-etheno-6 H-1,3-dioxolo[4,5-d][1,2,4]triazolo[1,2-a]-
pyridazine-6,8(7 H)-dione 43: mp 248-250 °C; v, /cm™" 1713; oy
(CDCl,) 7.46-7.36 (5 H, m), 6.42 (2 H, dd, J 3.4 and 3.8, 11-H
and 12-H), 5.15 (2 H, m, 4-H and 10-H), 4.66 (2 H, narrow m,
3a-H and 10a-H), 1.35 (6 H, s, 2 x CH,); saturation at 0 6.42
led to NOE at ¢ 5.15 (10%), saturation at J 5.15 led to NOEs at
0 6.42 (9%) and 4.66 (6%), saturation at § 4.66 led to NOEs at 0
5.15 (14%) and 1.35 (1%) and saturation at ¢ 1.35 led to NOE:s at
0 6.42 (3%) and 4.66 (11%); d (CDCl;) 155.6, 130.7, 129.1, 128.8
(C-11 and C-12), 128.4, 125.5, 112.1, 73.8 (C-3a and C-10a),
52.3 (C-4 and C-10), 25.4 (CH;) and 25.3 (CH;); m/z 327.1210
(2%, M*, C\;H;N;0, requires 327.1217), 312 (11), 269 (23), 240
(41), 227 (100), 121 (29), 119 (59), 95 (73), 91 (18), 80 (67), 78 (42)
and 43 (83).

Diels—Alder reaction of 7 with PTAD

PTAD (110 mg, 0.63 mmol) and 7 (126 mg, 0.63 mmol) provided
44 (130 mg, 55%) as colourless crystals.

For (20,3aP,40,10a,10ap)-3a,4,10,10a-tetrahydro-2,7-diphenyl-
4,10-etheno-6H-1,3-dioxolo[4,5-d]-[1,2,4]triazolo[1,2-a]pyrida-
zine-6,8(7H)-dione 44: mp 193-195 °C; v, /cm™ 1719; '"H NMR
ou (CDCly) 7.47-7.35 (10 H, m), 6.53 (2 H, dd, J 3.2 and 4.0,
11-H and 12-H), 5.80 (1 H, s, 2-H), 5.29 (2 H, m, 4-H and 10-H)
and 4.73 (2 H, narrow m, 3a-H and 10a-H); saturation at 0 6.53
led to NOEs at 6 7.40 (1%) and 5.29 (11%), saturation at 6 5.80
led to NOEs at 0 7.40 (3%) and 4.73 (7%), saturation at ¢ 5.29 led
to NOEs at 0 6.53 (7%) and 4.73 (7%) and saturation at ¢ 4.73 led
to NOEs at 6 5.80 (17%) and 5.29 (15%); 5. (CDCl;) 155.5, 134.6,
131.0, 130.1, 129.1 (C-11, C-12 and aromatic signal), 128.4, 127.2,
125.4, 105.6 (C-2), 74.1 (C-3a and C-10a) and 52.1 (C-5 and
C-10); m/z 375.1225 (8%, M*, C, H,;N;O, requires 375.1217),
269 (58), 240 (58), 227 (65), 153 (18), 121 (37), 119 (61), 105 (33),
91 (32), 81 (100), 80 (78), 78 (57) and 77 (36).

Diels—Alder reaction of 8 with PTAD

PTAD (146 mg, 0.83 mmol) and 8 (167 mg, 0.63 mmol) provided
45 (196 mg, 62%) as colourless crystals.

For (20,3a0,4p3,108,10aa)-3a,4,10,10a-tetrahydro-2,7-diphenyl-
4,10-etheno-6 H-1,3-dioxolo[4,5-d]{1,2,4]triazolo[1,2-a]pyridazine-
6,8(7H)-dione 45: mp 238-239 °C; v, /cm™' 1718; 6, (CDCI,)
7.48-7.36 (10 H, m), 6.61 (2 H, dd, J 3.4 and 3.8, 11-H, 12-H),
6.10 (1 H, s, 2-H), 5.27 (2 H, m, 4-H and 10-H) and 4.82 (2 H,
narrow m, 3a-H and 10a-H); saturation at ¢ 6.61 led to NOEs at
0 6.10 (7%) and 5.27 (8%), saturation at 6 6.10 led to NOEs at

0 7.38 (1%) and 6.61 (3%), saturation at J 5.27 led to NOEs at
0 6.61 (5%) and 4.82 (6%) and saturation at 0 4.82 led to NOEs
at 0 7.38 (1%) and 5.27 (11%); 6 (CDCI;) 155.5 (C=0), 137.8,
131.0, 129.9 (C-11 and C-12), 129.3, 129.1, 128.5, 125.8, 125.4,
106.8 (C-2), 74.7 (C-3a and C-10a) and 52.3 (C-4 and C-10); m/z
375.1218 (12%, M*, C,;H,;N;O, requires 375.1218), 269 (88), 240
(83), 227 (94), 121 (51), 119 (89), 105 (24), 91 (34), 80 (100), 78
(81) and 77 (37).

Diels—Alder reactions with diethyl azodicarboxylate (DEAD)

A solution of DEAD and the diene in benzene was stirred at
RT for 24 h. The solution was concentrated under vacuum, and
the residue was analyzed by "H NMR spectroscopy. In all three
instances, signals for only one adduct with DEAD were evident,
although a minor amount (12%) of dimer was noted in the reaction
of 8. Adducts were purified by chromatography (30% EtOAc in
hexanes). Yields are for the isolated adducts.

Diels—Alder reaction of 6a with DEAD

DEAD (123 mg, 0.71 mmol) and 6a (108 mg, 0.71 mmol) provided
46 (223 mg, 96%) as a colourless oil.

For diethyl (3a0,48,7B,7aa)-3a,4,7,7a-tetrahydro-2,2-dimethyl-
4,7-etheno-1,3-dioxolo[4,5-d|pyridazine-5,6-dicarboxylate ~ 46:
Vmx/cm~' 1737 and 1725; 64 (CDCL) 6.51 (1 H, br t, J =~ 6.3),
6.36 (1 H, brt, J =~ 7.0), 5.15 (1 H, br m), 5.04 (1 H, br m), 4.47
(2 H, br m), 4.40-4.10 (4 H, br m), 1.36-1.23 (6 H, m), 1.32 (3
H, s) and 1.29 (3 H, s); saturation at § 6.40 led to NOEs at ¢ 5.15
(10%) and 5.04 (11%), saturation at J 5.10 led to NOEs at ¢ 6.51
(11%), 6.36 (11%) and 4.47 (8%), saturation at ¢ 4.47 led to NOEs
at o 5.15 (14%)), 5.04 (14%) and 1.29 (0.5%), saturation at & 1.32
led to NOEs at ¢ 6.51 (4%) and 6.36 (3%) and saturation at J
1.29 led to NOE at 6 4.47 (9%); dc (CDCl;) (Many signals were
broadened, which did not allow detection of the carbonyls.) 133.5,
128.7,111.0, 73.7, 73.1, 62.9, 62.6, 53.5, 51.3, 25.5, 25.4, 14.4 and
14.3; m/z 326 (1.5%, M*), 311.1253 (7, M* — CH;, C,H;yN,O,
requires 311.1243), 268 (2), 226 (6), 196 (6), 195 (5), 167 (14), 153
(20), 123 (16), 95 (29), 81 (100), 80 (13) and 43 (22).

Diels—Alder reaction of 7 with DEAD

DEAD (266 mg, 1.52 mmol) and 7 (153 mg, 0.76 mmol) provided
47 (142 mg, 50%) as a pale yellow oil.

For diethyl (2a,3apB,4a,7a,7aB)-3a,4,7,7a-tetrahydro-2-phenyl-
4,7-etheno-1,3-dioxolo[4,5-d]|pyridazine-5,6-dicarboxylate 47:
Vma/cm ™' 1737 and 1703; 64 (CDCIL;) 7.37 (5 H, br m), 6.62 (1 H,
brt,J~6.1),648 (1 H,brt,J~7.2),5.69 (1 H,s), 530 (1 H, br
m), 5.20 (1 H, br m), 4.56 (1 H, br m), 4.52 (1 H, br m), 4.34-4.10
(4 H, m) and 1.35-1.23 (6 H, m); saturation at ¢ 6.62 and 6.48 led
to NOEs at 6 7.37 (0.6%), 5.30 (4%) and 5.20 (4%), saturation at o
5.69 led to NOEs at 6 7.37 (2%) and 4.56 and 4.52 (3%), saturation
at 0 5.30 and 5.20 led to NOE:s at d 6.62 (6%), 6.48 (6%) and 4.56
and 4.52 (5%), saturation at 0 4.54 led to NOEs at 0 5.69 (6%),
5.30 (4%) and 5.20 (5%) and saturation at J 4.22 led to NOE at ¢
1.35-1.23 (1%); 6 (CDCI;) (Many signals were broadened, which
did not allow detection of the carbonyls.) 135.1, 133.8, 129.8,
129.0, 128.3, 127.2, 104.7, 73.9, 73.4 (br), 63.0, 62.7, 53.3 (br),
51.0 (br), 14.4 and 14.3; m/z 374.1472 (0.5%, M*, C,yH,N,O,
requires 374.1478), 302 (3), 268 (3), 239 (5), 196 (10), 195 (8), 167

This journal is © The Royal Society of Chemistry 2006

Org. Biomol. Chem., 2006, 4, 3838-3848 | 3847





(19), 153 (22), 123 (18), 105 (12), 95 (11), 91 (8), 81 (100), 80 (12),
78 (10) and 77 (12).

Diels—Alder reaction of 8 with DEAD

DEAD (483 mg, 2.77 mmol) and 8 (222 mg, 1.10 mmol) provided
48 (224 mg, 54%) as a pale pink oil.

For diethyl (20,3a0,4B,7B,7a0)-3a,4,7,7a-tetrahydro-2-phenyl-
4,7-etheno-1,3-dioxolo[4,5-d|pyridazine-5,6-dicarboxylate ~ 48:
Vmax/cm~! 1720; 6y (CDCl;) 7.35 (5 H, narrow m), 6.69 (1 H, br t,
J=~6.1),6.56 (1 H,brt, J~6.6),6.02(1 H,s,2-H), 5.27 (1 H, br
m), 5.17 (1 H, br m), 4.69 (1 H, br m), 4.56 (1 H, br m), 4.31-4.10
(4 H, m, OCH,CHj;) and 1.27 (6 H, br t, J 7.0, OCH,CH,);
saturation at ¢ 6.69 and 6.56 led to NOEs at ¢ 6.02 (8%), 5.27
(10%) and 5.17 (10%), saturation at ¢ 6.02 led to NOEs at ¢ 7.35
(1%), 6.69 (1%) and 6.56 (1%), saturation at J 5.27 and 5.17 led to
NOE:s at J 6.69 (11%), 6.56 (11%), 4.69 (9%) and 4.56 (9%) and
saturation at ¢ 4.69 and 4.56 led to NOEs at ¢ 5.27 (12%) and
5.17 (12%); 6 (CDCl;) (Many signals were broadened, which did
not allow detection of the carbonyls.) 138.1, 134.3, 130.1, 129.1,
128.3, 125.8, 106.0, 74.7, 73.7 (br), 62.9, 62.6, 53.3, 51.3 (br), 14.3
and 14.2; m/z 374.1466 (0.7, M*, C,yH,N,O, requires 374.1476),
302 (3), 268 (2), 239 (4), 196 (9), 195 (7), 167 (16), 153 (21), 123
(16), 105 (18), 95 (11), 91 (9), 81 (100), 80 (11), 78 (11) and 77
(15).
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Conformational analogues of the hydroxamic acid Oxamflatin 1-—compounds 3a, 3b and 4—have been
synthesised to enable evaluation of the impact of varying the linking section on histone deacetylase
inhibition. Preliminary testing indicates treatment of leukaemia cells with each of the analogues leads
to significant inhibition of histone deacetylase and reduction in cell growth and proliferation.

Introduction

Histone deacetylase (HDAC) catalyses the deacetylation of e-
N-acetylated lysine groups on histones. Consequently, inhibition
of the enzyme leads to the accumulation of acetylated histones,
which is believed to result in increased gene expression associated
with cell differentiation, growth arrest, and apoptosis.! As such,
HDAC inhibitors have emerged as promising candidates for cancer
therapies.

Small molecule hydroxamic acids, such as Oxamflatin 1,2
constitute a well-known class of HDAC inhibitors.* In general,
potent HDAC inhibitors consist of a hydroxamic acid group,
believed to be required for binding to the zinc active site of the
HDAC enzyme, a six carbon linker, and a hydrophobic group
(often aromatic) for surface-recognition.?

Recent studies within our groups have shown the methyl
sulfonamide analogue of Oxamflatin, Metacept-1 2, is also a
potent inhibitor of histone deacetylase at concentrations in the
nanomolar range.* Based on this success, we have extended
our investigations to an evaluation of the nature of the linking
moiety of the compound, designing three analogues of Metacept-
1, compounds 3a, 3b and 4 (Fig. 1). These linkers display varying
degrees of conformational flexibility whilst maintaining similar
separation of the hydroxamic acid and hydrophobic groups.

Results and discussion
Synthesis of biphenyl analogues 3a and 3b

The synthesis shown in Scheme 1 was used for target compounds
3a and 3b. The biphenyl moiety was first constructed using a
heterogeneous palladium-catalysed Suzuki coupling between 3-
nitrophenylboronic acid 6 and the appropriate bromobenzoate
5a or 5b. In an attempt to execute a one-pot coupling-reduction
procedure, the reaction mixture from the Suzuki coupling was
cooled, diluted with ethyl acetate and placed under an atmosphere
of hydrogen.® However, this often did not go to completion and
addition of fresh palladium catalyst was required. The amines
7a or 7b were initially purified by flash chromatography before
sulfonylation but it was later found that this was not necessary.
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Fig. 1 Oxamflatin (1), Metacept-1 (2) and analogues of Metacept-1 (3a,
3b and 4).
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Scheme 1  Reagents and conditions: (a) 10% Pd/C, Na,CO;, EtOH, reflux,
o/n; (b) H,, 10% Pd/C, EtOH-EtOAc, rt, o/n to 48 h; (c) MeSO,Cl,
pyridine, CH,Cl,, rt, o/n; (d) NaOH (aq.), MeOH, rt, 2 h then HCI;
(e) HOBt, EDC-HCI, DMF, rt, 20 to 30 min then NH,OTHP, 50 °C, o/n;
(f) HCI (aq.), MeCN-MeOH, rt, 3.5 to 4.5 h.

Sulfonylation of the amines proceeded smoothly in the presence of
methanesulfonyl chloride and pyridine. Again, the sulfonamides
8a or 8b were initially purified by flash chromatography, but it
was later found that the highly crystalline product was readily
purified through recrystallisation from ethyl acetate—hexanes.
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Basic hydrolysis of the esters 8a or 8b then yielded the carboxylic
acids 9a or 9b which were carried through as crude material.

Conversion of the carboxylic acids 9a or 9b to the hydroxamic
acids 3a or 3b was attempted using numerous methods, such
as via the acid chloride,® the benzyl hydroxamate,” and through
coupling hydroxylamine hydrochloride to the carboxylic acid.?
The most successful of these methods involved synthesis of the
THP-protected hydroxamates 10a or 10b under peptide coupling
conditions;’ the coupling step proceeded smoothly and in good
yield and the subsequent, acid-mediated deprotection gave, di-
rectly, microanalytically pure hydroxamic acids 3a or 3b. Yields
over six steps were 62% for compound 3a and 48% for compound
3b.

Synthesis of diene analogue 4

Target compound 4 was synthesised using an adaptation of
Ohtani’s procedure.® The aldehyde 15 was first synthesised in four
steps from commercially available 3-nitrobenzaldehyde 11 in an
overall yield of 63% (Scheme 2).1%!!

0 MeO_ OMe O
H a H d H
N02 R NHSOzMe
b 12 R=NO,
1 E 13 R=NH, 15
14 R =NHSO,Me

Scheme 2  Reagents and conditions: (a) (H;CO);CH, HCI, MeOH, rt, o/n;
(b) H,, 10% Pd/C, EtOAc, rt, 0/n; (¢c) MeSO,Cl, pyridine, CH,Cl,, rt, 0/n;
(d) Amberlyst-15, H,O, acetone, rt, o/n.

Aldehyde 15 was then coupled to the phosphonium salt using a
Wittig reaction (Scheme 3). This gave the diene as a 45 : 55 mixture
of 4(Z) and 4(E) isomers 17a and 17b. Flash chromatography
followed by recrystallisation from ethyl acetate-hexanes gave pure

(0]
3
1_OEt
15 e, 1 ~OEt

NHSOMe NHSO,Me

b
NH302M6 NHSOzMe

19 R=THP
d( 4 R=H 18

Scheme 3 Reagents and conditions: (a) [Ph;PCH,CH=CHCO,Et]Br 16,
KO'Bu, THF, 0 °C to rt, 1 h then aldehyde 15, 0 °C to rt, 5 h; (b) NaOH
(aq.), MeOH, rt, 1 h then HCI; (c) HOBt, EDC-HCI, DMF, rt, 45 min
then NH,OTHP, 50 °C, o/n; (d) HCI (aq), MeCN-MeOH, rt, 6 h.

17b and partially purified 17a.7 Assignment of the isomers was
based on comparison of the coupling constants for the 'H NMR
spectrum of partially purified 4(Z) isomer 17a (J,; = 15.3, J;, =
11.6and J,s = 11.6 Hz) to those reported for similar compounds in
the literature.'>** Overlapping resonances for H4 and H5 prevented
determination of J, s for the 4(E) isomer 17b.

The synthesis then proceeded as for compounds 3a and 3b.
Basic hydrolysis of ester 17b gave the carboxylic acid 18 which
was then treated with THP-hydroxylamine under peptide coupling
conditions to yield the THP-hydroxamate 19. Acid-mediated
deprotection then gave the hydroxamic acid 4 in an overall yield
of 11% over eight steps (17% from the aldehyde 15).

Biological testing

Treatment of HL-60 leukaemia cells with compounds 3a, 3b or
4 (Fig. 2) resulted in increased expression of acetylated histone
H3 at micromolar concentrations in a dose-dependent manner.
Oxamflatin 1 and Metacept-1 2 were included for comparison.
The level of inhibition appeared to be similar across the three
compounds 3a, 3b and 4 and comparable to that observed for
Metacept-1.

25 25 10 2.5 25 10 25 10
Con Mectl Ox 4 3b 3a

H3-Ac—*

SDS-PAGE

Fig.2 HL-60 cells were treated with Oxamflatin (Ox), Metacept-1 (Mct1),
3a, 3b, 4 for 16 hours at the concentrations shown (all concentrations
in uM). Cells were harvested and the histones extracted and separated
by SDS-PAGE. Western blot analysis was performed using antibodies
for acetylated histone H3. Coomassie blue staining of the SDS gel was
performed to determine lane loading.

A cell growth inhibition assay performed on HL-60 cells
indicated that treatment with compounds 3a, 3b or 4 (Fig. 3) led

Effects of 3a,3b and 4

Cell Number(10”6/ml)
)
2

0 24 48
Hours

Fig. 3 HL-60 cells were treated with compounds 3a, 3b, 4 at concentra-
tions of 2.5 uM. Cell viability was assessed using trypan blue staining.

+ Obtained together with contaminants that did not include the 2(E),4(E)
isomer as an inseparable mixture.
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to a significant reduction in cell growth. The extent of inhibition
is comparable across the analogues, suggesting that the varying
conformations of their linkers do not impact significantly on their
potencies.

The evidence of decreased cell growth and proliferation in
conjunction with evidence of HDAC inhibition, supports the hy-
pothesis that small molecule hydroxamic acids such as compounds
3a, 3b, and 4 mediate the reduction of cell growth and proliferation
by inhibiting the histone deacetylase enzyme.

Conclusions

Three conformational analogues of Oxamflatin, 3a, 3b and 4, have
been successfully synthesised. The synthetic strategy employed for
analogues 3a and 3b is both high-yielding and scaleable, and, as
such, should prove useful for the synthesis of further derivatives
of these compounds. Initial biological testing indicates that the
analogues all inhibit HDAC at levels comparable to Metacept-1,
while also inhibiting cell growth. The results also suggest that the
differing linker conformations of analogues 3a, 3b and 4 do not
have a significant impact on biological activity. Further testing
to more accurately assess the differences in the potencies of the
analogues is currently underway.

Experimental
Chemistry

Proton NMR ('"H NMR) were recorded at 300 MHz on a Bruker
AM 300 spectrometer or at 400 MHz on a Bruker Advance
DRX 400 spectrometer. Chemical shifts were recorded on the ¢
scale in parts per million (ppm). Spectra were recorded in CDCl,
using residual CHCI; (7.26 ppm) as an internal reference, or
in DMSO-d, using residual DMSO (2.54 ppm) as an internal
reference. Carbon NMR (*C NMR) were recorded at 75 MHz
on a Bruker AM 300 spectrometer or at 100 MHz on a Bruker
Advance DRX 400 spectrometer. Spectra were recorded in CDCl;
using CDCl; (77.2 ppm) as an internal reference, or in DMSO-
d¢ using DMSO-d, (39.5 ppm) as an internal reference. COSY,
HSQC and HMBC spectra were used to aid assignment of some
NMR spectra. Melting points were recorded on an Electrothermal
melting point apparatus. IR spectra were recorded on a Perkin
Elmer 1600 series Fourier Transform spectrometer as nujol mulls,
CDC; solutions, or neat films. Mass spectra (ESI) were recorded
on a Micromass Platform QMS spectrometer. High resolution
mass spectra (HRMS) were recorded on a Bruker BioApex
47¢ FTMS. Elemental microanalyses were performed by the
University of Otago, Dunedin, New Zealand. Silica gel used
for flash chromatography was 40-63 pm (230-400 mesh) silica
gel 60 (Merck no. 9385). Analytical thin layer chromatography
(TLC) was performed with Merck TLC aluminium sheets coated
with silica gel containing F,s, fluorescent indicator and visualised
under UV light. Dichloromethane was distilled from P,Os and
tetrahydrofuran (THF) distilled from sodium—benzophenone ke-
tal prior to use. Dimethylformamide (DMF) was dried over 4 A
molecular sieves. 3-Nitrophenylboronic acid was purchased from
Boron Molecular, all other reagents were purchased from the
Aldrich Chemical Company.

3’-Amino-biphenyl-3-carboxylic acid ethyl ester 7a. To a solu-
tion of 3-nitrophenylboronic acid 6 (3.0 g, 18 mmol) and ethyl
3-bromobenzoate 5a (3.1 mL, 19 mmol) in 18 mL ethanol was
added sodium carbonate (2.2 g, 20 mmol) and palladium on
charcoal (960 mg, 10% wt Pd, 0.90 mmol) at room temperature
and under an atmosphere of nitrogen. The resulting suspension
was stirred and heated at reflux for 28 hours before being cooled
to room temperature, diluted with 35 mL ethyl acetate and placed
under an atmosphere of hydrogen. After stirring under hydrogen
overnight, the suspension was filtered through a pad of Celite®
before being diluted with 25 mL water. The aqueous layer was
then separated and the organic layer washed twice with water,
dried (MgSO,), filtered, and the filtrate concentrated in vacuo to
yield a yellow oil. Analysis of the "H NMR spectrum revealed
incomplete hydrogenation, therefore the oil was dissolved in a
mixture of 18 mL ethanol and 35 mL ethyl acetate, palladium on
charcoal (960 mg, 10% wt Pd, 0.90 mmol) once again added, and
the resulting suspension placed under an atmosphere of hydrogen.
After stirring under hydrogen overnight, the suspension was
worked up as above to yield a yellow oil. Flash chromatography
(25% ethyl acetate—hexanes) yielded the title compound 7a (3.4 g,
78%) as a pale yellow oil.

IR (neat film) v = 3463m, 3373m, 2981m, 1714s cm™".

"H NMR (300 MHz, CDCl;) 6 = 1.41 (t, J = 7.1 Hz, 3H, ethyl
CH,), 4.41 (q, J = 7.1 Hz, 2H, ethyl CH,), 6.71 (ddd, J = 8.0, 2.3,
1.0Hz, 1H, H4), 6.94 (m, 1H, H2'), 7.02 (ddd, J =7.7,1.7, 1.0 Hz,
1H, H6'), 7.25 (apparent t, J = 7.9 Hz, 1H, HY'), 7.48 (td, J = 7.8,
0.4 Hz, 1H, H5),7.75(ddd, J = 7.8, 1.9, 1.3 Hz, 1H, H4), 8.01 (dt,
J =738, 1.3 Hz, 1H, H6), 8.25 (m, 1H, H2). *C NMR (75 MHz,
CDCl,) 6 = 14.6 (ethyl CH;), 61.2 (ethyl CH,), 114.1 (C2), 114.7
(C4), 117.8 (C6'), 128.4 (C2), 128.5 (C4), 128.9 (C5), 130.0 (CY),
131.2 (C3), 131.6 (C6), 141.6 (Cl’), 141.8 (C1) 147.1 (C3), 168.9
(C=0). ESI-MS m/z 296.1 [M + Na* + MeOH], 274.1 [M +
H* + MeOH], 264.1 [M + Na*], 242.1 [M + H*]. HRMS Calc.
for [C,sHs\NO,]" m/z 242.1181. Found 242.1174. Microanalysis
Calc. for C;sH;sNO,: C 74.67, H 6.27, N 5.81. Found: C 74.48, H
6.38, N 5.69%.

3'-Methanesulfonylamino-biphenyl-3-carboxylic acid ethyl ester
8a. To a solution of the aromatic amine 7a (3.4 g, 14 mmol) in
50 mL dichloromethane was added pyridine (2.4 mL, 31 mmol)
followed by methanesulfonyl chloride (2.3 mL, 31 mmol) at room
temperature and under an atmosphere of argon. The resulting
orange solution was stirred overnight after which time it was
washed with 60 mL each of water, 1 M aqueous HCI, and water.
The organic phase was then dried (MgSO,), filtered, and the
filtrate concentrated in vacuo to yield an orange solid. Flash
chromatography (30% ethyl acetate—hexanes) yielded the title
compound 8a (4.0 g, 90%) as a white solid.

Mp 124-125 °C. IR (nujol mull) v = 3246m, 1709s cm™'.

"H NMR (300 MHz, CDCl;) 6 = 1.41 (t, J = 7.1 Hz, 3H, ethyl
CH,), 3.07 (s, 3H, SO,CH,), 4.41 (q, J = 7.1 Hz, 2H, ethyl CH,),
7.23 (s, 1H, NH), 7.27-7.50 (m, 5SH, H5, H2', H4, HS and H6),
7.75(ddd, J = 7.8, 1.9, 1.2 Hz, 1H, H6), 8.04 (dt, J = 7.8, 1.4 Hz,
1H, H4), 8.25 (m, 1H, H2). *C NMR (75 MHz, CDCl;) 6 = 14.5
(ethyl CH;), 39.6 (SO,CH,), 61.4 (ethyl CH,), 119.7, 120.0, 124.3,
138.4 (C2), 129.0 (C4), 129.2, 130.4, 131.3, 131.7, 137.7, 140.6,
142.1(C1), 166.8 (C=0). ESI-MS m/z 374.2[M + Na* + MeOH],
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342.1 [M + Na*]. HRMS Calc. for [C;sH,sNO,S]* m/z 320.0957.
Found 320.0956.

3'-Methanesulfonylamino-biphenyl-3-carboxylic acid 9a. To a
suspension of the ester 8a (4.0 g, 13 mmol) in 40 mL methanol was
added sodium hydroxide (48 mL, 1 M aqueous solution, 48 mmol).
The resulting solution was stirred at room temperature for 2 hours
after which time it was acidified with 1 M aqueous HCI. The
resulting white suspension was then dissolved in ethyl acetate,
the organic phase separated, and the aqueous phase extracted
with ethyl acetate (2 x 150 mL). The organic extracts were then
combined, dried (MgSQO,), filtered, and the filtrate concentrated in
vacuo to yield the title compound 9a (3.5 g 96%) as a white solid.
The crude material was used without further purification.

Mp 191-194 °C. IR (nujol mull) v = 3255m, 1689s cm~'. 'H
NMR (300 MHz, DMSO) ¢ = 3.08 (s, 3H, SO,CH;), 7.31 (m,
1H), 7.51 (m, 3H), 7.65 (m, 1H, HS), 7.91 (d, J = 7.0 Hz, 1H, H6),
8.00 (d, J = 7.8 Hz, 1H, H4), 8.19 (s, 1H, H2), 9.86 (s, |H, NH).
"C NMR (75 MHz, DMSO) ¢ = 39.4 (SO,CH,), 118.0, 119.1,
122.3,127.3 (C2), 128.6 (C4), 129.4 (C5), 130.1, 131.0 (C6), 131.6,
139.1, 140.1, 140.4, 167.2 (C=0). ESI-MS m/z 314.0 [M + Na]*,
346.1 [M + MeOH + NaJ]*. HRMS Calc. for [C,,H;;NO,SNa]*
m/z 314.0463. Found 314.0461.

3'-Methanesulfonylamino-biphenyl-3-hydroxamic acid tetra-
hydro-2 H-pyran-2-yl ester 10a. To a solution of carboxylic acid
9a (1.0 g, 3.4 mmol) in 40 mL of DMF was added HOBt
(700 mg, 5.2 mmol) and EDC-HCI (800 mg, 4.2 mmol) under
an atmosphere of nitrogen. The resulting solution was stirred
at room temperature for 20 minutes before O-(tetrahydro-2H-
pyran-2-yl)hydroxylamine (600 mg, 5.1 mmol) was added. The
solution was then heated at 50 °C for 22 hours before being
cooled to room temperature and diluted with 250 mL water.
The solution was extracted with dichloromethane (3 x 100 mL)
and the organic extracts combined, washed with water, saturated
aqueous NaHCO; and then water, dried (Na,SO,), filtered, and
the filtrate concentrated in vacuo to yield a yellow liquid. Flash
chromatography (80% ethyl acetate—hexanes) yielded the title
compound 10a (1.3 g, 97%) as a sticky, white foam.

IR (nujol mull) v = 3184w, 1651s cm™'. '"H NMR (300 MHz,
DMSO) 6 = 1.69 (m, 6H, pyran H3, pyran H4 and pyran HS5),
3.07 (s, 3H, SO,CH;), 3.58 (m, 1H, pyran H6), 4.08 (m, 1H, pyran
H6), 5.07 (s, lH, pyran H2), 7.30 (m, 1H), 7.50 (m, 3H), 7.62 (t,
J = 7.8 Hz, 1H, HY), 7.82 (dm, J = 7.8 Hz, 2H, H4 and H6),
8.03 (m, 1H, H2). "C NMR (75 MHz, DMSO) ¢ = 18.3 and 25.0
and 27.9 (pyran C3, pyran C4 and pyran C5), 39.3 (SO,CH;),
61.4 (pyran C6), 101.1 (pyran C2), 118.2,119.2, 122.5, 125.4 (C2),
126.5(C4), 129.2(C5), 129.7(C6), 130.0, 133.0, 139.1, 139.9, 140.6,
164.0 (C=0). HRMS Calc. for [C,yH»,N,OsSNa]* m/z 413.1147.
Found m/z 413.1136.

3'-Methanesulfonylamino-biphenyl-3-hydroxamic acid 3a. To a
solution of protected hydroxamate 10a (1.2 g, 3.1 mmol) in 50 mL
of a 1 : 1 mixture of acetonitrile and methanol was added HCl
(1.0 M aqueous solution, 6.9 mL, 6.9 mmol) at room temperature.
After stirring for 3.5 hours the solution was concentrated in vacuo
to yield the title compound 3a (900 mg, 95%) as a white solid.

Mp 174-175°C. IR (nujol mull) v = 3242m, 3118w, 1625s cm™".
'"HNMR (300 MHz, DMSO) ¢ = 3.08 (s, 3H, SO,CH,), 7.31 (m,
1H), 7.52 (m, 3H), 7.60 (t, J/ = 7.8 Hz, 1H, HY), 7.81 (m, 2H,

H4 and H6), 8.04 (t, J = 1.6 Hz, 1H, H2), 9.13 (br s, 1H, OH),
9.88 (s, IH, SO,NH), 11.38 (s, IH, CONH). "C NMR (75 MHz,
DMSO)é = 39.4 (SO,CH,;), 118.2,119.2,122.5, 125.2 (C2), 126.2
(C6),129.2(C5),129.3(C4),130.0,133.5,139.1,139.9, 140.7,164.0
(C=0). ESI-MS m/z307.1 [M + H]*, 329.0[M + NaJ*, 339.1 [M +
MeOH + H]*. HRMS Calc. for [C,,H,N,O,SNa]* m/z 329.0572.
Found 329.0570. Microanalysis Calc. for C,;H,;N,O,S: C 54.89,
H 4.61, N 9.14. Found C 54.96, H 4.73, N 9.11%.

3’-Amino-biphenyl-4-carboxylic acid ethyl ester 7b. To a solu-
tion of 3-nitrophenylboronic acid 6 (1.0 g, 6.0 mmol) and ethyl
4-bromobenzoate 5b (1.0 mL, 6.1 mmol) in 6.0 mL ethanol was
added sodium carbonate (730 mg, 6.9 mmol) and palladium on
charcoal (230 mg, 10% wt Pd, 0.30 mmol) at room temperature
and under an atmosphere of nitrogen. The resulting suspension
was stirred and heated at reflux for 22 hours before being cooled
to room temperature, filtered and concentrated in vacuo to yield
a white solid. The solid was then taken up in 18 mL of ethyl
acetate, fresh palladium on charcoal added (320 mg, 10% wt
Pd, 0.30 mmol), and the resulting suspension placed under an
atmosphere of hydrogen. After stirring under hydrogen overnight,
the suspension was diluted with ethanol before being filtered
through a pad of Celite®. The filtrate was then washed three times
with water, dried (MgSO,), filtered, and the filtrate concentrated
in vacuo to yield the crude title compound 7b a yellow solid (1.4 g,
>90% conversion). The crude material was used without further
purification.

"H NMR (300 MHz, CDCl;) 6 = 1.41 (t, J = 7.1 Hz, 3H, ethyl
CH,), 3.78 (broad s, 2H, NH,), 4.40 (q, J/ = 7.1 Hz, 2H, ethyl
CH,), 6.72 (dm, J = 8.0 Hz, 1H), 6.98 (m, 2H), 7.25 (m, 1H), 7.62
(d, J = 8.2 Hz, 2H, H2 and Ho6), 8.09 (d, J = 8.2 Hz, 2H, H3 and
HS).

3'-Methanesulfonylamino-biphenyl-4-carboxylic acid ethyl ester
8b. To a solution of aromatic amine 7b (1.2 g, 5.0 mmol) in
50 mL dichloromethane was added pyridine (0.80 mL, 11 mmol)
followed by methanesulfonyl chloride (0.85 mL, 11 mmol) at room
temperature and under an atmosphere of argon. The resulting
orange solution was stirred overnight after which time it was
washed with 20 mL each of water, 1 M aqueous HCI, and water.
The organic phase was then dried (MgSO,), filtered, and the filtrate
concentrated in vacuo to yield an orange solid. Recrystallisation
(ethyl acetate—hexanes) afforded the title compound 8b (1.1g, 67%
over three steps) as a pink, crystalline solid.

Mp 103-104 °C. IR (nujol mull) v = 3250m, 1698s cm™"'.

"HNMR (300 MHz, CDCl;) § = 1.40 (t, J = 7.1 Hz, 3H, ethyl
CH,), 3.03 (s, 3H, SO,CH,), 4.39 (q, J = 7.1 Hz, 2H, ethyl CH,),
7.26 (m, 1H), 7.42 (m, 3H), 7.58 (d, J = 8.5 Hz, 2H, H2 and
H6), 8.07 (d, J = 8.5 Hz, 2H, H3 and H5). "C NMR (75 MHz,
CDCl;) 6 = 14.5 (ethyl CHj;), 39.6 (SO,CH;), 61.4 (ethyl CH,),
119.7,120.3, 124.4, 127.2 (C2 and C6), 129.9, 130.3 (C3 and C5),
130.4, 137.8, 141.9, 144.6, 166.7 (C=0). ESI-MS m/z 320.2 [M +
HJ*, 352.3[M + MeOH + HJ*, 374.2 [M + MeOH + Na]*. HRMS
Calc. for [C,sH,;NO,SNa]* m/z 342.0776. Found 342.0776.

3'-Methanesulfonylamino-biphenyl-4-carboxylic acid 9b. To a
suspension of ester 8b (820 mg, 2.6 mmol) in 8.0 mL methanol
was added sodium hydroxide (1.0 M aqueous solution, 10 mL,
10 mmol). The yellow solution was stirred at room temperature for
2 hours before being acidified with 1 M aqueous HCI. The resulting
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white suspension was then dissolved in 50 mL ethyl acetate,
the organic phase separated, and the aqueous phase extracted
with ethyl acetate (2 x 50 mL). The organic extracts were then
combined, dried (MgSO,), filtered, and the filtrate concentrated
in vacuo to yield the title compound 9b (660 mg, 87%) as a white
solid. The crude material was used without further purification.

Mp 159-161 °C. IR (nujol mull) v = 3254m, 1686s cm™'.

'"H NMR (300 MHz, DMSO) ¢ = 3.08 (s, 3H, SO,CH,), 7.31
(m, 1H), 7.52 (m, 3H), 7.78 (dm, J = 8.6 Hz, 2H, H2 and H6),
8.07 (dm, J = 8.6 Hz, 2H, H3 and HS5). "C NMR (75 MHz,
DMSO) § = 39.4 (SO,CH,), 118.1, 119.5, 122.5, 126.8 (C2 and
C6), 130.0, 130.1 (C3, C5 and phenyl CH), 139.1, 140.3, 143.9,
167.1 (C=0). HRMS Calc. for [C,;H;;NO,SNa]* m/z 314.0463.
Found 314.0454.

3'-Methanesulfonylamino-biphenyl-4-hydroxamic acid tetra-
hydro-2 H-pyran-2-yl ester 10b. To carboxylic acid 9b (380 mg,
1.3 mmol), HOBt (265 mg, 2.0 mmol) and EDC-HCI (310 mg,
1.6 mmol) was added 20 mL DMF under an atmosphere of nitro-
gen. The resulting solution was stirred at room temperature for
30 minutes before O-(tetrahydro-2H-pyran-2-yl)hydroxylamine
(230 mg, 2.0 mmol) was added. The solution was then heated
at 50 °C for 21 hours before being cooled to room temperature
and diluted with 90 mL water. The solution was extracted with
dichloromethane (3 x 50 mL) and the organic extracts combined,
washed with water, saturated aqueous NaHCO; and then water,
dried (Na,SO,), filtered, and the filtrate concentrated in vacuo
to yield a yellow oil. Flash chromatography (75% ethyl acetate—
hexanes) yielded the title compound 10b (470 mg, 93%) as a white
solid.

Mp 203-204 °C. IR (nujol mull) v = 3326m, 3201m, 1658s cm™".
'H NMR (300 MHz, DMSO) ¢ = 1.69 (m, 6H, pyran H3, pyran
H4 and pyran HS), 3.08 (s, 3H, SO,CH5;), 3.58 (m, 1H, pyran H6),
4.11 (m, 1H, pyran H6), 5.06 (s, 1H, pyran H2), 7.30 (m, 1H),
7.51 (m, 3H), 7.70 (dm, J = 8.6 Hz, 2H, H2 and H6), 7.92 (dm,
J = 8.6 Hz, 2H, H3 and H5). *C NMR (75 MHz, DMSO) ¢ =
18.3 and 24.7 and 27.9 (pyran C3, pyran C4 and pyran C5), 39.4
(SO,CH;), 61.4 (pyran C6), 101.0 (pyran C2), 118.1, 119.3, 122.4,
126.6 (C2 and C6), 127.9 (C3 and C5), 130.0, 131.4, 139.1, 140.3,
142.7, 163.9 (C=0). ESI-MS m/z 391.2 [M + HJ]*, 413.2 [M +
Na]*. HRMS Calc. for [C;yH,,N,O;SNa]* m/z 413.1147. Found
413.1142.

3'-Methanesulfonylamino-biphenyl-4-hydroxamic acid 3b. To a
solution of protected hydroxamate 10b (410 mg, 1.0 mmol) in
100 mL of a 1 : 1 mixture of acetonitrile and methanol was
added HCIl (1.0 M aqueous solution, 2.4 mL, 2.4 mmol) at
room temperature. After stirring for 2.5 hours the solution was
concentrated in vacuo to yield a white solid (310 mg). Analysis of
the "H NMR spectrum revealed the reaction was incomplete so a
portion of the crude material (240 mg) was re-dissolved in 50 mL
of a 1 : 1 mixture of acetonitrile and methanol and HCI (1.0 M
aqueous solution, 2.0 mL, 2.0 mmol) was once again added. After
stirring for a further 2 hours the solution was concentrated in
vacuo to yield the title compound 3b (210 mg, 88% extrapolated
yield) as a white solid.

Mp 166-168 °C. IR (nujol mull) v = 3296m, 3220w, 1641 cm ~'.
'"H NMR (300 MHz, DMSO) § = 3.08 (s, 3H, SO,CH,), 7.29
(m, 1H), 7.49 (m, 3H), 7.73 (d, J = 8.4 Hz, 2H, H2 and H6),
7.90 (d, J = 8.4 Hz, 2H, H3 and H5), 9.07 (s, 1H, OH), 9.87 (s,

1H, SO,NH), 11.29 (s, IH, CONH). *C NMR (75 MHz, DMSO)
0 = 39.4 (SO,CH;), 118.0, 119.3, 122.4, 126.6 (C2 and C6), 127.6
(C3 and C5), 130.0, 131.9, 139.1, 140.4, 142.3, 163.9 (C=0). ESI-
MS m/z 307.0 [M + H]*. HRMS Calc. for [C,H;N,O,S]* m/z
307.0753. Found 307.0748. Microanalysis Calc. for C,,H;N,O,S:
C 54.89, H4.61, N 9.14. Found C 54.49, H 4.72, N 9.02%.

3-Nitrobenzaldehyde dimethyl acetal 12. To a solution of 3-
nitrobenzaldehyde 11 (3.0 g, 20 mmol) in 30 mL methanol was
added trimethylorthoformate (2.4 mL, 22 mmol), and concen-
trated HCI (6 drops, catalytic), at room temperature and under an
atmosphere of nitrogen. The yellow solution was stirred at room
temperature overnight before being neutralised with potassium
carbonate, diluted with hexanes, and filtered. The filtrate was then
concentrated in vacuo to yield the crude title compound 12 a cloudy
yellow liquid.

"H NMR (300 MHz, CDCl;)"* § = 3.33 (s, 6H, OCH3;), 5.46 (s,
1H, PhCH), 7.53 (t, J/ = 7.8 Hz, HYS), 7.77 (dm, J = 7.8 Hz, H6),
8.16 (m, 1H, H4), 8.31 (m, 1H, H2).

3-Aminobenzaldehyde dimethyl acetal 13. To a solution of nitro
compound 12 (4.0 g crude, approx. 20 mmol) in 50 mL ethyl
acetate was added palladium on charcoal (10%, 1.0 g, 0.95 mmol).
The suspension was stirred under an atmosphere of hydrogen for
22 hours before being filtered through Celite®. The filtrate was
then concentrated in vacuo to yield the crude title compound 13
as a pink liquid.

"HNMR (300 MHz, CDCl;)"* 6 = 3.32 (s, 6H, OCH3), 3.68 (brs,
2H, NH,), 5.29 (s, 1H, PhCH), 6.63 (ddd, J = 7.9,2.4,0.8 Hz, 1H,
H4), 6.78 (m, 1H, H2), 6.82 (dm, J = 7.6 Hz, 1H, H6), 7.13 (m,
1H, H5).

3-Methanesulfonylaminobenzaldehyde 15. To a solution of
amine 13 (4.0 gcrude, approx. 20 mmol) in 65 mL dichloromethane
was added pyridine (3.2 mL, 40 mmol) followed by methane-
sulfonyl chloride (3.1 mL, 40 mmol) at room temperature and
under an atmosphere of nitrogen. The yellow solution was stirred
overnight before being washed with water, followed by dilute
aqueous HCI and then water. The organic layer was dried
(MgSO0,), filtered, and the filtrate concentrated in vacuo to yield
crude 3-methanesulfonylaminobenzaldehyde dimethyl acetal 14.

To a solution of acetal 14 (4.0 g, approx. 20 mmol) in 85 mL
acetone was added Amberlyst-15 (930 mg) and a few drops of
water. The suspension was stirred overnight after which time it was
concentrated in vacuo to yield a pink solid. The solid was washed
with dichloromethane and filtered to yield the title compound 15
(2.5 g, 63% over 4 steps) as a beige solid.

IR (nujol mull) v = 3147m, 1675s cm~'. '"H NMR (300 MHz,
DMSO0) ¢ = 3.09 (s, 3H, SO,CH;), 7.55 (ddd, J = 8.0, 2.3, 1.5 Hz,
1H, H4), 7.61 (m, 1H, HS), 7.69 (dt, J = 7.3, 1.5 Hz, 1H, H6), 7.76
(m, 1H, H2), 10.01 (s, 1H, OCH), 10.11 (brs, 1H, NH). "C NMR
(75 MHz, DMSO) 6 = 39.5 (SO,CHj;), 118.8 (C2), 125.3 and 125.4
(C4 and C6), 130.2 (C9), 137.2 (C1), 139.3 (C3), 192.8 (C=0).
ESI-MS m/z 198.0 [M — H]". HRMS Calc. for [C;HNO;S]™ m/z
198.0230. Found 198.0219.

(trans-3-Ethoxycarbonylallyl)phosphonium bromide 16. To a
solution of triphenylphosphine (16 g, 61 mmol) in 40 mL toluene
was added ethyl 4-bromocrotonate (75%, 11 mL, 60 mmol). The
resulting suspension was stirred at room temperature for 4 hours
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before being filtered and the residue washed with acetonitrile to
yield the title compound 16 (15 g, 54%) as a white solid.

"HNMR (300 MHz, CDCl,)* 6 = 1.21 (t, J = 7.1 Hz, 3H, ethyl
CH,;), 4.10 (q, J = 7.1 Hz, 2H, ethyl CH,), 5.27 (ddm, J = 16.4,
7.5Hz, 2H, H1), 6.48 (dd, J = 15.4, 4.8 Hz, 1H, H3), 6.69 (m, 1H,
H2), 7.64-7.71 (m, 6H, phenyl), 7.76-7.91 (m, 9H, phenyl).

(2E)(4E)-5-(3-Methanesulfonylaminophenyl)pentadienoic  acid
ethyl ester 17b. To a chilled suspension of (trans-3-
ethoxycarbonylallyl)phosphonium bromide 16 (7.2 g, 16 mmol) in
100 mL THF was added potassium tert-butoxide (1.7 g, 15 mmol)
under an atmosphere of nitrogen. The resulting orange suspension
was stirred at room temperature for an hour before being re-
cooled to 0 °C. Aldehyde 15 (1.3 g, 6.0 mmol) in 30 mL THF was
then added and the suspension was stirred at 0 °C for 10 minutes
before being allowed to warm to room temperature. After stirring
at room temperature for 5 hours the mixture was diluted with
100 mL 1 M aqueous HCI and extracted with ethyl acetate (2 x
80 mL, 1 x 50 mL). The organic extracts were combined, washed
with brine, dried (MgSO,), filtered, and the filtrate concentrated
in vacuo to yield an orange oil. Flash chromatography (40%
ethyl acetate-hexanes) followed by recrystallisation (ethyl acetate—
hexanes) yielded the title compound 17b (630 mg, 36%) as a white
solid together with the partially purified (2E)(4Z) isomer 17a as
an oil.

Mp 152-154°C. IR (nujol mull) v = 3275m, 2854m, 1712s cm™".
'"H NMR (2E)(4E) isomer: (300 MHz, CDCl;) 0 = 1.32 (t, J =
7.1 Hz, 3H, ethyl CHj;), 3.03 (s, 3H, SO,CHj;), 4.24 (q, J = 7.1 Hz,
2H, ethyl CH,), 6.02 (d, J = 15.2 Hz, 1H, H2), 6.87 (m, 2H, H4
and HY), 7.17 (m, 1H, phenyl), 7.28 (m, 1H, phenyl), 7.35 (m,
2H, phenyl), 7.42 (ddd, J = 15.2, 7.5, 2.8 Hz, 1H, H3). '"H NMR
partially purified (2E)(4Z) isomer: (300 MHz, CDCl;) 6 = 1.28
(t, J = 7.1 Hz, 3H, ethyl CHs;), 3.06 (s, 3H, SO,CH;), 4.20 (q,
J = 7.1 Hz, 2H, ethyl CH,), 6.06 (dm, J = 15.3 Hz, 1H, H2),
6.39 (t, J = 11.6 Hz, 1H, H4), 6.77 (d, J = 11.6 Hz, 1H, HY),
7.09-7.38 (m, phenyl), 7.72 (dd, J = 15.3, 11.6 Hz, 1H, H3). *C
NMR (75 MHz, DMSO) § = 14.1 (ethyl CHj;), 39.4 (SO,CH,),
59.8 (ethyl CH,), 118.5 and 120.5 (phenyl CH), 121.4 (C2), 122.5
(phenyl CH) 126.9 (C4), 129.7 (phenyl CH) 136.9 and 139.0 (4° C)
140.0 (C5), 144.4 (C3), 166.1 (C1). ESI-MS m/z 2942 [M — HJ".
HRMS Calc. for [C,H;sNO,S]™ m/z 294.0800. Found 294.0798.
Microanalysis Calc. for C,,H;;NO,S-0.2H,0: C 56.25, H 5.87, N
4.69. Found C 56.21, H 5.80, N 4.65%.

(2E)(4E)-5-(3-Methanesulfonylaminophenyl)pentadienoic  acid
18. To a suspension of ester 17b (1.0 g, 3.4 mmol) in 11 mL
methanol was added sodium hydroxide (13 mL, 1 M aqueous
solution, 13 mmol). The resulting yellow solution was stirred at
room temperature for 1 hour before being acidified with 1 M
aqueous HCI. The resulting suspension was then extracted with
ethyl acetate (3 x 50 mL) and the extracts combined, dried
(MgS0,), filtered, and the filtrate concentrated in vacuo to yield
the crude title compound 18 (890 mg, 89%) as a pale yellow solid.

Mp 192-196 °C. IR (nujol mull) v = 3265m, 2854m, 1672s cm™".
"H NMR (300 MHz, DMSO) ¢ = 3.05 (s, 3H, SO,CH,), 6.08 (d,
J = 15.2 Hz, 1H, H2), 7.07 (m, 2H, H4 and HS), 7.21 (m, 1H,
phenyl), 7.38 (m, 4H, H3 and phenyl), 9.80 (brs, 1H, NH), 12.29
(brs, 1H, OH). *C NMR (75 MHz, DMSO) = 39.4 (SO,CHs),
118.5 and 120.4 (phenyl CH), 122.4 and 122.7 (C2 and phenyl
CH), 127.2 (C4), 129.8 (phenyl CH), 137.1 and 138.9 (4° C), 139.3

(C5), 144.0 (C3), 167.5(C1). ESI-MS m/z 266.1 [M — H]". HRMS
Calc. for [C,H,,NO,S]" m/z 266.0487. Found 266.0431.

(2E)(4E)-5-(3-Methanesulfonylaminophenyl) pentadienohydrox-
amic acid tetrahydro-2H-pyran-2-yl ester 19. To carboxylic
acid 18 (660 mg, 2.5 mmol), HOBt (500 mg, 3.7 mmol) and
EDC-HCI (570 mg, 3.0 mmol) was added 38 mL DMF under
an atmosphere of nitrogen. The resulting solution was stirred
at room temperature for 45 minutes before O-(tetrahydro-2H-
pyran-2-yl)hydroxylamine (230 mg, 2.0 mmol) was added. The
solution was then heated at 50 °C for 24 hours before being
cooled to room temperature and diluted with 180 mL water.
The solution was extracted with dichloromethane (3 x 100 mL)
and the organic extracts combined, washed with water, saturated
aqueous NaHCO; and then water, dried (Na,SO,), filtered, and
the filtrate concentrated in vacuo to yield a yellow oil. Flash
chromatography (80% ethyl acetate-hexanes) yielded the title
compound 19 (520 mg, 57%) as a white solid.

IR (nujol mull) v = 3176m, 1652m cm~'. '"H NMR (300 MHz,
DMSO) 6 = 1.57-1.73 (m, 6H, pyran H3, pyran H4 and pyran
HS5), 3.04 (s, 3H, SO,CH,;), 3.56 (m, 1H, pyran H6), 4.05 (m, 1H,
pyran H6), 4.92 (s, 1H, pyran H2), 6.11 (d, J = 14.7 Hz, 1H,
H2), 7.06 (m, 2H, H4 and HS5), 7.20 (m, 1H, phenyl), 7.33 (m,
4H, H3 and phenyl). *C NMR (75 MHz, DMSO) ¢ = 18.3 and
24.6 and 27.8 (pyran C3, pyran C4 and pyran C5), 39.3 (SO,CH;),
61.4 (pyran C6), 101.1 (pyran C2), 118.4 and 120.1 (phenyl CH),
122.3 (C2 and phenyl CH), 127.4 (C4), 129.7 (phenyl), 137.2 (4°
O), 138.1 (C5), 138.8 (4° C), 139.7 (C3), 162.7 (C1). ESI-MS m/z
389.1 [M + Nal*, 421.2 [M + MeOH + Na]*. Microanalysis Calc.
for C;;H,N,05S-H,0: C 53.11, H 6.29, N 7.29. Found C 53.12,
H 6.30, N 6.98%.

(2E)(4E)-5-(3-Methanesulfonylaminophenyl) pentadienohydrox-
amic acid4. To a solution of protected hydroxamate 19 (400 mg,
1.1 mmol)in 18 mL of a 1 : 1 mixture of acetonitrile and methanol
was added HCI (1.0 M aqueous solution, 2.4 mL, 2.4 mmol) at
room temperature. After stirring for 6 hours the solution was
concentrated in vacuo to yield the title compound 4 (290 mg, 93%)
as a brown foam.

IR (powder) v = 1642m cm™'. '"H NMR (400 MHz, DMSO)
0 =3.04 (s, 3H, SO,CH,;), 6.07 (d, J = 15.0 Hz, 1H, H2), 7.03 (m,
2H, H4 and H5), 7.19 (m, 1H, phenyl), 7.26 (dd, J = 15.0, 9.6 Hz,
1H, H3), 7.38 (m, 3H, phenyl), 9.78 (s, 1H, SO,NH), 10.75 (brs,
IH, CONH). "C NMR (75 MHz, DMSO) 6 = 39.4 (SO,CH,),
118.3 and 120.0 and 122.3 (phenyl CH), 122.8 (C2), 127.6 (C4),
129.7 (phenyl CH), 137.3 (4° C), 137.4 (C5), 138.5 (C3), 138.8 (4°
C), 162.8 (Cl1). ESI-MS m/z 283.3 [M + H]*, 305.2 [M + Na]*.
HRMS Cale. for [C,,H,5sN,0,S]* m/z 283.0753. Found 283.0748.

Biology. Western blot analysis

Histones were isolated by acid extraction. Cells (5 x 10°) treated
with or without agents (Oxamflatin 1, Metacept-1 2, 3a, 3b, 4)
were harvested and washed with PBS. Cells were lysed in ice-cold
lysis buffer [10 mM HEPES (pH 7.9), 1.5 mM MgCl,, 10 mM
KCl, 0.5 mM DTT, and 1.5 mM phenylmethylsulfonyl fluoride],
and 5 M H,SO, was added. After incubation on ice for 1 h, the
suspension was centrifuged, and the supernatant was harvested,
mixed with acetone at a ratio of 9 : 1, and incubated at —20 °C
overnight. After centrifugation, the pellet was washed with 70%
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ethanol, air dried, and the acid-soluble histone fraction dissolved
in H,O. A BCA protein assay was then used for quantitation
(Pierce), and histones were electrophoresed through a 15% SDS-
PAGE gel and transferred to PVDF membrane. Membranes were
incubated with anti-acetylated histone H3 (Upstate Biotechnol-
ogy), followed by horseradish peroxidase-conjugated secondary
antibody. Immunoreactive bands were visualised by enhanced
chemiluminescence.

Cell growth assay

HL-60 cells were cultured in RPM11640 c¢(Gibco BRL) containing
10% heat inactivated foetal calf serum and kept in a 5% CO,
incubator at 37 °C. Agents (3a, 3b, 4) were added to plates at con-
centrations of 2.5 uM. Cell viability was assessed using trypan blue
staining. After culture, cells were harvested and stained with 0.4%
trypan blue solution. Stained cells were counted immediately using
conventional microscopy. Stained black cells were considered as
non-viable cells, and unstained bright cells as viable.
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Petriellin A is a novel cyclic depsipeptide antifungal compound consisting of nine L-configured residues,
one D-phenyllactic acid (PhLac) and three unknown chiral centres: two N-methyl-threonines (MeThrl
& MeThr2) and one N-methyl-isoleucine (Melle). NMR experiments including 2D ROESY, NOESY
along with structural and energy calculations predicted that the unknown chiral centres were all
L-configured, which was later verified chemically. Simulated annealing, dynamics calculations and
minimisation processes showed Petriellin A to have a folded “C-shaped” structure.

Introduction

The N-methylated antifungal cyclic tridecadepsipeptide Petriellin
A was isolated from the coprophilous fungus Petriella sordida
(UAMH 7493) by Gloer et al.,! who used 1D and 2D NMR
experiments to identify this compound. Coprophilous fungi
are uniquely adapted to herbivore dung, where they play an
important role in recycling the nutrients in animal faeces. They
are also a good source of antibiotics, enzymes and biological
control agents. Petriellin A, produced by antagonistic fungi, is
heavily N-methylated, containing two N-methyl-threonines, two
N-methyl-valines and one N-methyl-isoleucine (Fig. 1). Similar to
Cyclosporin A, it has a lactone backbone linkage but contains
the relatively rare structures: N-methyl-threonine, N-methyl-
isoleucine and R configured phenyllactic acid. In the original
report the chirality of three of the amino acid residues were not
determined.

This paper reports the determination of the 3D structure of
Petriellin A by NMR spectroscopy in order to provide a basis for
understanding its biological activity, and to allow a comparison
of the 3-dimensional structure of smaller synthetic fragments with
the natural product.

Petriellin A has displayed antifungal activity against the early
successional coprophilous fungi Ascobolus furfuraceus (NRRL
6460) with MIC values of 5 ug mL~" and Sordaria fimicola(NRRL
6459), with MIC values of <2 ug mL~"'. However, no activity was
observed in disk assays against Candida albicans (ATCC 90029)
at 100 pg disk™"." Petriellin A also displayed an approximate I1Cs,
value of 10 pg mL™"' against human fibroblast MRCS5 cells, but
the diacetate of Petriellin A was found to be significantly more
cytotoxic with an ICs, of less than 1 pg mL~'. Analogues of
Petriellin A have also been isolated including Petriellin B, C and D,
which have slight variations in their residues, but remain heavily
N-methylated in the five amino acids.?

Petriellin A represents a potentially promising new class of
antifungal compounds unlike three current principal types of an-
tifungal drugs in clinical use for systemic fungal infections, namely
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T Electronic supplementary information (ESI) available: Mass spectra

of Petriellin A, chemical shift vs. temperature graph for Petriellin A,
compound structure from MOLMOL. See DOI: 10.1039/b608434f
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Fig. 1 Petriellin A: L-valinamide, N-(2-hydroxy-1-oxo-3-phenylpropyl)-
N-methyl-L-valyl-L-prolyl-L-isoleucyl-L-2-piperidinecarbonyl-L-alanyl-L-
prolyl-N-methyl-L-threonyl-L-valyl- N -methyl-L-threonyl-N-{1-[(2-car-
boxy-1-piperidinyl)carbonyl]-2-methylbutyl}-N,N2-dimethyl-p1-lactone,
[1(R),10[S-(R*,R*)].

azoles, polyenes and pyrimidines.*” N-Methylated compounds are
important as shown by In ez al.®® because N-methylation causes
predictable changes in molecular shape, proteolytic stability,
conformational mobility and membrane permeability.'**?

Compared with standard peptides, relatively little effort has
been devoted to the synthesis and function of N-methylated
peptides. However, recent work on the effects of N-methylation
on endothelin A/B receptor antagonists has established the utility
of N-methyl amino acids in a drug design protocol."! There
are a number of drugs containing N-methyl amino acids such
as Cyclosporin, Vancomycin and Actinomycin. The success of
these drugs has established the importance of N-methylation as
a peptide modification that can increase proteolytic stability and
may be orally delivered.

Results

Petriellin A contains several N-methylated amino acid residues
and hence the standard NMR method of assigning the H-o. protons
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using a combination of COSY and NOESY experiments, using
the N-H assignments, then TOCSY experiments to identify the
peptide side chains cannot be used. In this case long range HMBC
experiments were used to assign the backbone carbons and H-a
protons. The complete assignment of Petriellin A extracted from
the fungus by us is consistent with the assignment of Gloer ef al.!
and is shown in Tables 1 and 2.

It was observed from the NOESY experiment that the cross
peaks were small and the opposite sign to the diagonal peaks,
indicating that Petriellin A has a relatively fast molecular tumbling
rate and falls into the small NOE enhancement region. Thus
ROESY data obtained on a 750 MHz spectrometer (Institute for
Molecular Bioscience, Brisbane) using a mixing time of 500 ms
was used for the structural work.

The assignment process required the use of data from both
the 400 MHz and 500 MHz spectra but ROESY data from the
750 MHz spectrometer were used for structural calculations. The
analysis of the ROESY spectra yields 147 distance constraints
and 3 torsional dihedral angle constraints from NH-coupling
constants which were used in the structural minimisation and
molecular modelling.

The derived 147 upper and lower distance constraints were
calibrated using the standard protocol,’** using the geminal
protons of the proline rings in Petriellin A (1.77 A) for calibrating
the ROE intensities. The conformational calculation based on

NMR distance constraints was subjected to simulated annealing to
generate a group of 200 conformers in DYANA with 6000 steps.'®
The backbone was cyclized throughout the calculations and with
peptide bonds defined as all trans, except for Pipl which had a cis-
conformation. The best 20 conformers with no violations greater
than 0.5 A, and low target function were chosen for further energy
minimisation.

Since there are three unknown backbone chiral centres in
Petriellin A (Melle, MeThrl and MeThr2) hence eight possible
configurations, all of these eight structures were derived using
the DYANA software package based on the experimental NMR
constraints (Fig. 2). Both visual inspection of the resulting
structures and comparison of the RMSD data showed that the
L-Melle, L-MeThrl and L-MeThr2 (LLL) were likely to be the
correct configurations having the lowest RMS deviations, with the
mean global backbone RMSD of 0.15 + 0.07 A. The next two
possible structures are D-Melle, L-MeThrl and L-MeThr2 (DLL)
and L-Melle, D-MeThrl and L-MeThr2 (LDL) with a less favoured
and greater backbone RMSD of 0.38 A. These have a mean global
backbone RMSD that is twice the value of the (LLL) structure.

Hence from the use of NMR data and modelling, the predictions
of the chiral centres for Petriellin A were (LLL). It was later
confirmed chemically that the structure was (LLL) using the Marfey
analytical method."” The chemical chiral analysis also confirmed
the side chain chirality in these amino acids.

Table 1 'H chemical shifts, d (ppm), for Petriellin A in 1 : 4 CDCl;—d-6 Acetone at 298 K relative to the acetone peak at 2.04 ppm
Residue NH/NCH3 oH BH Others
1-MeVal-1 3.06 4.79 2.16° v1CH3 0.87%; y2CH3 1.08
2-Pro-1 4.67 1.89,2.12 v1CH2 1.90; yY2CH2 2.10; 81CH2 3.63; 62CH2 4.36
3-Ile 7.58 4.83* 1.99 vICH2 1.18%; y2CH2 1.73; yY3CH3 0.84“; 3CH3 0.83*
4-Pip-1 498 1.48,2.04 v1CH2 1.57; y2CH2 1.72; 81CH2 1.38; 62CH2 1.68; e ICH2 3.42; e1CH2 4.05
5-Ala 6.96 4.62 1.22¢
6-Pro-2 5.00 2.06,2.13 v1CH2 1.95%; y2CH2 2.34; 31CH2 3.66; 52CH2 3.91
7-MeThr-1 2.85 4.83* 4.18 vyICH3 1.18*
8-Val 8.61 5.09 1.96* v1CH3 0.85%; y2CH3 0.94
9-MeThr-2 3.24 5.43 4.27 vyICH3 1.18¢
10-MeVal-2 3.27 5.26 2.68 v1CH3 0.77; yY2CH3 0.88¢
11-Melle 3.05 4.93 2.16* v1CH2 1.22%; y2CH2 1.77; yY3CH3 0.90; 3CH3 0.86“
12-Pip-2 5.37 1.44,2.17¢ v1CH2 1.20; yY2CH2 1.63; 81CH2 1.19; 62CH2 1.60; e ICH2 2.91; £2CH2 3.90
13-PhLac 5.85 2.92,3.11 4CH 7.17; 2,6CH 7.24¢; 3,5CH 7.24

“ Indicates peaks were overlapping and were resolved using 2D NMR methods.

Table 2

C chemical shifts, & (ppm), for Petriellin A in 1 : 4 CDCl;—d-6 acetone at 298 K relative to acetone at w2: 2.04 ppm and w1: 206 ppm

Residue NCH3 C13 chemical shifts & (ppm)

1-MeVal-1 31.14 v2 19.03; v1 20.07; B 28.25; 0. 61.14; -CO 170.50

2-Pro-1 v25.98; B 31.34; 5 48.48; 0. 60.79; -CO 172.80

3-Ile 811.35; y-CH3 16.61; y-CH2 24.90; 3 37.32; 0. 52.70; -CO 173.10
4-Pip-1 v20.70; 6 26.38; B 28.25; £ 43.78; 0. 52.81; -CO 171.50

5-Ala B 17.92; 0. 47.24; -CO 171.60

6-Pro-2 v26.18; B 30.60; 5 48.21; o 56.39; -CO 174.70

7-MeThr-1 30.47 v20.43; $64.72; 0. 66.14; -CO 169.80

8-Val v1 16.57; v2 20.87; B 31.50; 0. 53.91; -CO 172.70

9-MeThr-2 31.09 v20.43; 0. 58.76; B 65.04; -CO 171.80

10-MeVal-2 31.81 v1 18.65; v2 19.54; B 27.96; 0. 58.09; -CO 171.30

11-Melle 31.14 811.71; y-CH3 16.82; y-CH2 24.66; B 34.30; a. 58.80; -CO 169.50
12-Pip-2 v21.60; 6 26.18; B 26.38; € 43.99; 0. 52.81; -CO 169.90

13-PhLac B37.50; 0 72.13; -4 127.20; -3,5 128.87; -2,6 130.51; -1 137.54; -CO 169.00
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(e) 6]

(g) (h)

Fig. 2 Petriellin A structures from simulated annealing calculations for the eight possible a-carbon configurations for the three unknown chiral centres
(Melle, MeThrl and MeThr2). a) DDD, b) DLL, ¢) DLD, d) DDL, e) LDL, f) LLD, g) LDD, h) LLL.

The backbone structure of Petriellin A is shown in Fig. 3, and
is somewhat like the seam on a tennis ball. From an edge-wise

Fig. 3 The backbone structure of Petriellin A. The discontinuity is due
to non recognition of the ester linkage.

view Petriellin A has a “C” shape structure, with bends between
residues 3-4, 6-7 and 10-11. When viewed from an angle similar to
the schematic diagram in Fig. 1, Petriellin A has a cross sectional
diameter of approximately 18.90 A times 12.30 A. When viewed
from the side it may be described as an oval shape with a slight
tail on the right.

It can be observed from the structures that H-bonding is seen
between residues near the bends of Petriellin A. When hydrogen
bonds were calculated based on the criteria of H-H distances of
less than 2.40 A and within the 35 degree angle, there were two
hydrogen bonds present in all twenty structures between NH-8-
Val and CO-5-Ala, and in fourteen out of the twenty structures
between NH-3-Ile and CO-1-MeVall. The other amide proton of
NH-5-Ala was situated near the bend which precluded possible
hydrogen bonds.

The Connolly surface' model for Petriellin A was generated
using the Accelrys'® package. The hydrophobic part of Petriellin
A was coloured green, negatively charged residues were coloured
red. Fig. 4 shows the surface as predominantly covered with
hydrophobic amino acids. The hydrophilic groups (such as -CO,
and the OH of the threonines) are buried in the core of the
molecule, and the N-methyl groups are facing outwards forcing
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Fig. 4 Connolly surface models of Petriellin A showing distribution of
hydrophobic (green) and negatively charged groups (red). The middle and
bottom views are the 90° and 180° rotations about the vertical axis relative
to the top view. Most of the negatively charged areas are hidden in the
grooves.

the hydrophilic groups inwards. The N-methyl groups of Petriellin
A result in a hydrophobic surface. Four out of the five N-methyl
groups in Petriellin A faced outwards while N-MeVal2 faced
inwards into the centre of the molecule (Fig. 5). Viewing Petriellin

Fig.5 Four out of the five N-methyl groups in Petriellin A face outwards
creating a hydrophobic surface shown in green, whereas the N-methyl
group of residue 10-Val2 (yellow) faces inwards into the core of the
molecule. Hydrogen bonds are shown in this structure as green dotted
lines.

A from a similar perspective to the schematic diagram in Fig. 1,
the hydrophilic core is formed on the left of the molecule with
the surface being mostly hydrophobic (the back view has a centre
groove with negative charge).

It has been postulated that Petriellin A could be hydrolysed at
the ester linkage to generate other active fragments. The structures
show that this ester linkage is accessible on the outside of the
molecule and hence may be readily hydrolysed.

The determination of the chirality of the o-carbons and the
3-dimensional structure was accomplished in the same solvent
(acetone—chloroform) that was used for the original identifi-
cation of Petriellin A! since an unequivocal identification of
the structure was required. It is appreciated that a study in a
range of solvents that mimic membranes (cyclohexane) and an
aqueous environment is desirable. The structure derived here is
relatively hydrophobic and is likely consistent with a membrane
bound structure. It is known that a number of cyclic peptides
including Cyclosporin change conformation between hydrophobic
and hydrophilic environments, and thus we envisage a broader
solvent structural study in the future.

Materials and methods

Petriellin A was isolated from an ethyl acetate extract of 5 litres
of culture broth following the procedures of Gloer ef al.' giving
approximately 300 mg crude material. The crude material was
semi-purified using 50% methanol-H,O and 90% hexane—ether so-
lution. Mass spectrometry (Supplementary Informationt) showed
that Petriellin A was present in the hexane layer. Final purification
was performed by HPLC using an analytical VYDAC reverse
phase C18 column with a gradient dilution of CH;CN with 0.1%
TFA yielding 9 mg of Petriellin A.

The 1D NMR experiments were recorded at 300 K using
standard protocols*™* on Bruker DRX 400, and AVANCE 500
and 750 MHz spectrometers. The probe was matched and tuned
and the 90° pulse was measured before all experiments.

COSY spectra were acquired with 2048 data points in F2, with
512 increments and 16 scans. They were processed with 2048 x
1024 data points with zero filling applied in F1 direction. Although
the magnitude COSY experiment is considered to be inferior to
the phase sensitive double quantum COSY experiment, the recent
application of gradient pulses has changed this into a simple robust
experiment.

For other 2D experiments including TOCSY,* ROESY?* gra-
dient HSQC Echo-Antiecho and NOESY, spectra were acquired
using 2 K of data and 512 experiments with 32 scans over 11 ppm
spectral width. A range of ROESY mixing times were used with
the spin lock power of 20.00 dB. Spectra were processed using
QSINE functions with nt/2 shift applied to both dimensions and
linear prediction in F1 direction.

Heteronuclear correlation experiments such as *C and HSQC,
the long-range HMBC C-H correlation experiments were
recorded using low-pass J-filter to suppress one-bond correlation,
and gradient pulses with delay for evolution of 60 ms.

All NOESY and ROESY data were processed with the Bruker
XWIN-NMR program and further analysed and assigned with
the XEASY software package.* All assigned peak intensities
were integrated using the elliptical curve method in XEASY, and
the calculations were performed on an SGI octane computer.

This journal is © The Royal Society of Chemistry 2006
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The distance constraints derived from the integrated cross peaks
were used in DYANA' to calculate a family of structures. The
structures from DYANA that satisfied the distance constraints
were then subjected to minimisation and molecular dynamic
processes using the “DISCOVER” modules in Accelrys” to
produce the final NMR solution structures. Chloroform (in the
chloroform-acetone mixture) was used as the reference peak
calibrated at 7.924 ppm for the temperature variation studies.

Modelling protocol

The long-range NOE data were examined in detail to ensure
that the correct assignments had been made and that there were
sufficient constraints to determine 3-dimensional structures.*?2
Initial structural calculations based on the NOE distance con-
straints for cyclic peptides often result in a number of violations,
which were reduced by adding 1.0 A to the upper limit of
methylene or methyl side chain protons, and 0.5 A to the backbone
protons.”’” The ASNO software module in DYANA was used to
evaluate the consistency of the NOE data from the proposed
structures. These were re-checked by back-calculation with the
preliminary set of distance constraints and a bundle of conformers
previously calculated® using the ASNO module.'** For each cross
peak ASNO determined the set of all possible chemical shift-
based assignments, checked against the corresponding distance
constraints, and discarded them if they were not consistent. The
refinement and checking of the distance constraints using the
ASNO module was conducted over several iterations until an
optimum family of Petriellin A structures was obtained.

The twenty best structures of Petriellin A derived from DYANA
with no ROESY constraint-violations greater than 0.5 A were
subjected to energetic minimisation using “INSIGHT” and “DIS-
COVER” modules from Accelrys.” Initially the structures were
minimised with 2000 iterations using the steepest descent protocol
then using the conjugate gradient protocol until a derivative of
0.0001 kcal mol~! A~! was reached.

Molecular dynamics were performed on Petriellin A at 900 K
for 1000 equilibrations with 100 steps at constant pressure and
a step time of 1 fs. The structures generated were again energy-
minimized. A comparison of the minimized energies calculated
for Petriellin A of the twenty structures was used to estimate
the relative convergence and the global minimum energy. The
energy data for Petriellin A are shown in Table 3. In this study the
structures were energy-minimized subject to the NMR constraints
without a box of solvent.

Table 3 The 20 energy-minimized NMR structures of Petriellin A in 1 :
4 CD;Cl-acetone mixture

Conformational energy/kcal mol™!

E\pa 566.21 +=7.73

Exoe 39.91 £ 4.06

Eona 64.74 + 0.83

E 23.25+£5.52

repulsion 529.00 £+ 6.86
—420.43 £ 11.78

dispersion
Average of the global 098 +0.35A

backbone RMSD*
“«RMSD calculated using MOLMOL program.

Table 4 Summarised percentage of dihedral angles of Petriellin A on the
Ramachandran plot derived from two different programs

Petriellin A PROCHECK DYANA
Residues in most favoured region 50.00% 50.00%
Residues in additional allowed region 37.50% 50.00%
Residues in generously allowed region 12.50% 0%
Residues in disallowed region 0% 0%

The quality of the minimised structures was carefully anal-
ysed in detail. Stereochemical quality was examined with the
PROCHECK program,* which compares the structures with an
“ideal” structure. DYANA was also used to check the tolerances,
consistencies and distribution of the distance constraints as a
function of range. MOLMOL?* and Accelrys provided a graphical
analysis of Petriellin A. The final 20 energy-minimized structures
of Petriellin A were examined in detail, structures were superim-
posed using the MOLMOL?! program which is used to derive the
mean global backbone RMSD of the structures shown in Fig. 2.

The Ramachandran plot was used to indicate stereochemical
quality by comparing the (¢, y) angles in Petriellin A with those
allowed. The Ramachandran plot is one of the best guides to check
the stereochemistry quality of protein and ideally proteins should
have more than 90% of the residues in the allowed regions.’*3?

It is expected that N-methylated residues will influence the plot
and therefore the Ramachandran plot may not be completely
applicable to these small uncommon cyclic molecules since the
N-methylated library is unrecognisable by PROCHECK. Both
the PROCHECK and DYANA programs showed that all of the
dihedral angles in Petriellin A lie within the allowed regions
(Table 4).

Temperature variation of N-H shifts

It has been shown*®** that the coefficient and magnitude of the
temperature dependence of the amide proton chemical shift in
water can be used to differentiate protons that are internally H-
bonded from those not H-bonded or exposed to the solvent. With
internal H-bonds the temperature shift is more positive than —4
ppb K.

Even though our data were collected in a chloroform—acetone
mixture we have evaluated the temperature coefficients. The
data (Supplementary Informationt) for the 3 amide protons in
Petriellin A show that NH-8-Val and NH-5-Ala have temperature
coefficients near 0 ppb K-' and are hence predicted to be
(internally) H-bonded. On the other hand the NH-3-Ile proton
has a chemical shift coefficient of —4ppb K~! implying that NH-
3-Ile is not H-bonded. This is not consistent with the structures
derived for Petriellin which show that the NH-5-Ala is exposed
on the surface of the molecule, but NH-3-Ile and NH-8-Val are
substantially hydrogen bonded. It is probable that these rules are
not valid for these solvent systems or for such small molecules.
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The amplification of molecular chirality by liquid crystalline systems is widely applied in investigations
towards enantioselective solvent—solute interactions, chiral supramolecular assemblies, smart materials,
and the development of liquid crystal displays. Here we present an overview of recent achievements in
the development of new chiral dopant systems for the generation of cholesteric liquid crystalline phases.
Based on a distinction between shape-persistent and bistable dopants, several dopant classes will be

discussed.

Introduction

Liquid crystals (LCs) form a unique state of matter. Between the
solid (crystalline) and liquid (isotropic) phases some compounds
display a distinctly different, intermediate state, also referred
to as the fourth state of matter, or the mesophase. As such,
these materials display properties common to both solids and
liquids. Due to anisotropic weak intermolecular interactions, the
molecules,! or mesogens, in such a liquid crystalline assembly
possess to some extent either positional or orientational order,
but with a much lower degree of organization than in a crystalline
solid. Because of this combination of dynamic behaviour and
high degree of organization, liquid crystals tend to be sensitive to

Department of Organic Chemistry, University of Groningen, Nijenborgh 4,
9747 AG, Groningen, The Netherlands. E-mail: b.l.feringa@rug.nl

various stimuli, such as temperature, electric and magnetic fields
and non-mesogenic molecules dissolved in the liquid crystalline
matrix. Together with their self-assembling behaviour, it makes
them extremely interesting for both chemistry and physics. Due
to their unique properties these materials have found widespread
applications in liquid crystal displays (LCDs). Although a rich
variety of molecules are known that are prone to form liquid
crystalline phases, showing large differences in the degree and
kind of orientation, they all have a strongly anisotropic shape
in common. Especially elongated rod-like (calamitic) and disc-like
(discotic) molecules are known to possess a liquid crystalline state.
This strong shape anisotropy is reflected in a strong anisotropy in
the organization of the macroscopic liquid crystalline phase and
its physical properties.

Liquid crystalline systems can be classified in many ways.”
Apart from the distinction between calamitic and discotic, one
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can discriminate between amphiphilic or non-amphiphilic, metal
containing or non-metal containing and low molecular weight or
polymeric liquid crystals. Moreover, most LC materials described
above show thermotropic behaviour, meaning that they are
solvent-free systems, that are liquid crystalline in a limited tem-
perature range. Below this range a thermotropic liquid crystalline
substance will form a crystalline phase and above this temperature
an isotropic liquid phase exists. However, there are many solvent—
solute systems, where the aggregation of the solutes results in
liquid crystallinity (lyotropic behaviour). The research covered in
this review will focus on calamitic, thermotropic liquid crystals
that are of low molecular weight, non-metal containing and non-
amphiphilic. These liquid crystals can be divided into several types
of sub-phases that differ in the degree of orientational ordering.
Three important sub-phases are smectic (Sm), nematic (N) and
cholesteric (N*) (or chiral nematic). The simplest liquid crystalline
phase possible is the nematic phase (N), as it has only a slight
orientational order of the individual mesogens. The molecules can
translate freely and can rotate around their long axis, leading to
a much lower viscosity than observed for smectic phases. The
cholesteric (or chiral nematic, N*) liquid crystalline phase is
essentially a nematic phase with an additional helical change in
orientation of the director (Scheme 1).

|

pitch (p)

chiral, non-racemic dopant

-
=
—
_— = =

cholesteric (N*)

nematic (N)

Scheme 1 Schematic representation of nematic to cholesteric phase
transition and definition of the cholesteric pitch.

Whereas the director in an ordinary nematic liquid crystal has a
constant direction, in a cholesteric phase it changes direction in a
helical fashion throughout the sample, perpendicular to the helix
axis. The orientation of the director describes a helical propagation
along the cholesteric helix axis that is non-superimposable on
its mirror image, making it chiral. The resulting supramolecular
chirality is indicated by the sign and magnitude of the cholesteric
pitch (p), which is the distance in the material across which
the director rotates a full 360° (Scheme 1). The name of the
cholesteric phase originates from the cholesterol derivatives for
which this phenomenon was first observed®* but in principle any
chiral nematic phase is referred to as cholesteric.

Doped liquid crystals, obtained by dissolving a chiral guest (the
dopant) in a nematic host, have many interesting properties.>*
The nature of the induced cholesteric phase is highly dependent
on the properties of the chiral dopant; this is reflected both in
the sign as well as the magnitude of the cholesteric pitch. The
efficiency of the dopant to induce a helical organization in a liquid
crystalline matrix is expressed in the helical twisting power (f).
This parameter, intrinsic to every chiral compound and different
for every host—guest combination, reflects the amount of dopant
needed to reach a cholesteric phase with a certain pitch. The pitch
then is inversely proportional to the concentration (c), the helical
twisting power and the enantiomeric excess (ee) of the dopant

(eqn 1).

p=(feec)” (M

Compared to cholesteric LCs made up of chiral mesogens,
doped liquid crystals offer some major advantages. Most impor-
tantly, the pitch of the material is easily tuned by changing the
host-guest ratio or the nature of the guest. Chiral guests can be
synthesized separately, after which the nematic host and the chiral
guest can self assemble to form a cholesteric liquid crystalline
phase. Moreover, the molecular chirality of the guest is amplified
in the supramolecular helix structure.

Cholesteric liquid crystals show selective reflection of light
(colour) when the length of their helical pitch is of the same order
of magnitude as the wavelength of visible light. As the pitch, which
determines the colour of the cholesteric phase, is dependent on the
properties of the chiral dopant, the colour of a doped LC can be
influenced by changing the concentration, enantiomeric excess or
helical twisting power of the dopant. This offers the possibility of
generating many different colours with a single dopant, something
which is not possible with a dye. Change in colour can also be
achieved using a dopant in which the helical twisting powers can
be modulated, allowing selective colour change of a single film,
which might find future application in light-controllable liquid
crystal colour displays.®

Dopants

Over the last 25 years, chiral doped liquid crystal research
has emerged into two major directions. The first focuses on
the development of shape persistent dopants, mainly aiming at
reaching high helical twisting powers and investigation of the
interactions between chiral dopants and LC host molecules.” In
the second field the focus lies on the development of switchable
dopants, which can change shape in reaction to an external
stimulus, usually light or heat.*® In this area the emphasis lies
more on future application, for instance in liquid crystal displays.

Shape persistent dopants

Typical commercially available chiral compounds have rather low
helical twisting powers, mostly due to shape, size, polarisation,
or conformational incompatibility with the LC host. Therefore,
specially designed molecules have been tested for their interaction
with liquid crystalline hosts (Fig. 1). Based on their structure, these
dopants can roughly be divided into four classes.

Mesogenic functionalisation

The most straightforward way of designing a suitable chiral dopant
is to functionalise a chiral molecule with a liquid crystal resembling
(mesogenic®) group, in order to enhance the solubility and its
interactions with the LC host. This approach is mostly applied to
molecules owing their chirality to the presence of a stereogenic
centre. A representative example is (R)-octan-2-ol 1, which has an
extremely low helical twisting power of 0.8 um~"' in LC host MBBA
(p-methoxybenzylidene-p-butylaniline) (vide supra), probably due
to its lack of structural similarity. Functionalisation with a
group resembling MBBA improved the helical twisting power to
19.4 um~' (Fig. 2).

A similar approach was applied in the development of
imine-based dopants.!’ Where (R)-phenylethylamine 3 has an
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eutectic mixture, n =2, 4, 6.
ZL1-389 alkoxyphenylpentylbenzoates, mixture
exact composition not available.
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O
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Fig.1 Some common calamitic liquid crystalline hosts.

OH

)\/\/\/

1 fy=0.8 um™ (MBBA)

o
Z;/

2 By =19.4 um™ (MBBA)
Fig. 2 Functionalisation of a chiral alcohol with a mesogenic group.

immeasurably small helical twisting power, functionalisation with
a mesogenic group afforded dopants with helical twisting powers
ranging from 17.1 um™" in phenyl benzoate LC host 5t0 43.2 pm™!
in biphenyl LC host K15 (Fig. 3).

The same principle holds for mesogenic amide functionalisation
of chiral amines, as the helical twisting powers in cyanobicy-
clohexyl LC host ZLI-1695 are vastly improved by attaching
an alkylbicyclohexyl group to the amine moiety (Fig. 4).'>"
Interestingly, in the same paper an anthraquinone functionali-
sation of chiral amines is described that produces even higher
cholesteric induction, although the structural similarity between

NH, o
Ce“1@‘@(
O~©—0C8H17
5

3 py~0um’

(0]
04
0 \
N

4 fy=17.1 um™ (in LC 5)
Bm=43.2 um™ (K15)

Fig. 3 Functionalisation of a chiral amine with a mesogenic group.

N Rr
CsH I T

6 R = Phenyl, fy = 27 um™ (ZLI-1695)
7 R = 1-Naphthyl, By = 30 um" (ZLI-1695)

NH, H :
o” "NTR
R
3 R = Phenyl, py~ 0 um"" O‘O
8 R = 1-Naphthyl, By =~ 0 um’
(o}

9 R = Phenyl, By = 50 um™' (ZLI-1695)
10 R = 1-Naphthyl, By = 30 um™ (ZLI-1695)

Fig. 4 Mesogenic functionalisation of chiral amines with bicyclohexyl
and anthraquinone moieties.

the anthraquinone and the mesogenic host is not that obvious. In
this class of compounds an intramolecular hydrogen bond between
the amine and the anthraquinone carbonyl reduces the number
of different chiral conformers. It seems that this conformational
‘locking’ is partly responsible for the high helical twisting powers,
as the possible conformers all have different helical twisting powers
and apparently the ones with a high B value are in excess.'?
Overall, the mesogenic functionalisation method has not been
particularly successful, as only a few dopants with reasonably high
helical twisting powers have been reported.’"* However, due to the
ease of mesogenic functionalisation, some interesting analytical
techniques based on this principle have been developed. Rinaldi
and coworkers found that amine 3 when dissolved in MBBA
undergoes a transimination with the LC host, yielding 11 with
a helical twisting power of 17.1 um~' (Scheme 2)."5 Because of this
much higher helical twisting power, a cholesteric phase with a small
pitch is easily generated upon doping MBBA with a small amount

MBBA /@AN
_MERA
\O

11 By =17.1 um™ (MBBA)

NH,

3 py~0um™

Scheme 2 Transimination of LC material MBBA with chiral amine 3.
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of 3. As aresult of the large supramolecular chirality in this system,
liquid crystal induced circular dichroism (LC-ICD) is readily ob-
served, where the sign of the CD is dependent on the absolute con-
figuration of 3. This technique was later extended to absolute con-
figuration determinations for other amines and amino alcohols,
although in these cases no helical twisting powers were reported.

A related approach was taken in 2001 by Feringa and van
Delden, who reported the mesogenic functionalisation of simple
chiral amines and alcohols, leading to LC dopants with f, ranging
from 21.1 to 36.7 um~' in biphenyl dopant E7 (Scheme 3).!+"7
These high helical twisting powers allowed the generation of
coloured LC films. As the colour of these films is dependent on
the enantiomeric excess of the dopants, this method allowed the
evaluation of the enantiomeric excess of simple chiral compounds
by inspection of the colour after mesogenic derivatisation and
doping in a nematic LC. Based on this principle and using a pre-
functionalised reaction substrate, a colour test for enantiomeric
excess determination of enantioselective reactions was developed
(Scheme 4)."®

Chiral coordination complexes

Coordination complexes owing their chirality either to a chiral
ligand or a chiral metal centre can be highly effective dopants for
induction of cholesteric mesophases. Helical twisting powers up
to 180 um~' were found for C,-symmetric ruthenium diketonate
complexes 19-21 with AA chirality at the metal centre, with the

cholesteric induction being largely dependent on the ligands and
the mesogenic host employed (Fig. 5)."*? The observation that

CeH130
' N
oq O .\‘O
0,. 1 ~0 C "'Ru'\
C1oH210 ( O/R|U\o o/&\j
i
CgH130

19 By = +24 um™' (MBBA)
Bm = +24 um™ (ZLI-1132)

20 By = -146 um™ (MBBA)
Bm=-55 um™ (ZLI-1132)

h\
O/,,,‘ | A\\‘O

T,

| ™o

)

C
%

21 By =-180 um™ (MBBA)
Bm=-71 um™ (ZLI-1132)

22 By = +102 um™! (MBBA)

Fig. 5 Chiral coordination complexes with high helical twisting powers.

NH, 1]
A UaWa
R/K@ / H

3R =Me, fy~0um’
12 R = CO,Me, fy ~ 0 um™’

R
N—
° . . /
/ H

13 R = Me, By =24.8 um™ (E7)
14 R = CO,Me, By =21.1 um™ (E7)

ﬂ© 00K /@

15 By~ 0 um”

16 Py =36.7 um™ (E7)

Scheme 3 Mesogenic functionalisation of chiral amines and alcohols for LC-based colour test.

1) EtyZn

5 mol% Cu(OTf),
10 mol% chiral ligand
CHyCly, -25°C

2) NH,Cl (aqg)

(o]
= | S
B g
S
C7H150
17

C7Hys0

18 By =29.1 pm™" (E7)

enantiomeric excess of 18 100

chiral ligand

Scheme4 Conjugate addition to mesogenically functionalised chalcone 17. Due to the high helical twisting power of 18, the ee of these reaction products

could be determined directly by an LC based colour test.
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chiral chromium diketonate complex 22 also has an enormous
helical twisting power (fy = 102 pm~' in MBBA) shows that
mesogenic functionalisation as described in the previous section is
not essential for this type of dopant, although mesogenic ligands
can have a distinct effect on the cholesteric behaviour and the
solubility of the complex.?"*> The sign of the cholesteric induction
for the ruthenium complexes inversed going from complex 19 to
complex 20, while the configuration of the metal centre remained
the same.

The interaction of a chiral dopant with an LC host can
also be improved by metal coordination, as was shown for
chiral tripyridylamine-based ligands 23 and 24 (Fig. 6). Without
a metal present, By values do not exceed 2.2 um™' (24 in
MBBA), whereas complexation to Cu(1) or Cu(11) yielded dopants
with greatly enhanced helical twisting powers, up to 98 pm™!
for 23.Cu"(ClO,)(PF,). This effect was attributed to a reduced
conformational flexibility of the ligand and a propeller-like shape
of the coordination complex.

/\ /\
\N —
NN N N
P N _ N
/lN N
™ \|

23 By not determined
23-Cu(l)(PFg) Py = -65 um™"
23-Cu(ll)(ClO4)(PFg) Py = -98 um™”

24 By +2.2 um’!
24-Cu(l)(PFg) Py = -67 um™"
24-Cu(ll)(ClO,)(PFg) Py = -23.7 um™’!

Fig. 6 Enhancement of helical twisting power by metal coordination. LC
host = MBBA.

Vic-diols and related compounds

The combination of reasonable backbone rigidity and strategic
placement of aryl substituents is generally assumed to afford
efficient cholesteric induction.” 1,2-Diol-based compounds like
TADDOLSs and 4,5-diaryl-1,3-dioxolanes possess both these re-
quirements and consequently constitute one of the most effective
dopant classes known today (Fig. 7).

TADDOLSs, originally designed as chiral auxiliaries and ligands
for asymmetric synthesis, are tartaric acid derivatives with four
aryl substituents in a propeller type conformation.? In addition
to the 1,3-dioxolane structure they also possess a 1,4-diol moiety
which participates in intramolecular hydrogen bonding, thereby

TADDOLs
Ar = phenyl, 2-naphthyl,
9-phenanthryl, etc.
Bm S 405 um

4,5-diaryl-1,3-dioxolanes
Ar, Ar' = phenyl, 1-naphthyl,
mesityl, etc.
Bm = 101 um™’!

Fig. 7 General structures of TADDOL and 4,5-diaryl-1,3-dioxolanes.

providing the structures with a fair amount of rigidity. Where the
original TADDOL 25 with four phenyl substituents already shows
an impressive iy of 100 um~" in both LC hosts ZLI-1695 and K15,
replacement of the phenyls by 9-phenanthryl groups improves this
to 310 um~" and 405 pm~', respectively (TADDOL 29).2%

Ph Ph Ph Ph
—
T ° T s
) ) /SI\
O™ " —0—_ o~ -0
ph Ph Ph Ph

31 By = +55 um™" (ZLI-1695) 32 By =+23 um™ (ZLI-1695)

B =+25 um™ (K15)

Fig. 8 Influence of bridging substituents on the helical twisting power of
tetraphenyl-TADDOL.

Allin all, six TADDOLSs with helical twisting powers >100 pm™"
were described, differing in aryl and dioxolane bridge substituents
(Table 1). The importance of the intramolecular hydrogen bonding
of the 1,4-diol moiety was demonstrated by methylation of the
hydroxyl groups, which reduced the helical twisting power from
100 um~" (25) to 55 um~"' (31) (ZLI-1695). Similarly, replacement
of the 1,4-diol by a silane bridge lowered Sy to 23 um~' (32, Fig. 8).

An interesting correlation between backbone shape, aryl config-
uration and cholesteric induction can be observed for 4,5-diaryl-
1,3-dioxolanes 33 and related trans-1,2-diphenyloxirane 41.2%
For 4,5-diaryl-1,3-dioxolanes, two conformations are conceivable,
of which the quasi-gauche conformation 33a is preferred due
to steric interactions of the aryl substituents with the methyl
groups on the dioxolane bridge in the staggered form 33b (Fig. 9).
In this quasi-gauche conformation the aryls have to adopt an
arrangement nearly perpendicular to the plane of the dioxolane
ring, with a resulting helicity of which the sign depends on the
configuration of the molecule. Many 4,5-diaryl-1,3-dioxolanes
show high helical twisting powers in E7, with the highest Sy
obtained for dopants with large aryl substituents (Table 2). The

Table 1 Influence of substituents on the helical twisting power of TADDOL

TADDOL Ar

Br/pm! (ZLI-1695)

Bu/um (K15)

25 Phenyl

26 1-Naphthyl

27 2-Naphthyl

28 6-Hydroxy-2-naphthyl
29 9-Phenanthryl

30 4'-Biphenyl

+100
+225
+180
+200
+310
+130

+100
+230
+250
+340
+405
+185
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Table 2 Influence of dioxolane substitution on helical twisting power

Dioxolane Ar Ar’ Pu/um~' (MBBA) Pu/pm" (K15)
34 Phenyl Phenyl —5.4 —-17.8

35 1-Naphthyl 1-Naphthyl —48.7 —58.3

36 2-Naphthyl 2-Naphthyl -23.1 -36.1

37 1-Naphthyl 2-Naphthyl -20.9 —26.2

38 Mesityl Mesityl —-59.5 —101

39 4-Tolyl 4-Tolyl —18.2 -22.3

40 4'-Biphenyl 4'-Biphenyl —28.5 —58

H Ar
Argo>< H£O><
-

(e} - 0

H
ArH Ar

33a quasi gauche

Sy
o%

Fig. 9 Conformational equilibrium of 4,5-diaryl-1,3-dioxolanes.

33b staggered

steric bulk on the aryls is believed to force them into this helical
conformation, thus producing an overall configuration of the
molecule that is ideal for dopant-LC interactions.

Interestingly, where 4,5-diaryl-1,3-dioxolanes display large
cholesteric induction in E7, helical twisting powers in MBBA
are always lower (Table 2). As the length of the aromatic unit
of dioxolane 34 is similar to the biphenyl part of E7, but
approximately 2 A shorter than MBBA, n-stacking interactions
between these two moieties seem responsible for the magnitude
of the cholesteric induction. This conclusion is supported by the
finding that chiral diaryloxiranes, with an aromatic array similar
to MBBA in length, have higher helical twisting powers in MBBA
than in E7 (Fig. 10). Based on these findings a model for the
interaction between dopant and mesogen molecules was proposed

34, =-5.4 um”" (MBBA)
By = -17.8 um’ (E7)

R
e ) R s
[9) 9.1A \N 9.3 A
,,,,,,,,,,,,,,,, V.V
R
41 B,, = -37 um™ (MBBA)
By =-32 um™ (E7) MBBA core

Fig. 10 Comparison of aryl-aryl distances in dopants 34 and 41, and LC
cores of E7 and MBBA. The distances were obtained by computational
modelling.

(Fig. 11). It comprises an aromatic helical cleft on the dopant,
capable of interactions with the mesogen, and thereby inducing
a preferred helicity in this mesogen. This preferred chirality in
the mesogen is then transferred via neighbouring mesogens to the
bulk LC phase.” Although a possible mechanism, it was never
confirmed experimentally.

dynamic mesogen chirality proposed mesogen-dopant interactions

X

offset stacked
n—m interaction

O
X
> 0]

I|f It

e
O
edge-to-face
n—-m interaction
projection along the biaryl axis

Fig. 11 Models for the interactions between 4,5-diaryl-1,3-dioxolanes
and biphenyl mesogens. The twisted biaryl core of the mesogen is situated
in the aromatic cleft of the dioxolane.

Atropisomer-based dopants

By far the most extensively studied class of chiral dopants consists
of inherently chiral molecules, like binaphthyls, biphenyls and
helicenes. These compounds are generally characterized by the
absence of stereogenic centres; instead they possess a chiral plane
or axis. As a result of their synthetic accessibility and generally high
helical twisting powers, they are widely applied in liquid crystal
research.

Optically pure 1,1’-binaphthyl compounds can exist in two
conformations, either cisoid or transoid, as the dihedral angle
(0) between the two naphthalene rings is dependent on the
substituents at the 2 and 2’ positions (Fig. 12). When these sub-
stituents are either covalently linked or capable of intramolecular
hydrogen bonding, the cisoid conformation is preferred, whereas
the presence of large, unlinked substituents leads to a more
favourable transoid conformation. The helical twisting power of
1,1’-binaphthyl compounds is largely dependent on the dihedral
angle.’%-32

Especially cisoid compounds exhibit large cholesteric induction,
whereas transoid dopants are usually somewhat less efficient. The
lowest helical twisting powers are obtained for compounds with
a dihedral angle close to 90°, often found for 1,1'-binaphthyls
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Fig. 12 (R)-Binaphthyl and associated conformers.

with small, unlinked substituents at the 2,2’ positions. In addition
to these features, the sign of the induced cholesteric helix is
also dependent on the dihedral angle. For 1,1’-binaphthyls with
the same absolute configuration, a cisoid dopant will provide a
cholesteric helicity opposite to that obtained using the transoid
type. This is explained by the opposite pseudo helicities of these
two conformations, as defined in Fig. 12.¥ An S-cisoid dopant
will have pseudo-P helicity, leading to P cholesterics, whereas
an S-transoid dopant has pseudo-M helicity and will induce an
M cholesteric helix. These effects are clearly observed in 1,1'-
binaphthyl-2,2'-diol (BINOL) derivatives (Fig. 13). The Sy of
+32 um™' (K15) for (S)-BINOL 42 is the result of intramolecular
hydrogen bonding between the two hydroxyl moieties, leading to
a cisoid conformation.* Bridged BINOL derivatives have even
higher helical twisting powers, up to +85 um="' (K 15) for (S)-45.3
However, methylation of both hydroxyl substituents reduces the
helical twisting power to +1.5 pum™"' ((S)-43, K15), indicating a
dihedral angle close to 90°, or an equal population of cisoid and
transoid conformation due to the high flexibility of the structure
of 43. Substitution of the hydroxyl group by large isopropoxy
substituents enhances the steric hindrance which results in a more
effective cholesteric induction (44, fy = —8.2 um™', K15), but
reversal of sign, indicative of a transoid conformation.*

42R =H, py =+ 32 um" (K15)
43R =Me, By =+1.5um™ (K15)
44R =i-Pr, By=-8.2um" (K15)

45 n=1, py = + 85 um™! (K15)
46 n=3, By =+ 80 um™" (K15)
47 n=4, By =+ 79 um™" (K15)

Fig. 13 Helical twisting powers of BINOL derivatives depending on their
substitution pattern.

Using linear dichroism (LD) the orientation of dopants 43 and
46 in nematic LC ZLI-1167 was determined, and it was found
that the twofold symmetry axes of these molecules are aligned
perpendicular to the nematic director.?*3* Similar to the 1,2-diols

described above, dopants 42 and 4547 perform better in biphenyl
hosts E7 and K15 than in imine-based MBBA. Based on these two
observations a model for the interaction of binaphthyl dopants
and biphenyl LC hosts was proposed (Scheme 5). In this model
the dopant and a mesogen are associated through m-interactions,
with their individual biaryl axes in parallel alignment. Through a
mechanism similar to that described for the chiral dioxolane-based
dopants (vide supra), the chirality is then transferred to the bulk
mesophase.

N N N

@

Dopant
dl)
NS
M . M-mesogen . P’
: i
YA .
Q\
\ P-mesogen
— __

(R)-cisoid dopant (R)-transoid dopant

Scheme 5 Proposed model for the transfer of chirality from the binaph-
thyl dopant to the mesogens.

In general, the magnitude and sign of cholesteric induction in
biphenyl mesogens by BINOL-based dopants is in accordance
with the model described above.** Depending on the substitution
around the naphthalene rings, open chain dopants usually possess
helical twisting powers up to 50 um~', whereas in their bridged ana-
logues these values can go up to 130 um~". Structurally similar 4,4'-
biphenanthryls and helicenes show comparable behaviour.* An
interesting exception is BINOL dimer 48, reported by Diederich
and Spada et al., which has remarkably high helical twisting
powers, both in E7 (fy = —242.3 um™') and MBBA (fy =
—239.5 um™") (Fig. 14).3® As these values are much higher than
can be expected from simply adding two BINOL monomers with
similar substitution patterns, the cholesteric induction is thought
to proceed via a different, yet unknown, mechanism.

Chiral biphenyls do not fit the model with great uniformity,
despite the structural similarity to binaphthyls (Fig. 15).4%4
Especially 4,4'-substituted biphenyls tend to induce cholesteric LC
phases with helicities opposite to those predicted by the model.*
This behaviour could be the result of a different dopant orientation
with respect to the nematic director, which was supported by
calculations on the dopant order parameter.*
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48 By = -239.5 um™ (MBBA)
pm = -242.3 um™ (E7)

Fig. 14 A BINOL dimer with a high helical twisting power.

ZT
@]

49 By = +58 um™! (E7)

50 By = +24 um! (E7)

R
o)
R
51 R=H, py~ 0 um™ (E7)
52 R = OMe, py =-11.4 um™ (E7)

53 R = Br, By = -19.3 um™ (K15)
54 R = NO,, py =-20.3 um! (K15)

Fig. 15 Some chiral biphenyl derivatives and associated helical twisting
powers.

The ability of chiral biphenyls to induce cholesteric order
was also applied by Eelkema and Feringa in an approach to
amplify the chirality of simple chiral amines and aminoalcohols.
Dynamically chiral biphenol and biphenyl phosphoric acid
receptors 56 and 57 were allowed to bind to chiral amines through
hydrogen bonding. This binding event then induced a chiral
conformation in the biphenyl receptor, which in turn induced a
nematic to cholesteric phase transition in a calamitic LC (E7)

0

e Wt
@)
0)
Ve Wall
o

60 py = -39 um'! (ROTN 3010)

HO
NH,

55 infinite pitch (E7)

5655p 12 um (E7)

NH,

3 infinite pitch (E7)

573 p

10 um (E7)

Fig. 17 Dynamically chiral biphenyl-based receptors for the amplifica-
tion of cholesteric induction.

(Fig. 17). As these chiral amines have immeasurably low helical
twisting powers by themselves, their chirality is amplified by the
presence of the biphenyl receptor.*#

A study on chiral heptalene derivatives revealed a comparable
dependence of the helical twisting power on the conformation
and orientation of the dopant.* Heptalenes are intrinsically
dissymmetric molecules with a highly twisted C, or nearly C,
symmetric structure, without the presence of stereogenic centres.*
The propeller like structure has the intriguing feature that, for any
given conformation, the heptalene skeleton has opposite helicities
in the x and y directions (Fig. 18). Heptalenes of the same absolute
configuration were found to show opposite helical twisting powers
depending on the substituents around the rings (Fig. 18).* The
cholesteric induction by derivative P-58 is reflected in a moderate
+23 um~' (E7) whereas P-59 shows a f§y; of —27 um~' (Fig. 19).

P-58 is oriented with its x-axis parallel to the nematic director,
as was determined by linear dichroism. P-59 has its y-axis parallel

~N

o
OO0
(¢}
(0}
O OOCBHﬂ
/O

61 py = -50 um-" (ROTN 3010)

Fig. 16 Mesogenic functionalisation of chiral biphenyls.*
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P helicity
X

e
M helicity

Fig. 18 Heptalene general structure and double helicity; the x-axis
helicity is used in the absolute configuration description of the molecules.

59 By = -27 um™ (E7)
58 py =+ 23 um™ (E7)

Fig. 19 Opposite helical twisting powers of functionalised heptalenes
depending on the substitution pattern.

to the director, showing that the sign of the cholesteric induction
is governed by the axis helicity in agreement with the model
described above.

The concept of mesogenic functionalisation has also been
applied to chiral biphenyl and binaphthyl derivatives, with effects
similar to those observed for molecules with central chirality.
Moderate cholesteric induction was reported with mesogenically
functionalised biphenyls, with a pronounced influence on the way
in which the mesogenic group is tethered to the biphenyl unit
(Fig. 16).**7% Mesogenic functionalisation of BINOL proved
quite fruitful, providing a f; of around 200 pm~"' for 62 (Fig. 20).%

Akagi and coworkers reported a Ziegler—Natta type acetylene
polymerisation in a cholesteric film doped with BINOL derivative
63, yielding helical polyacetylene.’”* In this system, the asym-
metric nature of the polymerisation is dictated by the cholesteric
helicity and not directly by any chiral ligand on the catalyst. No
helical twisting power was reported for this dopant, although by
comparison to other systems,*** it is not expected to be higher
than 100 um~', and probably considerably lower. It is not entirely
clear why such a complicated molecule has to be applied, when
much simpler and more efficient dopants are readily available (vide
supra).

Results comparable to the BINOL mesogenic functiona-
lisation were obtained for helicene-based hexahydrobenzo-

0O+

(6}

O+
(e}

62 By ~ 200 um™ (ROTN 404)

o
e A
CsHuq

(0]

C7H50

O~
s
C7H150

65 py = 147.9 um™' (MBBA)

64y =7.8 um™ (MBBA)

Fig. 21 Mesogenic functionalisation of helicene derivatives.

[c]phenanthrenes (Fig. 21).%* Without mesogenic groups, helical
twisting powers remained low, whereas the incorporation of 4'-
alkylbiphenyl groups improved the cholesteric induction to an
impressive 147.9 um~' (MBBA).

Bistable dopants for photocontrol of liquid crystalline
phases

The incorporation of bistable (‘switchable’) moieties in liquid crys-
tal dopants offers the possibility of controlling the supramolecular
chirality of cholesteric liquid crystalline phases using external
stimuli (Scheme 6).2 Furthermore, as the helical pitch and sign of
helicity are a direct result of the state of the dopant incorporated,
the macroscopic properties of the cholesteric LC can be applied
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P-cholesteric phase compensated nematic phase M-cholesteric phase

Scheme 6 Schematic representation of the switching of the chirality of a

doped cholesteric liquid crystal.
| I OEt
! ! OEt

63 py not determined

Fig. 20 Mesogenic functionalisation of chiral BINOL derivatives.*®
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for non-destructive read-out of the switch state (vide infra), and
amplification of its chirality. Especially photochemical switching
of cholesteric phases might lead to materials with potential appli-
cations in all-optical devices, enhanced speed of data processing
and the possibility of controlling the selective reflection and
transmission of light.

Switches

In recent years, much attention has been paid to the development
of molecular machinery, for use in the bottom-up approach
in nanotechnology.®® An essential part in this nanotechnology
toolbox is a simple switch that can differentiate between two states,
and as such provides the molecular equivalent of the electronic on
and off switch (Scheme 7).

state A stimulus 1 state B
‘ ) — ‘ 3
on stimulus 2 off

Scheme 7 Schematic representation of a bistable switch.

For this purpose many different molecular systems have been
developed, including catenanes, rotaxanes, azobenzenes, over-
crowded alkenes, fulgides, diarylethenes, and spiropyrans.®*® Some
of these systems are chiral and as such can, in theory, be applied
as bistable dopants for switching between different cholesteric
states. Although in principle a variety of external stimuli, such
as pH, solvent, pressure, magnetic or electric fields, heat, light
and chemical reactions can be applied to achieve switching,”
generally only heat and light are used for switching in liquid
crystal systems, due to their non-destructive nature. Especially
light offers enormous advantages over other stimuli, as it can be
used at selected wavelengths, distinct polarisations and intensities.
Furthermore it offers the possibility of using lasers and masks, for
accurate irradiation of defined areas. As a result of these features,
practically all switches designed for use in an LC matrix are optical
switches, i.e. they experience a change in certain properties upon
irradiation with a specific wavelength of light. Three different
chiral optical switches can be distinguished (Scheme 8).

CPL
Type 1 P M
)“1
Type 2 P’ M
)‘“2
>
Type 3 X*A X*-B

A2

Scheme8 Schematic representation of different types of chiral switches. P
and M represent molecular helicities, X* represents a chiral auxiliary unit
in the molecule.

In Type 1 the switching takes place between enantiomers, in
which case irradiation with unpolarised light leads to racemisation
of the switch, due to the equal absorption of light as a result of
the enantiomeric relationship of the two states. Therefore, circular
polarised light is needed to switch selectively from one state to the
other. Type 2 describes switching of pseudoenantiomers, where the
chiral properties of the switch are inversed upon switching, but the
two states do not have an enantiomeric relationship. Irradiation
with unpolarised light can then lead to selective interconversion

between the usually diastereomeric states. In Type 3 switches,
comprising a switching unit and a chiral auxiliary unit, the chirality
of the system does not change so dramatically, for instance,
because the switching moiety is situated more remotely from
the chiral unit in the molecule. However, switching does result
in conformational change and as a result, influences the chiral
properties of the entire molecule.

Type 3 switchable dopants

Azobenzene-based switchable dopants. Azobenzenes can un-
dergo a reversible trans—cis (or E-Z) isomerisation upon irra-
diation with UV-VIS light, resulting in large conformational
and polarisation changes in the molecule. The trans form has
a rod-like structure and as such can stabilise calamitic liquid
crystals, whereas the cis form is bent and generally destabilises the
LC superstructure by generating disorder in the aligned systems
(Scheme 9). This principle has been applied in photochemical
orientation of nematic films,® pitch change in cholesterics®**® and
phase transitions from nematic to isotropic states.®® The first
dopant ever to effect a change in cholesteric pitch upon irradiation
was an achiral dopant containing an azobenzene core.*® Even
today the azobenzene moiety is the most frequently applied
photoactive bistable group in liquid crystal research. It is easily
synthesised and generally shows good compatibility with the LC
phase, especially in the trans form. Moreover, due to the large
difference in structure the helical twisting powers of trans and cis
isomers are usually quite different, which allows efficient switching
of the cholesteric pitch.

cis or Z azobenzene

trans or E azobenzene

Scheme 9 Destabilisation of liquid crystalline order by trans to cis
isomerisation of an azobenzene dopant.

Similar to the shape persistent dopants described in the previous
section, the helical twisting powers of chiral azobenzene-based
dopants are largely dependent on the nature of the chiral group
in the molecule. In general, azobenzenes with an atropisomeric
moiety show much more efficient chiral induction than azoben-
zenes possessing central chirality (Fig. 22). For the latter type
of compounds, the highest helical twisting powers reported are
around 15 um™',% whereas binaphthyl-based azobenzenes can
have fy-values over 200 um~"'.% The trans isomers normally
show more efficient cholesteric induction than the cis form, in
accordance with the model presented in Scheme 9. However,
when substituted at the 2,2'- and 3,3'-positions, the cis isomers
possess a more rod-like character and the structural modification
is associated with higher helical twisting powers (69, Scheme 10).5

As the helical twisting powers of these azobenzenes are gen-
erally low, selective colour reflection of the LC film with these
photobistable dopants as guests and manipulation of the colour
by optical switching is practically impossible. However, high
compatibility with calamitic mesogens made the use of chiral
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E,E-66 By = -3.3 um™! (E7)
PSSyy pum =-3.3 um™ (E7)
PSSys Bm = -3.3 um™ (E7)
E,E-67 By = +201 um™® (Phase 1052)
PSSyy pum = +106 um™ (Phase 1052)
PSSys Bm = +155 um™! (Phase 1052)
Fig. 22 Azobenzene-based dopants and associated helical twisting powers.
OCgH13
o) uv 0
—_—
. - .
/@)’J\ O\\ Vi S d O\\-
N ~ N >
C6H13O
E-68 By, = 12 um™ (E44) Z-68 Py, = 2 um! (E44)
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Scheme 10 4.4'- vs. 3,3'-Disubstituted chiral azobenzenes as bistable dopants.®®
non-photo addressable co-dopants of enhanced compatibility and The helical twisting power of azobenzene switches was consider-
helical twisting power feasible, resulting in efficient switching of ably enhanced by incorporation of axially chiral binaphthyl moi-
coloured cholesteric films (Scheme 11),562:62:69 eties. Especially binaphthyldiamine-based switches 67 (Fig. 22),
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oM~
O
N O/Y\
/©/ N& /©/
CgH13 N
E-70 Z70
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CGH13O

Scheme 11 Photochemical modulation of the colour of a liquid crystalline film using a chiral co-dopant. The exact helical twisting power of 70 is
unknown, but too low to generate a reflective LC film in E48 on its own. Chiral co-dopant 71 has a moderate helical twisting power but a high
compatibility with the LC host, allowing doping of high concentrations leading to coloured LC films.®"¢%
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CgH1g

E,E-72 By = +148 um™ (E7)
PSSyy B = +90 um™ (E7)
PSSyis pm = +122 um™ (E7)

E,E-73 By = +54 um™" (ZLI-2359)
PSSyy fm = -31 um™ (ZLI-2359)
PSSyis pm = +37 um™! (ZLI-2359)

Fig. 23 Binaphthalene-based azobenzene switches showing efficient
cholesteric induction.

72 and 73 (Fig. 23), developed by Gottarelli and Spada et al.,
constitute a powerful system for optical switching of the cholesteric
pitch, as the high helical twisting powers allow for colour
generation and switching without added chiral co-dopants.*
Furthermore, UV irradiation of an LC film doped with switch 73
(Pm = +37 um™', PSSys, in ZLI-2359) leads to a cholesteric phase
of opposite helicity (fy = —31 pm~', PSSyy), a phenomenon that
is rarely observed to such a degree for Type 3 switches.”™"!

Olefin-based switchable dopants. The same trans—cis isomeri-
sation is also used for switching of chiral cyclohexane derivatives
with an exocyclic olefinic double bond.” Menthone derivatives

e
\/&\/ =
BEA Q —
@\‘/N\ S S 2 ; VIS @YN :

open-75 By = 13 um (ZLI-389)

trans-74 py = -41 um™ (MBBA)
pum=-36 um™! (E7)

Cis-74 By = +8 um™ (MBBA)
By =-1um’ (E7)

Scheme 12 Menthone based switchable dopants.

showing high helical twisting powers and efficient cholesteric pitch
switching were reported,” and later these compounds were also
used for light induced colour change of cholesteric copolymers
(Scheme 12).™

Diarylethenes. Photochromic diarylethenes undergo a
reversible 67 electron cyclisation upon irradiation, leading to
distinct changes in structure and electronic configuration of the
molecule.” This switching unit has been applied for reversible
cholesteric to nematic transitions and manipulation of the
cholesteric pitch.”®7” The cholesteric to nematic transitions were
made possible because in all described cases either the closed or
the open form of the switch has an extremely low helical twisting
power (Scheme 13). Overall, cholesteric induction by this type of
switch is not very efficient.

Fulgides. A similar reversible 6m electron cyclisation is used
for switching fulgides.” The incorporation of a chiral binaphthol
moiety in the switch resulted in a bistable system with an
enormous difference in helical twisting power between the open
and closed forms of the switch (Scheme 14).”” The open form of

closed-75 py ~ 0 um™ (ZLI-389)

Scheme 13 Diarylethene-based switchable dopants.

45 By = + 85 um™! (K15)

open-76 R = i-Pr, py = -23 um™ (K15)
open-77 R = n-Pr, By = -28 um! (K15)

closed-76 R = i-Pr, py =-175 um™" (K15)
closed-77 R = n-Pr, By =-175.3 um™" (K15)

Scheme 14 Fulgide-based switchable dopants.
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chiral fulgide 77 has a fyy of —28.0 um™' in K15, whereas ring
closure leads to an impressive fyy of —175.3 um~'. This allows
photoswitching between cholesteric phases with a long and a
short pitch, respectively, using very small amounts of dopant.
However, it does not result in a change in sign of the cholesteric
helicity. This shortcoming was circumvented by addition of non-
switchable chiral dopant 45 showing opposite helical twisting
power (+85 pum™'), resulting in reversible switching between a
positive and negative cholesteric phase.™”

Type 2 switchable dopants

Overcrowded alkenes. As a result of the pseudoenantiomeric
relationship® between the two switch states, Type 2 switches are
much more likely to show inversion of the cholesteric helix sign
upon switching than Type 3 switches. This principle was first shown
for the overcrowded alkene-based switches developed by Feringa
et al 3%

The inherently dissymmetric alkene cis-78 has a P chirality,
which, upon irradiation with UV light, is converted to its M-trans
isomer (Scheme 15). The pseudoenantiomeric relationship of these
two isomers is clearly reflected in their CD spectra. Doping of
LC host M15 with P-cis-78 transformed this nematic phase to
a cholesteric phase with positive helicity (fy. = +5.9 um™").%
Irradiation with UV light then led to a photostationary state
consisting of 75% M-trans-78 and 25% P-cis-78 and an overall
negative cholesteric helicity. The M-trans switch has a helical
twisting power of —9.6 um~"'. Subsequent irradiation with 465 nm
light led to a photostationary state made up of 88% P-cis and 12%
M-trans, and consequently a positive helical pitch. Similar results
were obtained in other liquid crystalline hosts and with structural
variants of switch 78.3% Overall, helical twisting powers of these
types of switches are not very high, but cholesteric helix inversion
takes place quite efficiently and with nearly equal magnitude as a
result of the pseudoenantiomeric relationship of the switch states.
Light-driven unidirectional molecular motors were also used as
chiral guests in LC host materials. For the first generation of
the overcrowded alkene-based molecular motors,? the behaviour
mentioned above is inversed compared to the switches; the Sy of
the stable P,P-trans form of 79 is +99 um~' (E7), but generation
of a cholesteric helix with an opposite sign of similar pitch is
impossible, as only the M, M-trans form possesses a minor negative
helical twisting power (fyy = —7 um™', E7) (Scheme 16).35% As a
result of the high helical twisting power of the P,P-trans form,
coloured liquid crystalline films are easily generated using this

(P)-cis-78 By = +5.9 um™' (M15)
PSS435nm = 88:12 (trans:cis)
positive cholesteric helicity

(M)-trans-78 By = -9.6 ym" (M15)
PSS313nm = 75:25 (Cis:trans)
negative cholesteric helicity

Scheme 15 Overcrowded alkene-based molecular switch 78 and its
influence on a liquid crystalline host.

> 280 nm
—_—
B E—

> 380 nm

stable (P,P)-trans-79
P = +99 um™ (E7)

TGO °C

unstable (M,M)-cis-79
120 °C

>280 nm

> 380 nm

unstable (M,M)-trans-79
Pu=-7um™ (E7)

stable (P,P)-cis-79
Pu =+17 um™ (E7)

Scheme 16 Unidirectional rotation of molecular motor 79 in a liquid
crystalline host, and associated helical twisting powers.

dopant. Photochemical and thermal isomerisation of the motor
leads to irreversible colour change in the LC film.

A major breakthrough in this area was achieved with the intro-
duction of fluorene-derived molecular motors. Possibly due to the
structural compatibility of the fluorene group with the LC host’s
biphenyl core, motor 80 was found to possess very large helical
twisting powers for both stable and unstable forms (Scheme 17).
Moreover, these two forms induce cholesteric phases of opposite
signs, making it possible to switch efficiently between cholesteric
helicities. As the thermal isomerisation step (from unstable to
stable form) occurs readily at room temperature, these motors
were found to be able to induce fully reversible colour change
of a liquid crystalline film across the entire visible spectrum.®

stable (2'S)-(P)-80
B = +90 um! (E7)

unstable (2'S)-(M)-80
By =-59 um™ (E7, PSS)

Scheme 17 Unidirectional rotation of molecular motor 80 in a liquid
crystalline host, and associated helical twisting powers. For the unstable
form, the helical twisting power of the photostationary state (PSS) is
described, as the composition of the PSS could not be determined.
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Moreover, switching of this molecular motor in a liquid crystalline
environment induced an unprecedented rotational reorganisation
of the LC film, which was applied in the light-driven rotation of
microscale glass rods.*

Type 1 switchable dopants

Bistable switches with an enantiomeric relationship between the
switch states can be interconverted using circularly polarised light.
Furthermore, irradiation of a racemic Type 1 switch with circularly
polarised light (CPL) of one handedness can lead to partial
photoresolution. As the two enantiomers absorb left- or right-
handed CPL differently, one enantiomer is excited preferentially,
leading to racemisation. The other enantiomer is affected less and
will accumulate until an equilibrium or photostationary state is
reached. The enantiomeric excess of this photostationary state at a
certain wavelength of irradiation depends on the Kuhn anisotropy
factor g,, defined as the ratio of the circular dichroism (Ag) and
the extinction coefficient (g) (eqn 2).

eepss = /2 = Ae/2¢ ?2)

As g-values normally do not exceed 0.01, CPL photoresolution
seldom leads to enantiomeric excesses over 0.5%.! Such ee values
can be difficult to determine using conventional methods. How-
ever, as the conversion from nematic to cholesteric is essentially
thresholdless, these ee values are theoretically high enough to
trigger a nematic to cholesteric transition. The ee can then be
determined from the cholesteric pitch via eqn 2. Likewise, using
this system, the helicity of a cholesteric phase can be controlled
using only the chiral information in the circularly polarised light.
Finally, a cholesteric to nematic transition can be caused by
irradiation with unpolarised or linearly polarised light, leading
to racemisation of the chiral switch.

Overcrowded alkenes

The concept described above was first proven using inherently
dissymmetric overcrowded alkene 81 (Scheme 18).8%°2 In this
way, a 3-stage LC switching system comprising nematic, positive
cholesteric and negative cholesteric LC phases was developed.
Irradiation of this racemic Type 1 switch with I-CPL (313 nm) led
to M-81 with 0.07% ee. When this irradiation was carried out in
a nematic LC host® (20 wt% 81 in M15) a cholesteric phase was
generated, which disappeared again upon irradiation with linearly
polarised light. Irradiation with r-CPL resulted in a cholesteric
phase of opposite handedness.

Due to the rather low helical twisting power of M-81 (fy =
—0.1 pm~" in M15) and low anisotropy factor (g;; = —0.0064 in
n-hexane) these effects were small and only very large cholesteric
pitches could be addressed. However, it did show the potential
of this system for amplification of chirality, from the handedness
of circularly polarised light via a chiral molecular switch to a
macroscopic nematic to cholesteric phase transition.

Axially chiral bicyclic ketones

Schuster and Suarez showed reversible photoswitching of a
racemic bistable compound using CPL.”* Racemic axially chiral
bicyclic ketone 82 was irradiated with I-CPL, leading to partial
photoresolution (Scheme 19). Irradiation of more than 6.7 h

racemic 81
nematic LC phase (K15)

r-CPL I-CPL
LPL or UPL LPL or UPL

(P)-81 ee = 0.07%
positive cholesteric helicity

(M)-81 ee =0.07%
negative cholesteric helicity

Scheme 18 CPL-induced deracemisation of overcrowded alkene-based
switch 81 in a liquid crystalline environment resulting in 3-stage LC
switching. LPL = linearly polarised light, UPL = unpolarised light.

(o} o}
CPL
H H —_— H H
O\ O\
6} o
racemic 82 82 eepgg = 0.4% (L > 305 nm)

Scheme 19 CPL-induced deracemisation of axially chiral bicyclic ketone
82.

resulted in a photostationary state with 0.4% ee. This value was
in good agreement with the ee value predicted by the anisotropy
factor (g = 0.0105 at 305 nm), but the enantiomeric enrichment
was not sufficient to cause a nematic—cholesteric phase transition,
probably due to a low helical twisting power.

Several of these bicyclic ketones were especially designed as pho-
tochemical triggers for the control of liquid crystalline phases.”
Due to the rigid bicyclic core and the ketone chromophore,
these structures generally possess large g-values. Unfortunately,
both the helical twisting power and solubility in nematic LC
hosts are often low (Fig. 24). Finally, the incorporation of a
mesogenic unit in the switch resulted in a system capable of
reversible nematic—cholesteric phase transition using circularly
polarised light (Scheme 20).”* Switch 83 contains a mesogenic
moiety resembling the LC host ZLI-1167 resulting in a helical
twisting power of 15 um™"', a high g-value (g3, = 0.016) and good
solubility. CPL irradiation (4 > 295 nm) of a nematic mixture
containing 13 mol% rac-83 resulted in a cholesteric phase with a
pitch of 190 um. This was more than twice as long as the pitch
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0 OCgH13

0] 0]

82 By unknown
2305 = 0.0105

84 By = 5.5 um™ (pCH7)
g unknown

86 By = 46 um™! (ZLI-1167)
8256 = 0.00126

85 By unknown
2313 = 0.0502

|
!CN

88 By = 23 um™! (ZLI-1167)
2286 = 0.00072

87 py =29 um™ (K15)
pm= 18 um™ (ZLI-1167)

8258 = 0.00034

Fig. 24 A selection of chiral dopants developed by Schuster and coworkers.***

(e}
)J\ OC7H15
| (o}
(e}

83 py=15um’ (ZLI-1167)

8300 = 0.016
racemic 83 CPL scalemic 83

nematic LC phase @~ ‘e«— —— eepgs = 0.7% (A > 295 nm)

(ZLI-1167) UPL cholesteric LC phase, p = 190 um

Scheme 20 Nematic to cholesteric phase transition by CPL irradiation
of an axially chiral bicyclic ketone.

obtained when a photoresolved sample at the photostationary
state was doped in the mesogenic host, probably due to scattering
of the CPL by the liquid crystalline mixture.

Conclusions

The amplification of molecular chirality by liquid crystalline
systems manifests itself in chiral surface structures, helical
supramolecular assemblies and several physical properties, such as
optical rotation, circular dichroism and selective light reflection.
For the efficient generation of cholesteric liquid crystals several
low molecular weight dopant systems with varying helical twisting
powers have been developed. Among the most successful dopant
classes today are TADDOLSs, dioxolanes, binaphthol-based sys-
tems and chiral coordination complexes with helical twisting
powers up to 400 um~'. These dopants allow the generation of sub-

micrometre pitch cholesterics using millimolar quantities of chiral
dopant. Although some trends in the relation between molecular
structure and helical twisting power can be observed, no general
rules for the design of efficient dopants have been established. The
incorporation of bistable moieties in chiral dopants has led to the
development of several classes of switchable chiral dopants, which
allow the manipulation of sign and pitch of a cholesteric phase
using an external stimulus, in particular with light. On one hand,
amplification of the switch state in the chiral organisation of the
LC superstructure can be applied in methods for non-destructive
read out. On the other hand, manipulation of the cholesteric
pitch allows controlled colour change of liquid crystalline films.
Moreover, racemic bistable dopants can be deracemised using
circularly polarised light, inducing a transition from the nematic
to the cholesteric phase. The development of more efficient chiral
switches with high helical twisting powers of opposite sign for
both switch states remains a formidable challenge to be addressed
but also offers exciting opportunities for the application of these
systems in smart materials and nano- or information technology.
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A general synthetic route to 5-alkylidene-1,3-dioxane-4,6-diones, which are a family of axially chiral
alkenes, is described. Conformational issues are explored and the platinum-binding properties of these
species are discussed. That these alkenes exist as stable enantiomers is established by their partial

kinetic resolution upon reaction with cysteine.

Introduction

Molecules in which one of the elements of chirality involves a
carbon—carbon double bond are interesting in that interconversion
of enantiomers may be achieved by alkene isomerisation. Alkenes
may be isomerised through many processes including irradiation
with the correct frequency of electromagnetic radiation (usually
u. v.) to induce diradical formation and thus lower the barrier to
rotation around the carbon-carbon bond, which upon relaxation
and reformation of the alkene results in isomerisation. In many
cases, instead of direct excitation of the alkene, irradiation excites
another group, often a carbonyl, which then transfers excitation to
the alkene, generating a species in which, again, the carbon—carbon
bond is formally single, allowing rotation and thus isomerisation.
In chiral molecules in which interconversion of enantiomers is
achieved by double bond isomerisation, this provides a path
for photochemical racemisation, or, in certain cases the use of
circular polarised light allows photochemical deracemisation.
Circularly polarised light is intrinsically chiral, and as such the
interaction with chiral molecules is diastereoisomeric, with each
enantiomeric form of circularly polarised light being absorbed
to a different extent by each enantiomer of the sample, with the
difference being referred to as the anisotropy factor Ae. Thus, when
irradiation of a racemic sample of substrate is carried out with a
single enantiomer of circularly polarised light, the enantiomer of
sample which has the highest extinction coefficient is racemised
faster than its enantiomer, which leads to an excess of the lower
absorbing enantiomer. As the A¢ values for simple molecules are
small, typically <1% of the absolute extinction coefficients, the
enantiomeric excesses obtained in such experiments are usually
very small, but they are important examples of absolute asym-
metric induction, that is the induction of enantiomeric excesses by
reactions of racemic mixtures or achiral molecules, using only the
chirality of physical forces rather than chiral chemicals, and as
such have implications for the origins of biological homochirality,
as it has been observed that cosmic background radiation is
significantly circularly polarised at many wavelengths, and thus

Department of Chemistry, Cardiff University, Park Place, Cardiff,
Wales/ Cymru, UK CFI10 3TB. E-mail: cooganmp@cf.ac.uk; Fax: + 44
02920 874030; Tel: +44 02920 874066

primordial Earth experienced non-racemic irradiation prior to the
development of biological chirality.!

The classic example of a molecule which is chiral by virtue
of a double bond configuration is trans-cyclooctene, and this
material has been shown to be capable of deracemisation by
intense irradiation with circularly polarised u. v. (Scheme 1).2
This is an unusual example, however, in that irradiation can cause
not only interconversion of enantiomers, but also produces the
(achiral) cis-isomer. More recently alkylidene cyclohexanes have
emerged as one of the more interesting families of chiral molecules
which can be racemised by photochemical isomerisation of an
alkene,® and indeed, these species have also been deracemised by
irradiation with circularly polarised light (Scheme 2). Amongst
other prominent molecules which have been photochemically
deracemised with circularly polarised light are the crowded helical
tetraaryls such as the 9,9’-oxo and thioxanthenylidenes which have
been studied by Feringa et al. (Scheme 3).* The aim of the present
work was to develop routes which would allow rapid access to a
large and varied series of molecules which would both be capable
of photochemical racemisation (and potentially deracemisation)
via double bond isomerisation, and be crystalline, in order
to allow any enantiomeric excess obtained to be enhanced by
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Scheme 3

in situ crystallisation. A survey of the literature was made to find
the simplest routes to such species, and to find which families
were typically crystalline. Substituted cyclooctenes and methylene
cyclohexanes both suffer from low melting points (many are
liquid at ambient temperature), and the bixanthenylidenes, while
typically high melting solids, are not accessible by the simple one or
two step reactions which are useful if a large series of compounds
is sought, therefore attention turned to developing new families of
axially chiral alkenes.

Results and discussion

A consideration of the structural features required suggested
that a potentially viable route to double-bond chiral compounds
amenable to rapid analogue collection was the condensation of
aldehydes with an activated methylene group in a prochiral ring.
The direct analogues of the alkylidene cyclohexanes accessible
by this route would be the condensation products of simple
analogues of dimedone, which are available via condensations
of Michael acceptors with malonate esters, however a survey of
the literature in this area suggested that the precursors for the
condensations (5-monosubstituted cyclohexane-1,3-diones) were
best approached by routes which varied depending upon the nature
of the substituent, and in many cases would require 2 or more step
syntheses of the Michael acceptors, which while trivial moved
away from the desired rapid access to a range of analogues. The
dioxoanalogue of dimedone, Meldrum’s acid, however, seemed a
good candidate for studies as condensation of Meldrum’s acid
with aldehydes is known and high yielding and the substitution of
acetone for non-symmetrical ketones in the synthesis of Meldrum’s
acid analogues should allow for chirality. As two of the three
components in the synthesis are carbonyl compounds, a one-pot
synthesis is conceivable in which malonic acid is cyclised, then
condensed with the same carbonyl compound. In order to validate
this approach, therefore, and to demonstrate their chirality, a study
has been undertaken of 5-alkylidene-1,3-dioxane-4,6-diones.

RJO +OTYO B
¥

R
o m— OYO —

5-Alkylidene-1,3-dioxane-4,6-diones

There are a small range of examples of non-symmetrical examples
of 5-alkylidene-1,3-dioxane-4,6-diones known® (there are many
examples of the symmetrical materials derived from Meldrum’s
acid), but there is no general method for their synthesis and
a literature search found no mention of their chirality. Thus it
was decided that a small range of alkylidene substituted non-
symmetrical analogues of Meldrum’s acid should be synthesised
in order to assess the ease of synthesis, stability and crystallinity
of these species and to allow their chirality to be confirmed.

There are two obvious routes to such materials: A) the synthesis
of alkylidene malonic acid derivatives, followed by cyclisation to
the non-symmetrical acetals; and B) the synthesis first of cyclic
malonate acetals, followed by their condensation with carbonyl
compounds (Scheme 4).

The first of these routes was attempted with condensation of
malonic acid with a variety of aromatic aldehydes giving the
alkylidene malonic acids 1la—c in acceptable to good yields (given
the availability of the starting materials no optimisation was
considered). These alkylidene malonic acids proved, however, to be
reluctant to condense with aldehydes or ketones to give the desired
products. A variety of reaction conditions, reagents and catalysts
were screened in an attempt to obtain cyclisation, concentrating
on Brensted acids (TsOH, H,SO,, TFA) and standard dehydrating
reagents/conditions (Dean—Stark or acetic anhydride), but in
all cases the major products were either starting materials or
decomposition products, with no evidence of successful cyclisation
(we were able to compare crude spectra with the spectra of
the desired materials obtained later to confirm this conclusion)
(Scheme 5). It is possible that the lack of conformational freedom
in the alkylidene malonic acids is responsible for this reluctance
to cyclise. It is assumed that the ring-closing step would involve
generation of an oxonium ion by acid catalysed dehydration of
an intermediate hemiacetal, followed by nucleophilic attack at
the sp? carbon. Although by the Baldwin-style analysis this is a
6-endo-trig cyclisation which is formally favoured, there may be
insufficient conformational flexibility in the highly unsaturated
backbone which would form the ring to allow the carboxylate to
approach the sp? carbon at the Burgi-Dunitz angle.

In the light of the failure to obtain the desired species from this
approach, attention turned to the initial condensation to the un-
symmetrical Meldrum’s acid derivatives, followed by condensation
to the alkylidene species, which should suffer from no untoward
stereoelectronic effects. The condensation of Meldrum’s acid itself
with aldehydes and ketones is well known and a huge range of
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Scheme 5 (i) NH,OAc, EtOH; (ii) various conditions.

such derivatives is known, however substituting the gem-dimethyl
group of Meldrum’s acid with a non-symmetrical substitution
pattern was necessary for chiral products. The condensation
of malonic acid with aromatic aldehydes has been reported
to give the cyclic acetals® however in the present study the
reaction of equimolar ratios of aromatic aldehydes with malonic
acid never gave this desired product cleanly, although a double
condensation did give useful materials (see below). The major
product from the reactions of aromatic aldehydes with malonic
acid under the high temperature conditions recommended for the
cycloacetalisation, in fact was in most cases the relevant cinnamic
acid derivative. These materials are formed from the condensation
used previously to give the alkylidene malonic acids, followed
by thermal decarboxylation. In order to retard the Knoevenagel
condensation to the alkylidene species, attention turned to the
use of ketones. In order to maintain crystallinity it was felt that
an aromatic substituent was desirable, and a methylene group
was also likely to be useful in order that diastereotopicity could
be observed in the '"H NMR, which could confirm the chirality
of the products. The attempted condensation of malonic acid
with acetophenone following the literature method which had
proven to be the highest yielding route to Meldrum’s acid’ gave
none of the desired product (from NMR and mass spectroscopy
of the crude reaction mixtures). The literature® suggested that
the condensation of malonic acid with aromatic ketones gives
not the 1,3-dioxane-4,6-diones but instead tends to condense via
nucleophilic attack at the ketone, often followed by dehydration
and decarboxylation to the unsaturated acid. Therefore, benzyl
acetone was selected as an aliphatic ketone which has both an
aromatic substituent and methylene groups, while the carbonyl
group is more similar to acetone than the carbonyl of an aromatic
ketone. (A range of alkylidene malonates derived from benzyl
acetone have been prepared on solid supports as intermediates in
solid-phase synthesis® however they were not liberated from the
support in this form and no comment was made on chirality.) The
condensation of benzyl acetone with malonic acid was investigated
under a variety of conditions, with the product mixtures varying
greatly with temperature, pH and reagents. Eventually it was found
that a variation of a literature’ procedure for Meldrum’s acid
provided the most reliable route to 2-methyl-2-(2-phenylethyl)-
1,3-dioxane-4,5-dione 2, whereby excess malonic acid was reacted
with benzyl acetone in the presence of acetic anhydride and sulfuric
acid. The excess malonic acid is easily removed by filtration of
a solution of the crude reaction product in dichloromethane,
and after evaporation the cyclic acetal slowly crystallises from
the by-products in good yield. Interestingly this material is very
susceptible to hydrolysis and must be stored under anhydrous
conditions, in stark contrast to Meldrum’s acid itself, which while
having some hydrolytic instability is much more robust than the
benzyl derivative considered here.

Table 1 Yields of 5-alkylidene-1,3-dioxane-4,6-diones

R R’ R’ Yield (%) Mpt/°C
3a  Ph CH,CH,Ph H 43 107-108
3b 4NO,CH, CHCHPh H 37 146-149
3¢ 2-NO,CH, CH,CH,Ph H 66 89-91
3d 4McO-CH, CHCHPh H 66 91-93
3e CH(CH,), CH,.CH,Ph H 33 79-81
4 Ph Ph H 2l 146-148

With a robust route to a crystalline non-symmetrical Meldrum’s
acid derivative, 2 the Knoevenagel condensations of this material
with a variety of ketones were studied. These reactions proceeded
smoothly with benzaldehyde, a variety of substituted benzalde-
hydes (2-nitro, 4-nitro, 4-methoxy) and with isobutyraldehyde.
All these products were highly crystalline and while the yields
were generally better with the substituted aromatic aldehydes,
even with benzaldehyde and isobutyraldehyde yields of around
50% were obtained after crystallisation of the products from
the reaction mixtures (Scheme 6; Table 1). Given the few steps
involved in the preparation of these species no attempt was made
to optimise the yields, or even to recover more of the product than
was simply delivered by crystallisation. To demonstrate that this
approach could provide a one-pot route to alkylidene malonates,
malonic acid and an excess of benzaldehyde were reacted under
the conditions used for the synthesis of 1, and the derived
alkylidene malonate was recovered by crystallisation, albeit in a
low yield (Scheme 7; Table 1). Although all of the ketone-derived
species were synthesised from benzyl acetone, as these synthetic
approaches work equally well for the chiral materials derived from
benzyl acetone and the acetone derivatives, it seems likely that this
chemistry would be applicable to derivatives of a wide range of
aliphatic ketones, giving a vast scope to the species available.

(o] CO,H i W
I+
R" "R" CO,H >/ (o}
e >/R
2 3a-d
R= see table 1
R'=CH,CH,Ph
R"=Me

Scheme 6 (i) H,SO,, Ac,0; (ii)) NH,OAc.
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|
l + < 2 1
Ph COH o>/o
ph” H
4

Scheme 7 (i) H,SO,, Ac,O

These species proved to be considerably less susceptible to
hydrolysis than the parent compound, in fact surviving prolonged
exposure to water in a 2-phase system (see below). This hydrolytic
stability is, presumably, the reversal of the Burgi-Dunitz angle
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argument which precluded the formation of these species by
cyclocondensation. In the same way that although malonic acid
easily cyclo-condenses with ketones, alkylidene malonic acids seem
to have insufficient conformational flexibility to allow the ring
closure step to take place. It is likely that, while the methylene
species is susceptible to hydrolysis, the alkylidene analogues are
too rigid to allow an oxygen lone pair to align anti periplanar to
the carbon-oxygen bond (i.e. syn periplanar with the o* orbital)
which must be broken in hydrolysis.

With a range of 5-alkylidene-1,3-dioxane-4,6-diones in hand
which had been designed to show chirality, their "H NMRs were
examined for evidence of diastereotopicity in the signals from
the methylene groups. Rather than the simple pairs of triplets
predicted by first-order coupling for the methylene groups of
the 2-phenylethyl substituent, a pair of complex multiplets were
observed. However, this could not be attributed to molecular
chirality as the same phenomenon is observed in these signals
in the precursor 2 which formally has a plane of symmetry and is
thus necessarily achiral. The non-first order nature of this region of
the spectrum was unexpected, and could reflect a preferred twisted
conformation of the six-membered ring with a frans arrangement
of carbonyls in which the plane of symmetry associated with the
cis form is lost (Fig. 1). In the solid state at least, however, many
analogues, and indeed Meldrum’s acid itself exist in the cis form™®
and thus the complex NMR is more likely to be the result of
anisogamy, 7.e. magnetic nonequivalence due to different coupling
constants to the vicinal proton barriers in the chain.

0\_’r"'~o o o)
s o %00
trans cis

Fig.1 Conformers of 1,3-dioxane-1,6-diones.

As this complex system is observed even in the achiral unsub-
stituted species, the use of NMR measurements to characterise
molecular chirality was inappropriate. Although the molecules
must necessarily exist as a pair of enantiomers, it was thought
possible that they may be unstable to racemisation through an
addition—elimination mechanism. The extremely polarised nature
of the alkene, due to its conjugation with two carbonyls could lower
the barrier to rotation, or a mechanism for racemisation could
operate whereby polar solvents, or lone pairs of other molecules,
act as nucleophiles in a Michael-addition-retro-Michael sequence,
allowing racemisation. Given the possibility therefore that these
species may not exist as stable enantiomers it was essential to
investigate their stability, and as NMR was unsuitable, other
methods were examined. None of the chiral HPLC columns tested
(Chirocel OD, OJ) gave any separation between enantiomers, and
it became apparent that GC was leading to decomposition. Mass
spectra recorded at temperatures similar to the GC conditions
showed that a fragmentation had occurred at high temperature
(this was also observed in refluxing xylene) whereby the parent
ketone (benzyl acetone) is eliminated from the ring. In the mass
spectrum cationic fragments are observed correlating to the mass
of the remaining portion of the molecule. In experiments, however,
these fragments are lost as a mixture of decomposition products,

and only benzyl acetone is observed as a discrete product of the
fragmentation (Scheme 8).

o. 0 Ph Me
ph/\)l{Me isolated
3a-e

Scheme 8 (i) Xylene reflux.

As chiral stationary phase chromatography seemed unsuitable
for establishing the stability of the enantiomers, attention turned
to NMR chiral shift reagents. As it was expected that the esters
of the alkylidene malonates would have a reasonable negative
character and thus hydrogen-bonding ability, attempts were made
to resolve the enantiomers with the use of the Eu-based shift
reagent Eu(HFC);. Although at certain ratios of shift reagent to
substrate there was evidence that single peaks were becoming
split, it was impossible to achieve separation between peaks
which would allow a determination of the kinetic parameters for
racemisation, and thus establish the stability of the new chiral
system. As these chiral shift reagents seemed to be unsuitable for
the molecules in question, attention turned to a different kind of
chiral metal complex which has been used in e. e. determinations
of unsaturated systems. Parker et al. showed" that it is possible
to use the phosphorus NMR signals of homochiral platinum
DIOP complexes to determine the e. e. of coordinated alkenes.
Ethylene(DIOP)Pt’ reacts with a wide range of alkenes with
displacement of ethylene to give the alkene Pt complex. In the
case of chiral alkenes, the resultant complexes exist as mixtures
of diastereoisomers, which are seen as inequivalent in the *'P
NMR allowing the determination of the e. e. of the alkenes.
The *'P spectra are often complex, as unsymmetrically substituted
alkenes lead to the *'P nuclei in each molecule being inequivalent
and coupling to each other, in addition to the Pt-P coupling in
that fraction of the sample containing the spin-active Pt nucleus,
thus giving 12 signals per diastereoisomer. Fortunately the large
spectral range of P NMR usually leads to well separated signals
allowing determination of e. e. In the case of 5-alkylidene-1,3-
dioxane-4,6-diones, the case is further complicated by the existence
of two inequivalent faces of the alkene, doubling the number of
isomers which can result from the complexation (Scheme 9).

R R Pt(DIOP)
o-.. RPh, OQYO o o
><o Pl o+ —
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o}
RI \R‘ v

PtY(DIOP)(ethylene) R" R"

5 3a-e,4 6a-f

Scheme 9

The reaction of 5-(4-nitrobenzylidene)-2-methyl-2-(phenyl-
ethyl)-1,3-dioxane-4,6-dione 3b with Pt" (DIOP)ethylene in de-
benzene gave a spectrum with 32 peaks, 16 centred around 7.5 ppm
and 16 symmetrically separated around the central peaks at
—8 ppm and 23 ppm, assigned to the Pt satellites (Fig. 2). By a
consideration of the ratios of signal intensities, a certain degree of
assignment of the signals was possible. As the sample was racemic,
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and it is common for little kinetic resolution to be observed in these
complexations, it was expected that the ratio of diastereoisomers
resulting from the reaction of the enantiomerically pure DIOP
complex with the racemic alkene would be close to unity. However,
it was expected that there could be a large degree of selectivity
of which face of the alkene is complexed, as one face will
experience more steric strain as a result of the conformation of
the six-membered ring being distorted by the non-symmetrical
substitution in the 5-position. The typical configuration of these
rings is largely planar with the 5-carbon out of the plane of the
ring in an envelope-type conformation.’> One of the substituents
is in a pseudo-equatorial position, far from the ring and with no
role in blocking the coordination of the alkene, while the other
is in a pseudoaxial position which will experience diaxial type
interactions with the lone-pairs of the 1,3 oxygens, and will interact
with incoming complexes to retard coordination of that face of the
alkene. It is reasonable to suppose that the favoured conformation
will have the larger group in the pseudoequatorial position, and
thus it is likely to be the face of the alkene which is syn to the
smaller substituent (in this case the methyl group) which is more
hindered, and therefore coordination of Pt occurs predominantly
on the same face as the phenethyl group. As each of the isomers
thus formed should give two doublets, correlated pairs of peaks
were easily assigned by their mutual Jpp. The remaining sets of
peaks were assigned as pairs of diastereoisomers on the basis of
intensities, with the isomers resulting from facial differentiation in
complexation being in an approximate 10 : 1 ratio, and with these
sets, the pairs of diastereoisomers reflecting the racemic nature
of the sample apparently being in a 10 : 11 ratio. The assumption
behind these assignations is that the relaxation times of the isomers
will be similar and thus the *'P line intensities can be taken as
almost quantitative. In this context it would appear that there has
been some slight kinetic resolution in the complex formation to
give the 10 : 11 ratio, however this could be calculated for in e. e.
determination on a non-racemic sample. A tentative assignment
of individual *P nuclei in each complex can be made from the

4 2 0 2 -4 -6 -8 -10

'P NMR spectrum of 3b coordinated to Pt~-DIOP.

Table 2 3'P NMR data for the main facial isomer (minor facial isomer
sidebands are too weak to accurately measure Pt-P data)

Diastereoisomer dp/ppm  op'/ppm Jpp/Hz Jpp/Hz Jpp/Hz
Major 7.12 7.62 27 4326 3228
Minor 8.28 6.77 27 4326 3231

magnitude of the value of Jyp in each case. The magnitude of Jyp
in complexes is highly dependent on the frans influence, with ©
acidic ligands leading to low values.”® This effect is particularly
pronounced in square planar complexes and given that one of the
carbon atoms in the complex has two ester groups, it is likely to
be highly © acidic and thus gives very low values for Jpp. These
assignments are summarised in Table 2.

P and P’ have been determined from the magnitude of Jp p
as the 3'P nuclei trans to the benzylidene carbon and C5 of the
ring respectively. The low value of Jpp (27 Hz compared to 59 to
72 Hz in similar complexes) is again considered more likely to be
a result of the extremely electron deficient system lowering Fermi
contact through the P-Pt-P system, rather than the variation in
bond angles which usually explains variations in P-M-P coupling.
In this case the fact that in comparison with literature examples™
the P-M-P system is unaltered, and only the frans ligand varies
between our systems and the literature examples militates against
this line of reasoning. Other spectra were less clearly resolved than
this example, with apparently only one isomer being observed
in the case of 3d and 4. These complexes were of very low
solubility and it is more likely that preferential crystallisation
of one isomer led to this observation than kinetic resolution in
complex formation. Conformational isomerism (hindered rotation
around the C-C bond between the alkene and the 2-nitrophenyl
group) is assumed to lead to the doubling of the peaks for 3c.

In order to justify our conclusion that the phenethyl group
would take up the pseudoequatorial position, thus rendering
the face of the double bond syn to the methyl group more
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Fig. 3 ORTEP" views (50%) of 3d showing molecular structure, and how the methyl group sterically hinders the C12=C14 double bond.

hindered, the X-ray crystal structure of one of the compounds,
2d the methoxyphenyl substituted example, was determined. The
structure (Fig. 3) clearly shows the carbonyls in a cis conformation,
with the envelope formed by the C-5 having the phenethyl group
in a pseudoequatorial position and thus the methyl group causes
severe hindrance of the syn face of the double bond.

Although there was now crystallographic evidence that the
alkylidene malonate esters adopted necessarily chiral confor-
mations, and the Pt’ complexes appeared to be capable of
allowing differentiation of enantiomers by the formation of
diastereoisomers in the P NMR, this is not evidence of the
existence of stable enantiomers which do not easily interconvert,
which would render the new family of chiral species useless.
In order to investigate the stability of the enantiomers towards
interconversion, a partial kinetic resolution was attempted. As
the alkene of the alkylidene malonates is conjugated with two
ester groups, it seemed likely to be reactive towards the addition
of nucleophiles. A series of chiral nuclophiles was screened for
reaction with alkylidene malonates. The only one which gave
an irreversible reaction appeared to be L-cysteine. The adducts
formed upon reaction of L-cysteine with a series of alkylidene
malonates were insoluble in all but the most polar of organic
solvents and were hydroscopic and unstable, however they were
shown to be the required Michael addition products in the more
ecasily handleable cases by NMR and mass spectrometry, although
full characterisation was not achieved. A series of attempts was
made to achieve kinetic resolution of the alkylidene malonates by
simply reacting half an equivalent of L-cysteine in ethanol with
the alkylidene malonates, then purifying the unreacted alkylidene
malonate using the extreme insolubility of these compounds by
evaporation of the reaction mixture followed by dissolution in
chlorinated solvents and filtering off both the adducts, and any
unreacted amino acid. The results of these attempts were mixed,
with in some cases optical activity being observed in the alkylidene
malonates, and in other cases racemic material being recovered.
Attempts to standardise the procedures failed to give reproducible
results, and this was assigned to the low solubility of both the
reactants in ethanol, which leads to irreproducibility in the ratios
of each reactant in solution due to difficult-to-control variables
such as rate of stirring and particle size. Varying the solvent
from alcohols gave no reaction at all, presumably as in non-polar
organics the amino acid is completely insoluble. In highly polar
organics the nucleophilicity of the L-cysteine may be moderated (or
retro-Michael promoted) and when the reaction was attempted in a
two phase system with the alkylidene malonate in an organic phase,
rapidly stirred with a solution of cysteine, very little or no reaction
was observed and no optical activity was observed in the unreacted

alkylidene malonates. Although these results were disappointing
in that reproducible kinetic resolution was not achieved (thus no
data for optical rotations are given in the experimental section),
samples of optically enriched alkylidene malonates were in fact
obtained for all of the species examined (Scheme 10).
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Scheme 10

The optical activity could be incontrovertibly assigned to the
alkylidene malonates as, along with them showing perfect spectral
purity, in all cases the sign of the optical rotation observed was neg-
ative, while both L-cysteine and the adducts have positive optical
rotations. The stability of these species towards racemisation was
established by following the optical activity over long periods of
time, at elevated temperatures and in a variety of solvents. Along
with the possibility that the high degree of polarisation of the
alkene could render its natural barrier to rotation (racemisation)
low, the possibility exists that polar solvents may catalyse the
racemisation. It was possible to demonstrate that the natural
barrier to rotation is high enough for these to be considered as true
atropisomers, fulfilling the OKki criteria,'® and going much further
in that no loss of optical rotation was observed over many days
in solution at ambient temperature. In order to demonstrate that
polar solvents do not racemise these compounds by a Michael-
addition-retro-Michael sequence, they were heated in acetone and
ethanol with no loss of optical rotation being observed. Attempts
to determine the e. e.s of the optically enriched samples using the
Pt’ method failed, with apparently racemic spectra being recorded,
presumably an indication of a very low degree of enantiomeric
excess resulting from poor kinetic resolution.

Conclusion

It has been demonstrated that 5-alkylidene-1,3-dioxane-4,6-diones
are an easily accessible family of axially chiral alkenes which show
barriers to racemisation which allow them to be considered as
stable enantiomers.
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Experimental
General experimental

All starting materials and reagents were purchased from commer-
cial suppliers and used as supplied unless otherwise stated. 'H
and ®C NMR spectra were recorded on a Bruker DPX 400 MHz
at 400 MHz (proton) and 160 MHz (carbon), or an APX 250 at
250 MHz and 100 MHz respectively. * P NMR were recorded on a
Jeol at 121 MHz. IR spectra were recorded on a Perkin Elmer 1600
FT IR as thin films or nujol mulls; mass spectra were recorded
on a VG Fisons Platform II or at the EPSRC national mass
spectrometry service in Swansea (HRMS). Elemental analyses
were performed by Warwick Analytical Services (University of
Warwick).

Crystallographic data for 3d: C, H,Os, crystal system mon-
oclinic; space group P, /a; a = 9.6549(2), b = 12.9703(3), ¢ =
14.7696(4) A, a = 90, f = 108.6430(10), y =90; Z = 4; T = 150(2)
K; 4 =0.095 mm™"; 2 = 0.71069 A (MoKa); F(000) 744; 3.14 <
0 < 27.48; 20365 reflections, 3980 unique [R(int) = 0.0826]; R1 =
0.0524, wR2 = 0.1052 [I > 2a(I)]; R1 = 0.0899, wR2 = 0.1171 (all
data).t

3-(4-Methoxyphenyl)-2-carboxy-2-propenoic acid (1a). The
synthesis of 3-(4-methoxyphenyl)-2-carboxy-2-propenoic acid (1)
was performed following a procedure described in the literature.'
A mixture of p-anisaldehyde (9.0 mL, 55 mmol), malonic acid
(11.44 g, 110 mmol) and ammonium acetate (0.04 g, 0.52 mmol) in
ethanol (25 mL) was stirred under nitrogen at room temperature
for 7 days. The solvent was then evaporated until dryness, the
solid residue was dissolved in ethyl acetate, extracted then with
sodium hydroxide, precipitated with hydrochloric acid and finally
a solid was collected by filtration to give 5.46 g (44.7%) of 1a."”
0H (400 MHz, CD,0D) 3.75 (s, 3H, CH;0), 6.85 (dd, 2H, °J =
7.1 Hz, *J = 1.7 Hz, Ar-H2,6), 7.45 (dd, 2H, °J = 7.1 Hz, *J =
1.7 Hz, Ar-H3,5), 7.55 (s, 1H, CH=C). Mp 207-209 °C (lit."”
204-205 °C).

3-(4-Nitrophenyl)-2-carboxy-2-propenoic acid (1b). The syn-
thesis of 3-(4-nitrophenyl)-2-carboxy-2-propenoic (2) acid was
performed following a procedure similar to the one described
in the literature.”” A mixture of p-nitrobenzaldehyde (2.02 g,
13.37 mmol), malonic acid (2.87 g, 27.57 mmol) and ammonium
acetate (0.01 g, 0.13 mmol) in ethanol (25 mL) was stirred under
nitrogen at room temperature for 14 days. The solvent was then
evaporated until dryness, and the solid residue was dissolved in
ethyl acetate. The product was extracted with sodium hydroxide,
precipitated with hydrochloric acid and collected by filtration to
give 1.35 g (42.6%) of 1b."” 6H (400 MHz, CD,OD) 7.65 (s, 1H,
CH=C), 7.70 (d, 2H, °J = 8.7 Hz, Ar-H2,6), 8.2 (d, 2H, °J =
8.8 Hz, Ar-H3,5). Mp 242-244 °C.

3-(2-Nitrophenyl)-2-carboxy-2-propenoic acid (Ic). The syn-
thesis of 3-(2-nitrophenyl)-2-carboxy-2-propenoic acid (3) was
performed following a procedure similar to that described in the
literature.” A mixture of o-nitrobenzaldehyde (14.70 g, 128 mmol),

T CCDC reference number 611771. For crystallographic data in CIF or
other electronic format see DOI: 10.1039/b608785j

malonic acid (26.62 g, 256 mmol) and ammonium acetate (0.10 g,
1.3 mmol) in ethanol (40 mL) was stirred under nitrogen at
room temperature for 5 days. The solvent was evaporated until
dryness and the solid residue was dissolved in ethyl acetate. The
product was extracted then with sodium hydroxide, precipitated
with hydrochloric acid and collected by filtration to give 1.35 g
(42.6%) of 1¢." 6H (400 MHz, CD;0D) 7.80 (d, 1H,*J = 8.0 Hz,
ArH-6), 7.90 (dd, 1H,°J = 8.0 Hz, °J = 7.0 Hz, ArH-5), 8.00 (dd,
1H,°J = 8.0 Hz,°J = 7.0 Hz, Ar H-4), 8.40 (s, 1H, CH=C), 8.50
(d, 1H, *J = 8.0 Hz, ArH-3). Mp 151-154 °C.

2-Methyl-2-(2-phenylethyl)-1,3-dioxane-4,6-dione (2). The
synthesis of 2-methyl-2-(2-phenylethyl)-1,3-dioxane-4,6-dione (2)
was performed following a similar procedure to that described
in the literature.” A mixture of 4-phenyl-2-butanone (45 mL,
300 mmol), malonic acid (20.8 g, 200 mmol) and sulfuric acid
(0.6 mL, 12 mmol) was added to a Schlenk, under nitrogen. It
was stirred for 15 min at room temperature and acetic anhydride
(24 mL, 250 mmol) was then added very slowly. The mixture
was stirred at room temperature for 18 hours. The solvent was
evaporated until dryness, and the remaining solid was dissolved
in dichloromethane, filtered, and recrystallised from ethyl acetate
and petrol to give 5.39 g (11.5%) of 2. 6H (400 MHz, CDCl;)
1.75 (s, 3H, CH;), 2.29 (m, 2H, CH,-CH,-Ph), 2.86 (m, 2H,
CH,-CH,—Ph), 3.60 (s, 2H, CH,(CO),), 7.10 (m, 3H, PhH-3,4,5),
7.25 (m, 2H, Ph-2,6). 6C (101 MHz, CDCL): § 26.53, 29.46,
36.64, 42.59, 107.64, 126.91, 128.69, 129.13, 140.12, 163.27. vt
1781, 1744 cm™'. Mp 85-87 °C. C;H,,0, requires C 66.66 H 6.02
found C 65.99 H 6.04%.

5-Benzylidene-2-methyl-2-phenylethyl-1,3-dioxane-4,6-dione (3a).
A mixture of 4(0.47 g, 2 mmol), benzaldehyde (0.24 mL, 2.4 mmol)
and ammonium acetate (1.5 mg, 0.002 mmol) in ethanol (10 mL)
was stirred at room temperature for 18 h. A white solid was
collected by filtration and washed with cold ethanol, to afford
0.276 g (43%) of 3a. 6H (400 MHz, CDCl,) 1.75 (s, 3H, CH,),
2.23 (m, 2H, CH,-CH,-Ph), 2.82 (m, 2H, CH,~CH,-Ph), 7.15
(m, 3H, CH,PhH-3,4,5), 7.23 (app. t, 2H, °J = 6.5 Hz), 7.42 (m,
2H, CHPhH-3,5), 7.51 (app. t, 1H, °J = 7.0 Hz, CHPhH-4), 7.99
(app. d, 2H, °J = 7.72 Hz, CHPhH-2,6), 8.39 (s, lH, CH=C). 6C
(101 MHz, CDCl,): § 26.68, 29.61, 42.57, 105.97, 115.06, 126.78,
128.75, 129.08, 129.18, 132.06, 134.13, 134.22, 140.52, 158.83,
160.13, 163.72. Mp 107 °C. m/z (EI/CI MS) 173.9, 91.1, 43.2.
C,H 30, requires C 74.52, H 5.63, N 0.00; found C 74.31, H 5.69,
N 0.07%.

5-(4-Nitrobenzylidene)-2-methyl-2-(phenylethyl)-1,3-dioxane-4,6-
dione (3b). A mixture of p-nitrobenzaldehyde (0.75 g, 5 mmol),
2 (1 g, 4.3 mmol) and ammonium acetate (0.003 g, 0.004 mmol) in
ethanol (10 mL) was stirred under nitrogen at room temperature
for 3 hours. A yellow solid was then collected by filtration and
recrystallised from ethanol, to afford 0.59 g (37%) of 3b. 6H
(400 MHz, CDCl;) 1.75 (s, 3H, CH;), 2.20 (m, 2H, CH,-CH,—
Ph), 2.75 (m, 2H, CH,-CH,-Ph), 7.15 (m, 3H, PhH-3.,4,5), 7.20
(m, 2H, Ph-H2,6), 8.00 (d, 2H, °J = 7.0 Hz, ArH-2,6), 8.25 (dd,
2H,°J = 7.0 Hz, *J = 1.8 Hz, Ar-H3,5), 8.40 (s, |H, CH=C). 6C
(101 MHz, CDCl;) 26.97, 29.59, 42.66, 106.69, 118.78, 123.98,
126.91, 128.72, 129.14, 133.52, 137.80, 140.21, 149.92, 155.13,
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159.29, 162.55. Mp 146-149 °C. vp,: 1729, 1529, 1350 cm™.
CyH;NO; requires C 65.39, H 4.66, N 3.81; found C 65.22, H
4.64, H 3.78%. m/z (EI) 367.

5-(2-Nitrobenzylidene)-2-methyl-2-(phenylethyl)-1,3-dioxane-4,6-
dione (3¢c). A mixture of o-nitrobenzaldehyde (0.76 g, 5 mmol),
2 (1.0 g, 4.3 mmol) and ammonium acetate (0.003 g, 0.004 mmol)
in ethanol (6 mL) was stirred under nitrogen at room temperature
for 18 hours. A yellow solid was then collected by filtration
and recrystallised from ethanol, to give 1.03 g (66%) of 3¢. 6H
(400 MHz, CDCl,) 1.75 (s, 3H, CH;), 2.22 (m, 2H, CH,-CH,-
Ph), 2.83 (m, 2H, CH,~CH,-Ph), 7.15 (m, 3H, PhH-3,4,5), 7.24
(dd, 2H, °J = 7.1 Hz, *J = 1.8 Hz, PhH-2,6), 7.42 (d, 1H, °J =
7.7 Hz, ArH-6), 7.60 (m, 1H, ArH-5), 7.68 (m, 1H, ArH-4), 8.24
(dd, 1H, °J = 8.2 Hz, *J = 1.1 Hz), 8.76 (s, IH, CH=C). 6C
(101 MHz, CDCl,): 6 27.02, 29.57, 42.63, 106.83, 118.04, 125.28,
126.82, 128.74, 129.08, 130.27, 130.67, 131.34, 134.25, 140.35,
146.69, 156.46, 159.36, 161.919. Mp 89-91 °C. v,,, 1777, 1743,
1531, 1336 cm™'. C,H,;NOy requires C 65.39, H 4.66, N 3.81;
found C 65.12, H 4.64, N 3.72%. m/z (APCI) 368 (M + 1), 266
M —102), 220 (M — 148).

5-(4-Methoxybenzylidene)-2-methyl-2-(phenylethyl)-1,3-dioxane-
4,6-dione (3d). A mixture of p-anisaldehyde (1.12 mL, 10 mmol),
2 (2 g, 8.6 mmol) and ammonium acetate (0.006 g, 0.008 mmol) in
ethanol (10 mL) was stirred under nitrogen at room temperature
for 24 h. A bright yellow solid was then collected by filtration
and recrystallised from ethanol, to give 2.00 g (66%) of 3d. JH
(400 MHz, CDCl;) 1.68 (s, 3H, CH;), 2.22 (m, 2H, CH,—CH,—
Ph), 2.80 (m, 2H, CH,-CH,-Ph), 3.83 (s, 3H, OCH,), 6.93 (dd,
2H,°J =7.1 Hz, *J = 1.8 Hz, ArH-3,5), 7.18 (m, 3H, PhH-3,4,5),
7.22 (m, 2H, PhH-2,6), 8.17 (dd, 2H, °J = 7.1 Hz, *J = 1.8 Hz,
ArH-2,6), 8.35 (s, 1H, CH=C). 6C (101 MHz, CDCl;) 26.52,
29.62, 42.51, 56.13, 105.54, 111.04, 114.81, 125.13, 126.70,
128.76, 129.04, 138.20, 140.69, 158.61, 160.88, 164.53, 165.14.
Mp 91-93 °C. vy 1722 cm™'. C, H,,O; requires C 71.58, H 5.72;
found C 71.41, H 5.61%. m/z (EI) 352.2.

5-Isobutylidene-2-methyl-2-(2-phenylethyl)-1,3-dioxane-4,6-dione
(3e). A mixture of isobutanone (0.91 mL, 10 mmol), 2 (0.94 g,
4.00 mmol) and ammonium acetate (0.003 g, 0.004 mmol)
dissolved in 10 mL of ethanol was stirred under nitrogen at
room temperature for 18 hours. A white solid was collected by
filtration and recrystallised from ethanol to give 0.46 g (33%)
of 3e. 6H (250 MHz, CDCl;) 1.08 (d, 3H, °J = 6.6 Hz, 1/2 x
CH(CH,),), 1.11 (d, 3H, °J = 6.6 Hz, 1/2 x CH(CHs),), 1.67 (s,
3H, C(CH;)(2-Ph-Et)), 2.15 (m, 2H, CH,~CH,-Ph), 2.78 (m, 2H,
CH,-CH,-Ph), 3.71 (dh, 1H, J = 10.6 Hz, 6.6 Hz, CH(CH;),),
7.10 (m, 3H, PhH-3,4,5), 7.20 (m, 2H, PhH-2,6), 7.65 (d, 1H,
J =10.6 Hz, CH=C). 6C (101 MHz, CDCl;) 21.54, 21.86, 26.78,
29.52,30.01,42.57,106.19, 116.55, 126.77, 128.71, 129.06, 140.50,
160.03, 162.55, 174.38. Mp 79-81 °C. vy, 1731 em™. m/z (ES)
288.2 (M). C,;Hy0, requires C 70.83, H 6.91, N 0.00; found C
70.29, H 6.97, N 0.09%.

5-Benzylidene-2-phenyl-1,3-dioxane-4,6-dione (4). A mixture
of benzaldehyde (11.4 mL, 112.5 mmol), malonic acid (10.4 g,
100 mmol) and sulfuric acid (0.30 mL, 6 mmol) was stirred at
0 °C for 15 min. Acetic anhydride (12 mL, 125 mmol) was then

added very slowly and the mixture was stirred at room temperature
for 18 h. A white solid was collected by filtration and it was
recrystallised from ethyl acetate and petrol to obtain 2.26 g (21%)
of 4.1 6H (400 MHz, CDCl,) 6.70 (s, |H, sp*CHPh), 7.40 (m, 5H,
sp’CHPhH-2-6), 7.50 (m, 3H, C=CHPhH-3,4,5), 7.95 (dd, 2H,
’J = 8.0 Hz, *J = 1.4 Hz, C=CHPhH-2,6), 8.30 (s, IH, C=CH).
0C(101 MHz) 97.11, 116.1, 126.85, 129.30, 131.16, 131.85, 133.26,
134.11, 134.56, 159.58, 161.25, 164.55. Mp 146-148 °C. m/z (ES)
280.2 (M*).

General procedure for deracemisation of benzylidene malonates.
A mixture of the benzylidene malonate (2.18 mmol) and L-cysteine
(0.132 g, 1.09 mmol) in 20 mL of ethanol was stirred at room
temperature for 18 h. The solvent was then evaporated and the
solid residue was dissolved in 200 mL of CH,Cl,. The product
was collected in the filtrate, by evaporation of the DCM, and
its purity was confirmed by '"H NMR and the optical rotation
recorded in dichloromethane solution. The observed rotations
were inconsistent, but when non-zero were always negative. The
adducts were insoluble in dichloromethane. Examination of the
insoluble fraction by NMR showed mixtures of adducts, the acids
derived from hydrolysis of the dioxane ring, and other unidentified
materials. Homogeneous products were never isolated and partial
characterisation is listed below.

Deracemisation of 5-(4-nitrobenzylidene)-2-methyl-2-(phenyl-
ethyl)-1,3-dioxane-4,6-dione (3b). Adduct: HRMS calculated
mass for C;;HyN,O,S [M + H]* 489.1326; measured mass [M +
HJ* 489.1324.

Deracemisation of S-benzylidene-2-phenyl-1,3-dioxane-4,6-dione
(4). Following the above procedure for deracemisation, a sec-
ond reasonably homogeneous product was observed in the
dichloromethane-insoluble material, apparently a mixture of two
diastereoisomeric acids derived from hydrolysis of the adducts.
Diastereoisomer A (55%): 0H (400 MHz, CDCl;) 3.20 (dd, 1H,
’J =10.2 Hz, °J = 4.5 Hz, CHHS), 3.36 (dd, 1H, °J = 10.2 Hz,
’J = 7.1 Hz CHHS), 4.30 (dd, 1H, °J = 4.5 Hz, °J = 7.0 Hz,
CHCH,S), 7.39 (m, 3H, PhH-3,4,5), 7.51 (app. d, 2H,’J = 7.3 Hz,
Ph-H2,6). Diastereoisomer B (45%): 6H (400 MHz, CDCl;) 3.13
(dd, 1H, °J = 9.9 Hz, °J = 9.0 Hz), 3.42 (dd, 1H, °J = 10.0 Hz,
’J =7.1 Hz), 3.96 (dd, 1H, °J = 8.7 Hz, °J = 7.2 Hz), 7.39 (m,
3H), 7.58 (d, 2H, °J = 8.2 Hz). HRMS calculated for C, H;,NO4S
(adduct) [M — H] 400.0860; measured mass [M — H] 400.0864.

General procedure for coordination of Pt(0)—(S)-DIOP ethene
to benzylidene malonates. Pt(0)-(S)-DIOP ethene (40 mg,
0.055 mmol) was dissolved in C¢Dg (0.7 mL). To the solution
was then added an excess of benzylidene malonate and the
mixture was shaken well for 2 min and the P NMR recorded
immediately. Low solubility of complexes derived from 3d, 4 led
to lack of observation of Pt satellites. Conformational isomerism
(hindered rotation around the C-C bond between the alkene and
the 2-nitrophenyl group) is assumed to lead to the doubling of the
peaks for 3c.

5-Benzylidene-2-methyl-2-phenylethyl-1,3-dioxane-4,6-dione (3a).
J0P (121 MHz, C,Dy) 10.22 (J = 35.5 Hz), 9.32 (J = 35.5 Hz), 8.39
(J =35.5Hz),7.99 (J =32.5Hz),7.24 (J =35.5Hz), 529 (J =
35.5 Hz).
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5-(4-Nitrobenzylidene)-2-methyl-2-(phenylethyl)-1,3-dioxane-4,6-
dione (3b). JP (121 MHz, C,Dy) 7.12 (Jpp = 27 Hz, Jpp =
4326 Hz), 7.62 (Jpp = 27 Hz, Jpp = 3228 Hz), 8.28 (Jp» = 27 Hz,
Jew = 4326 Hz), 6.77 (Jop = 27 Hz, Jpp = 3231 Hz). m/z (ES).
Theoretical isotope model [M + H]* 1060.3 (62%), 1061.3 (100%),
1062.3 (97%), 1063.3 (42%), 1064.3 (25%), 1065.3 (10%); observed
data 1060.3 (30%), 1061.3 (73%), 1062.4 (100%), 1063.5 (27%),
1064.5 (10%). Theoretical isotope model [M + Na]* 1082.2 (62%),
1083.2 (100%), 1084.2 (98%), 1085.3 (41%), 1086.3 (25%), 1087.3
(10%); observed data 1082.3 (27%), 1083.2 (85%), 1084.4 (62%),
1085.3 (20%).

5-(2-Nitrobenzylidene)-2-methyl-2-(phenylethyl)-1,3-dioxane-4,6-
dione (3c). JP (121 MHz, C(Dy) 8.52 (J = 29.6 Hz), 8.05 (J =
29.6 Hz), 7.50 (J = 26.7 Hz), 7.05 (J = 29.6 Hz), 6.80 (J =
29.6 Hz), 5.24 (J = 29.6 Hz).

5-(4-Methoxybenzylidene)-2-methyl-2-(phenylethyl)-1,3-dioxane-
4,6-dione (3d). JP (121 MHz, C(Dy) 9.72 (J = 35.5 Hz), 8.42
(J =35.5Hz).

5-Benzylidene-2-phenyl-1,3-dioxane4,6-dione (4).
C¢Dy) 10.89 (J = 32.6 Hz), 6.84 (J = 32.6 Hz).

SP (121 MHz,
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A mutual induced fit mechanism is responsible for the exceptional complexation performances
exhibited by calix[8]arene polycations towards heparin. The recognition process was studied in
comparison with two other heparin antagonists: protamine and polylysine. The arrangement of
multiple functional groups on the flexible macrocyclic scaffold of calix[8]arene, with respect to the
conformationally rigid protamine and low ordered polylysine, allowed a mutual adaptability between
calixarene polycations and heparin, significantly enhancing the recognition performances.
Fluorescence, NMR titration, and activated partial thromboplastin time (aPTT) experiments
confirmed that these calixarene derivatives have a very high specificity and affinity towards heparin
neutralization as in aqueous solution as in blood. Analogous results were obtained with low molecular
weight heparin (LMWH) whose effect protamine is unable to completely reverse.

Introduction

Heparin, a sulfated polysaccharide, is known as one of the most
powerful anticoagulant drugs, based on its ability to accelerate the
rate at which antithrombin, a naturally occurring serine protease
inhibitor, inactivates several coagulation factors such as thrombin
and factor Xa, whose action is essential in the blood coagulation
cascade.! Heparin also interacts with a number of proteins
involved in many basic biological processes like angiogenesis,
tumour growth and infectious attack by bacteria, protozoa and
viruses.?

To overcome the natural blood tendency to form clots,? systemic
heparinization is the most common anticoagulation procedure in
surgical practice and extracorporeal therapies such as heart-lung
oxygenation and kidney dialysis. To avoid risk of bleeding, the
excess of heparin needs to be balanced and, if necessary, carefully
neutralized. Therefore, heparin, its analogues and inhibitors have
attracted high interest in the therapeutic field.

Heparin is a mixture of helical polysaccharides with chains of
different lengths, mainly composed of repeating disaccharide units
of 1—4-linked sulfated iduronic acid and sulfated glucosamine
residues (Fig. 1); sulfur-containing and carboxyl groups are
displayed at defined intervals and orientation along the flexible
polysaccharide backbone, and provide the highest negative charge
density of any known biological macromolecule.?> For these
reasons the key features to consider for heparin neutralization
are anion—cation interactions and conformational flexibility.

CNR-Istituto di Chimica Biomolecolare, Via del Santuario, 110, 1-95028,
Valverde (CT), Italy. E-mail: francesca.cunsolo@ich.cnr.it; Fax: +39 095
7212141, Tel: +39 095 7212136

T Electronic supplementary information (ESI) available: Spectral data
of compounds 1a and 2a. Kinetic model for heparin—polycation com-
plexation. Graphics of competitive titration experiments between 2a and
protamine, and 1a and polylysine. Low molecular weight heparin NMR
titration and activated partial thromboplastin time (aPTT) calibration
curve for low molecular weight heparin. See DOI: 10.1039/b608887b

i Dedicated to Professor Mario Piatelli on the occasion of his 80th
birthday.

CH,0S03
0
OH
o ©0
CO; NHSOj
OH
0803

Fig.1 Major heparin repeating unit.

One of the most used heparin antagonists is protamine sulfate,
a low molecular weight protein bearing a high positive charge
density due to the numerous arginine residues (ca. 20).* However,
since protamine often causes severe side effects,’ the finding of
safe and efficacious heparin antagonists is currently a goal of great
clinical importance.

With this aim, synthetic medium-sized peptides,® polypeptides
(polylysine and polyarginine),” as well as low molecular weight
protamine' and, very recently, foldamers' have been reported.
Moreover, proteins such as lactoferrin,'? histones’ and antibodies!?
have been studied as heparin-neutralizing agents, but up to now,
protamine, in spite of its well-known side effects, remains clinically
the most extensively employed heparin antagonist.

Our strategy for the design of polyvalent heparin inhibitors
with improved complexation properties was based on the use
of a calix[8]arene molecular scaffold having a high degree of
functionalization, a well defined non-polymeric structure and
elevated conformational adaptability, in order to achieve high
affinity towards heparin through a mutual induced fit recognition
mechanism. In fact, mutual adaptability amplifies immeasurably
the scope and efficiency of the molecular complementarity on
which molecular recognition is based, ultimately playing an
essential role in most, if not in all, chemical and biochemical
processes.’® We expected that the mutual induced fit complexation
mechanism would give rise to an improvement in the neutralization
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performance of our derivatives towards heparin with respect to the
relatively rigid protamine or a low-ordered polymeric substance
like polylysine.'®

Calix[4]arenes,'” widely studied compounds in supramolecular
chemistry, have been effectively used as a scaffold in the synthesis of
derivatives for the recognition of protein surfaces.'® Calix[8]arenes
are similar in reactivity but the larger dimension of the macro-
cycle ring and the higher conformational mobility make them
ideal candidates for our purposes. For instance, a p-sulfonated
calix[8]arene displayed a mutually induced fit formation of host—
guest complexes with photolabile cholinergic ligands."

We designed and synthesized two polycationic calix[8]arene
derivatives (Fig. 2) having similar structures but different charge
density in order to verify the influence of the charge density on
the heparin recognition phenomenon. The shape and the charge
disposition of these compounds also allowed the recognition and
the inhibition of the enzyme tryptase, a serine protease involved
in several allergic and inflammatory disorders.?’

n+

NHR

1a R=L-Lys, X=CF,C00

2a R = CO(CHy)gNH,, X = CF;C00"
1b R=L-Lys, X=CI

2b R =CO(CHy)gNH,, X =CI

Fig. 2 Polycationic calix[8]arene derivatives.

Discussion

Preliminary molecular dynamic studies on the binding of com-
pound 1a to an octasaccharide sequence of heparin in aqueous
solution suggest a very strong interaction between the two com-
pounds. The calix[8]arene moiety adopts a pinched conformation
having two almost identical subunits each defined by three
aromatic nuclei in a cone conformation, and two opposite aromatic
rings in 1,5-positions in an out orientation. This conformation is
similar to the syn conformer of 1,5-intrabridged calix[8]arenes.**
The cationic arms of the calixarene completely surround heparin
in an “octopus-like” structure® in which the chelate effect is
maximized (Fig. 3).2

The calix[8]arene derivative and heparin are mutually adapted
so as to allow a complete charge neutralization: every charge
present is surrounded and neutralized by two charges of opposite
sign. The formation of this compact mutually adapted structure
could be the reason for the very high neutralization power of
calix[8]arene derivatives towards heparin.

Fig. 3 Computer model of heparin-la complex: a) top view of heparin
octasaccharide fragment (stick model), bound to the calixarene derivative
1a (solid-surface); b) side view of an overlay representation (stick model
and solid surface). In the solid surface model hydrophobic patches are
coloured in white, acidic patches in red and basic patches in blue.

The absolute value of the association constant (K,) for the
heparin—polycation interaction in solution is particularly difficult
to assess due to the almost complete irreversibility of the reaction,
the formation of precipitate, and the often incomplete knowledge
of the nature and number of binding sites on biopolymers
involved in the complexation.? Therefore the heparin—protamine®
or heparin—polycation™ recognition process has always been
studied in comparison with other different but totally ionic
binding processes. Therefore, our study to estimate the binding
strength of the calixarene derivatives towards heparin has been
carried out in comparison with protamine and polylysine in
both aqueous solution and in blood. Moreover, as two forms of
heparin are in clinical use, unfractionated heparin (UFH, average
molecular weight 15000 Da, average negative charge —75) and
low molecular weight heparin (LMWH, average molecular weight
3000 Da, average negative charge —15), recognition experiments
were performed with both kinds of heparin.

The first evidence of the recognition phenomenon between hep-
arin and calixarene polycations 1a and 2a was revealed with indi-
cator displacement experiments? by fluorescence spectroscopy, as
similarly described for protamine.? Dye displacement experiments
were carried out in both water and buffer solution (2 mM Hepes,
pH 7.2), assuming for calixarene polycations 1a and 2a a nominal
number of +16 and +8 positive charges, respectively. The binding
of eosin Y by 1a and 2a was monitored by the quenching of the
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dye emission at 540 nm. Subsequent displacement of the dye by
UFH, with the accompanying reappearance of the emission at
540 nm, gave evidence of the UFH-1a interaction, indicating a
final stoichiometry of 17-18 UFH sites per calixarene 1a molecule
(Fig. 4).

1,2E+06 1
n
1,0E+06 1 A A A N
. A
A
| 8,0E+05 A
n
A
-
6,0E+05 1
-
n

n

4,0E+05 T T r T r \
0 5 10 15 20 25 30
aliquots / pL

Fig. 4 The interaction between UFH and eosin Y-1a complex. Titration
was carried out in a 3 mL volume using an eosin Y solution (5.2 x 10~ M).
The fluorescence emission was monitored at 540 nm (excitation wavelength
516 nm). Sequential addition of 7 aliquots of 1a (4.5 x 10> M, 12 uL in
all) (H) was followed by 8 aliquots of UFH (3.9 x 10> M, 17 pL in all)
(A). Addition of 3.5 uL of UFH was sufficient to restore ninety per cent
of the fluorescent emission.

Similarly, 1a showed a quasi equimolar neutralization power
towards LMWH. The neutralization ability of 2a proved to be
lower than 1a, suggesting that the nominal number of positive
charges was the crucial element in the recognition phenomenon.

These results were validated by NMR titration experiments,
performed under physiological conditions (10 mM PBS, pH 7.2,
NaCl 150 mM), following the disappearance of UFH signals
upon the addition of la, 2a, protamine or polylysine due to
the formation of insoluble complexes. In these experiments,
neutralization of UFH solution (171 USP per 0.5 mL) required
1.43,2.25, 1.62 and 1.05 mg of 1a, 2a, protamine and polylysine,
respectively. The analysis of the end-point of the titrations showed
that polylysine was unable to totally remove heparin from the
solution; about 4% of heparin always remained soluble, and this
amount increased in the presence of an excess of polylysine.
In transforming these amounts from weight to charge, it was
apparent that under these conditions (pH, concentration and
saline content), the complex formation was mainly driven by the
one-to-one pairing of acidic with basic functions.

In order to evaluate the strength of binding of derivatives 1a,
2a, protamine and polylysine towards heparin, a determination
of the “limiting salt concentration” (the concentration of NaCl
in the medium required to completely dissociate the complex)
was made.”® In fact, assuming that the interaction between
two macromolecules is a totally ionic process, the resistance of
the complex to the dissociation by simple electrolytes provides
a method for the comparison of the binding strength.?* The
experiments were performed monitoring the reappearance of the
NMR signals of polycations or heparin by addition of small
aliquots of a buffered saturated NaCl solution to a suspension of a
preformed heparin—polycation complex in deuterated PBS buffer,

pH 7.2, until complete dissolution of complex was reached. The
limiting salt concentration for 1a-UFH, 2a-UFH, protamine—
UFH and polylysine-UFH complexes was >3, 2.2, 1.9 and
1.7 M respectively. These results indicated a stronger binding for
calixarene-UFH complexes than protamine-UFH or polylysine—
UFH, underlining that the mutual induced fit complexation
mechanism effectively enhanced the affinity of la and 2a for
heparin. The reversibility of the complexes was also tested for
pH variation. At pH values >13, the complexes were destroyed
and UFH as well as derivatives 1a and 2a could be separated and
recovered.

The complexation process under physiological conditions can
be considered to be irreversible. In fact, a preformed heparin—
protamine complex in the presence of an excess of la remains
unchanged after a week, despite the fact that the stability of the
heparin—1a complex is considerably higher. Similarly, a preformed
heparin-la complex remains undissociated in the presence of
an excess of protamine. This result shows that the equilibrium
condition for this recognition process will be reached after a period
of months if not years. For this reason a valid value of K, for these
heparin—polycation complexes cannot be easily found.

Due to the irreversibility of the complexation process, com-
petitive NMR experiments give us the possibility to estimate the
relative rate of formation of our heparin—polycation complexes.
Knowledge of this parameter is useful if these heparin receptors
are to be tested in such a complex medium as blood, because
a faster interaction with heparin could improve the recognition
selectivity. The experiments were accomplished by adding heparin
to a solution containing both protamine or polylysine and 1a or
2a (Fig. 5).

14
0,8 1

0,6 1
Normalized

NMR area
0,4 4

0,2 1

0 20 40 60 80 100 120
UFH added / uL

Fig.5 NMR competitive titration between 1a (®) and protamine sulfate
(A). Small aliquots of UFH solution (20 mg mL~") were added to an NMR
sample containing 500 pL PBS buffer (10 mM, pH 7.2, NaCl 150 mM),
1a (1.43 mg), protamine sulfate (1.62 mg), and z-butanol (0.516 uL) as a
standard for NMR area calculation.

The concentration of the two receptors was fixed in such a
way that the number of positive charges for each competitor
was nominally equal. The experiments showed that the rate of
formation for the 1la-UFH complex was 10 and 30-35 times
higher than the protamine-UFH and polylysine-UFH complexes
respectively.® This rate ratio was almost constant throughout
the titration experiment, indicating a good approximation model
for this system.? It seems that the relative rigidity of protamine
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influences negatively the heparin complexation, while the lack of
a compact and ordered structure makes the recognition process
even slower for polylysine. These results highlight that the confor-
mational mobility and adaptability of the calix[8]arene scaffold
makes the complexation process faster, potentially enhancing
the selectivity of the recognition process. Interestingly, the same
experiment for 2a showed an even greater rate ratio than for
1a, suggesting that conformational features of the calix[8]arene
derivatives (mobility and adaptability) affect the complexation rate
more than the simple charge density.”®

To further validate the heparin neutralization ability of the
calix[8]arene derivatives in a strictly biological medium, activated
partial thromboplastin time (aPTT) clotting assays in blood were
performed. At first, aPTT experiments were performed with
1b and UFH in the range of therapeutic dosing levels of 8-
0.2 USP mL™" (3.2-0.08 uM). These concentrations cover the
therapeutic administration range both during cardiopulmonary
surgery, emergency deep vein thrombosis (8-2 USP mL™") and
post-operative as well as long-term anticoagulant therapies (2
0.2 USPmL™).

Using a 1b/UFH neutralization ratio of 6.2 pg/USP, as
suggested by '"H-NMR and fluorescence titration experiments, a
complete reversal of the aPTT was reached over the whole con-
centration range tested. In the same way, titrations by polycations
1b, 2b and protamine at fixed 0.3 USP mL~! heparinized plasma
were performed. The results shown in Fig. 6 also confirmed the
high neutralization efficiency of 1b and 2b towards UF heparin in
blood, revealing a better activity for derivative 1b than protamine.
Polylysine was not tested due to its well-known toxicity.”

150

100 A
aPTT/s

50 1

UFH antagonist / ug mL™"

Fig. 6 aPTT clotting assay of UF heparinized blood (0.3 USP mL™")
after addition of antagonist 1b (#), 2b (M), and protamine sulfate (A).
aPTT normal blood (- - -), aPTT UF heparinized blood (—-—).

Extremely interesting results were obtained by LMWH neu-
tralization with our calixarene derivatives. It is known that
protamine is unable to completely reverse the anticoagulant effect
of LMWH,*® a fact of great relevance due to the increasing use of
LMWH in clinical practice.

Explorative NMR experiments, carried out by titrating a
buffered solution of LMWH with 1b, 2b or protamine, confirmed
the inability of protamine to completely neutralize LMWH. In
contrast, 1b and 2b were able to totally eliminate it from the solu-
tion, as demonstrated by the complete disappearance of the NMR
signals of LMWH.?® Furthermore, neutralization with derivative

2b was reached before theoretical charge neutralization. Validation
in plasma was gained by an aPTT assay. As this test is considered
relatively insensitive for measuring the activity of LMWH, a
standard calibration test was performed in order to verify the
reliability of the experiment in a heparinized plasma concentration
range of 0.25-2.0 Ul mL~".%® The aPTT test showed 96, 91 and
75% of LMWH inhibition by 2b, 1b and protamine respectively,
confirming the superior ability of calixarene derivatives towards
LMWH neutralization (Fig. 7).

150 1
130 1
110 1
90
aPTT/s

70 1

50 1

5 10 15 20 25 30
LMWH antagonist / pg mL"
Fig. 7 aPTT clotting assay of LMW heparinized blood (1.5 UI mL™")

after addition of antagonist 1b (<), 2b (M), and protamine sulfate (A).
aPTT normal blood (- - -), aPTT LMW heparinized blood (—-—).

The protamine-resistant fractions in LMWH are composed
of very low-molecular-weight chains with low sulfate charge
density.’' The neutralization of these fractions requires not only
a high positive charge density but mainly a high conformational
adaptability of the neutralizing agent that allows a better mutual
induced fit all around the LMWH interacting groups. For this
reason the affinity of these fractions towards the relatively rigid
protamine is reduced, while it remains high for the mobile
calix[8]arene derivatives. The finding that 2b neutralizes LMWH
better than 1b, even though 2b has half the charge density of 1b,
confirms that this recognition phenomenon is deeply affected by
other important factors rather than the simple charge density of
the antagonists.

Finally, we measured the hemolytic activity of the compounds
against human erythrocytes. Hemolytic activity is typically used
as a measure of cytotoxicity and is known to increase with the
hydrophobicity of the structure.® The results, in agreement with
this consideration, indicated an HCs, of 45 uM (130 pg mL™")
and 20 uM (50 pg mL™") for derivatives 1b and 2b respectively.
These HC,, values are higher than the necessary amount to
neutralize heparin in the highest range of use (8-2 USPmL™"). This
finding supports the assumption about the potential therapeutic
employment of these calixarene derivatives as promising heparin
antagonists.

Conclusion

We have described polycationic calix[8]arene derivatives able to
neutralize UF and LMW heparin faster and more efficiently than
protamine and polylysine, in aqueous solution and in blood. The
results highlight that even for this kind of recognition where the
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electrostatic interactions seem to be prevalent, other factors like
mutual induced fit and conformational adaptability of the receptor
could influence significantly the affinity and specificity of the host—
guest association.

These novel heparin antagonists could be exploited in some
biomedical applications as protamine substitutes. With this in
mind, more in-depth studies on their toxicity and immunogenicity
are in progress. Furthermore, in order to obtain new materials
for the design of extracorporeal devices as dialysis membranes,
the possibility of immobilization on biocompatible substrates is
currently under investigation.

Experimental
General methods

Synthesis of compounds 1a and 2a has been previously described.?
Derivatives 1b and 2b were obtained by dissolving 1a and 2a in
0.5M HCl and drying in vacuum several times. UF heparin sodium
salt from porcine intestinal mucosa (H-9399, 171 USP units mg™"),
LMW heparin sodium salt from porcine intestinal mucosa (H-
3400, 70-130 UT units mg™"), and protamine sulfate from herring
Grade III (P-4505), were purchased from Sigma. Poly-L-lysine
hydrobromide 5000-10000 (81331) was purchased from Fluka.
All other chemicals were reagent grade and used without further
purification. NMR experiments were made on a Bruker Avance™
400 (400.13 MHz) instrument. Buffer solutions for NMR titration
were prepared in D,O. Fluorescence experiments were executed
on a FluoroMax-3 spectrometer (HORIBA JOBIN YVON). UV
spectra were acquired on a Agilent 8453 UV-vis spectropho-
tometer. aPTT activity was measured with an LAbor Fibrintimer
model FI (Hamburg, Germany). The aPTT commercial kit was
purchased from Futura System S.r.1., Formello (Roma), Italy.

aPTT activity measurements

For all aPTT activity measurements and samples incubation the
temperature was 37 °C. All tests were performed in triplicate.
The reported coagulation time represents the mean of the three
experiments. The following procedure was carried out for heparin
neutralization in blood: a 500 pL test sample was taken from
2.5 mL of citrated blood (2.25 mL blood + 0.25 mL sodium citrate
3.8%) and used to measure the aPTT of the normal blood. UF
heparin (4.39 pL of a I mg mL~"' solution) or LMW heparin
(30.0 uLL of a 1 mg mL~" solution) was added to the remaining
2.0 mL of citrated blood, incubated for 2 min and fractioned into
400 pL samples. One of these samples was used to measure the
aPTT of the heparinized blood, then the appropriate amount of
heparin antagonist solution was added to the remaining samples.
The samples were incubated for 4 min and centrifuged at 2500 rpm
for 5 min. The plasma (100 puL) was added to 100 uL of aPTT
reagent solution, incubated for 4 min, then 100 uL of 0.02 M
CaCl, solution was added; the timer on the fibrometer was started
simultaneously. Once a clot formed the timer was stopped and the
clotting time was recorded.

Hemolysis assay

Hemolytic activity measurements were performed with a 0.25%
suspension of freshly drawn human red blood cells (HRBC) in

PBS buffer (10 mM PBS, 150 mM NaCl, pH 7.2). A 10 mM
buffered solution of 1b or 2b was prepared and different amounts
(0-50 pL) were added to 450 pL of the erythrocyte suspension.
Buffer was added to reach a final volume of 500 puL. The resulting
suspension was incubated for 1 h at 37 °C, then centrifuged for
5 min at 1500 rpm. The supernatant was diluted 3 times and
the absorbance at 415 nm was measured. The absorbance of
the sample containing only erythrocytes was considered as 0%
hemolysis, while total hemolysis (100%) was achieved with 2% of
triton-X 100. The percentage hemolysis was calculated by:

[(A4s of the calixarene-treated sample — A4,5 of buffer-treated
sample)/ (A4 ;s of triton-X 100-treated sample — A5 of
buffer-treated sample)] x 100%

The HC,, values, which represent the concentrations of 1b or 2b
at which 50% hemolysis was observed, were then determined.

Molecular dynamic simulation

Molecular modelling was performed with Macromodel 7.0.3 The
octasaccharide heparin fragment was deduced from the dode-
casaccharide structure taken from the PDB database (1HPN);
the calix[8]arene starting structure was manually constructed and
minimized in a pleated-loop conformation using the MMFFs force
field* with a convergence on gradient criterion with a threshold
of 0.05 kcal mol~"'. The structure of the complex was obtained as
follows: heparin was placed on the top of the calix[8]arene, then
a first minimization using the MMFFs force field was performed
using water as solvent. A molecular dynamics simulation with a
stochastic dynamics method* was performed at 7 = 550 K to
allow the complex to explore a wide range of conformations. The
system was equilibrated for 10 ps and the analysis was performed
based on a subsequent 10 ns production run and a time step
of 1.5 fs. The conformations obtained were stored every 50 ns
for a total of 200 structures. Finally, these latter structures were
minimized and the lowest energy one was reported.
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Compounds of the general type R!';NCOCH,OCH,CO-
(Gly);-Pro-(Gly);-OCH,Ph insert in phospholipid bilayers
and conduct ions. Different levels of activity were observed
when R' was either decyl or octadecyl, as judged either
by Cl  release, detected by ion selective electrodes, or
carboxyfluorescein dequenching, detected by fluorescence.
Either method reports average behavior for all ionophores
over all liposomes. These methods also show that at least two
ionophores are involved in the formation of each pore. Planar
bilayer experiments reported here confirm pore formation by
these compounds but identify more than one conductance
state for each. The pseudo-dimer, in which two molecules of
the type shown above are covalently linked, shows only two
conductance states, of which one is dominant. This state has
been characterized by use of a current-voltage plot.

Introduction

The detailed mechanisms by which ion-conducting channels
transport and gate have remained elusive despite more than a
century of study.! The advent of solid state structures®* has had
a profound effect on the field but has not, to date, led to a
definitive chemical mechanism for either phenomenon. Chemical
models can be useful in this context and several markedly different
approaches*’ have recently been taken in the development of
synthetic anion transporters. Such compounds are referred to
nearly interchangeably as anion channels and anion transporters.
The distinction is a troublesome one that persists in the study of
naturally occurring, chloride-transporting proteins.?

Efforts to develop synthetic cation channels paralleled the
development of crown ethers for cation complexation and, more
generally, supramolecular chemistry. By the turn of the century,
however, anion complexation was developing in importance.
Indeed, prior to late 2001, only synthetic cation transporters
had been reported’ and no example was available of an anion
transporter or channel. This is logical both for historical reasons
and because the selectivity of cation transport has been a
dominant biological theme for so long. Notwithstanding the
importance of the cations Na*, K* and Ca*", CI is also critical
for cellular viability." Like the proteins that transport cations
through bilayers, the CIC family proteins are complex and far from
being completely understood.®! Model systems are, therefore, of

Department of Molecular Biology & Pharmacology, Washington University
School of Medicine, Campus Box 8103, 660 S. Euclid Avenue, St. Louis, MO,
63110, USA. E-mail: ggokel@wustl.edu, Fax: +1 314/362-9298; Tel: +1
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considerable potential significance in understanding their action
and may be useful as pharmaceuticals.

The first crystal structure of a CIC family protein did not appear
until 2002, so the design of a model system had to be based
largely on chemical principles and biological function studies. We
surmised that the earliest channels must have been structurally
similar to the monomers that formed the membranes in which
they functioned. There is no archaeological record of membranes
in early organisms, so our anion transporter model was based
on the structure of modern phospholipids. Our first successful
compound was (C;3sHs,),NCOCH,OCH,CO-(Gly);-Pro-(Gly);-
OCH,Ph, 1.* The dialkylamine [(C,sH;;),N-] was intended to
mimic the phospholipid’s fatty acyl chains. The diglycolic acid
spacer mimicked the midpolar (glyceryl) regime. The heptapeptide
replaced the phosphatidyl aminoester or phosphatidic acid. The
C-terminal carboxyl was protected by a benzyl residue.

In concert, these elements produced an amphiphilic ionophore
that transported Cl~ through vesicular phospholipid bilayers."
The structure—activity studies that followed the synthesis of the
first successful artificial chloride transporter led to the creation of
a family of compounds that we call synthetic anion transporters
(SATs)."* "8 These compounds were studied using the established
carboxyfluorescein release technique and also a method developed
in our laboratory that involves the use of a chloride ion selective
electrode (ISE) to detect ion release from vesicles.” In both cases,
the ability of a specific compound to insert into the liposomal
membrane and release encapsulated anionic species could be
detected and quantified. Whether anion release is detected by
fluorescence or ISE, only average behavior is observed. This is
because more than one pore may form simultaneously in one or
more liposomes and the average of all release will be observed over
time. The number of pores formed in the experimental system is
sufficiently large that very reproducible data are obtained. Such
methods are extremely useful for characterization of ion release,
but relatively few mechanistic details are revealed thereby. We,
therefore, turned to planar bilayer conductance (BLM) methods so
that we could more fully characterize these novel ion transporters.

The principle underlying the planar bilayer method is simple.?
Two buffer-containing compartments are separated by a micro-
scopic orifice, which is the only pathway that two electrodes
immersed in the different buffers have to communicate with
each other. When an ion-impermeable bilayer lipid membrane
is “painted” into the hole, the two electrodes are insulated from
each other. If an ionophoric species is added to the system, if it
inserts into the membrane, and if it conducts ions, the current
can be detected, amplified, and recorded. Depending upon the
stability of the membrane, recordings may last several minutes to
several hours. In the latter case, many thousands of transitions
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may be observed, although only a few are normally presented in
the literature.

Our first BLM analysis of 1 detected the formation of voltage-
dependent, chloride selective pores that showed open-—closed
behavior and had a conductance of about 1.2 nS.* We subsequently
showed that the same compound could produce different pores
that had a much higher conductance but no ion selectivity.’* The
work reported here is an effort to systematically characterize 1 and
its relatives by using the BLM technique.

Results and discussion
Ionophores studied

The compounds studied for this report are all amphiphilic
heptapeptides. They are either monomers of the general struc-
ture R,NCOCH,OCH,CO-(Gly);-Pro-(Gly);-OCH,Ph, or a co-
valently linked dimer of such compounds. These amphiphilic
heptapeptides are assembled in a modular fashion, as previously
described. In short, the dialkylamine (R,NH) is heated with
diglycolic anhydride to form, in a single reaction, the unit
R,NCOCH,OCH,COOH. The reaction requires no catalysis
and can be run without solvent. The monoacid monoamide is
then coupled, using wet chemical peptide synthetic methods,
to the amino acids or peptides required to give the desired
product. This approach produced R,NCOCH,OCH,CO-(Gly),-
Pro-(Gly);-OCH,Ph derivatives 1 and 2, in which R is octadecyl
or decyl, respectively.™

A more elaborate approach was required to prepare 3, which
is pictured. Both C- and N-terminally linked dimer amphiphiles
were prepared. Both compounds have been previously reported.?!
Only the N-linked dimer was studied for this work. The critical
difference between 1 and the N-linked dimer (3) is that ether
oxygen in the diglycolic acid residue is replaced by nitrogen
(in boldface) to give (C;3H;;),NCOCH,NHCH,CO-(Gly);-Pro-
(Gly);-OCH,Ph, which are linked by an ethylene (-CH,CH,-) unit
to form the covalent pseudo-dimer 3. Experimental details are
reported in reference 21.

Planar bilayer recordings

The first compound investigated in this study was (C,H,)),-
NCOCH,0CH,CO-(Gly);-Pro-(Gly);-OCH,Ph, 2. Compound 2
is more water soluble than 1 and Cl~ and carboxyfluorescein anion
(CF") release experiments had both shown that its ion transport
activity was greater.' Planar bilayer studies showed that, like 1, 2
exhibited multiple conductance states. Fig. 1 shows recordings

Fig.1 Three conductance states observed by the BLM method for 2. The
conductance traces are shown on different scales; the average maximum
currents are: top, 1.25 pA; middle, 3 pA; and bottom, 8 pA. The time spans
shown are: top, 7.5 s; middle, ~10 s; and bottom, ~7 s.

obtained from three separate experiments in which 2 was the
ionophore.

The top panel of Fig. 1 shows a well-behaved pore that exhibits
current transitions between two well-defined and relatively long-
lived states. The overall conductance of this pore is ~12 pS. The
middle panel shows qualitatively similar, if less stable, behavior.
The lack of pore stability is apparent in the pore’s “flickering”
behavior and the short transition lifetimes. The current levels are
also much less stable or defined. The overall conductance is almost
100 pS in this case.

The bottom panel of Fig. 1 shows a conductance state that
exhibits irregular, “bursting” behavior. In this case, the various
current levels are not clearly defined and no useful information
was obtained.

Fig. 2 shows recordings of the most common conductance state
exhibited by 2. In the majority of the experiments performed,
several different levels of current were observed. These were not
typically multiple openings of the same type of pore (see Fig. 3,
discussed below). Instead, the conductance states appear to result
from different pores, that probably have different stoichiometries.
In principle, even pores of the same stoichiometry can organize
in different ways. Of course, self-assembled pores formed from a
different number of monomer elements would also be expected to
form pores that have different conductances.

The most frequently observed conductance states shown in
Fig. 2 suggest that these pores are favored in bilayers. Since this
current level is predominant, an /-V plot can be obtained. This
is shown in the lower panel of Fig. 2. Conductance values may be
obtained from the /- plot. However, these are representative of
only one of the several conductance states that are simultaneously
present. The /-V plot shown in Fig. 2 was obtained using 2 at a
concentration of 0.67 pM. The two salt reservoirs contained 450
and 150 mM KCI in 10 mM HEPES at pH = 7. The calculated
conductance for this predominant state is 96 pS. The current
histogram is shown in Fig. 3.

Carboxyfluorescein release and Hill analysis

We have previously studied the release of carboxyfluorescein
anion (CF~) from liposomes."* The vesicles were prepared from
a 3 : 7 (w/w) mixture of dioleoylphosphatidic acid (DOPA)
and dioleoylphosphatidylcholine (DOPC). This is the same as
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Fig.3 Current histogram for different conductance states observed for 2.

the membrane system used for the BLM experiments. Release
of CF~ can be monitored by fluorescence, a technique that is
both rapid and quantitative. This was done for both 1 and 2
and was described previously.”* The fluorescence dequenching
data can then be fitted to the Hill equation,” which identifies
the average aggregation state of the pores involved in ion release.
Fig. 4 shows Hill plots for 1 (open circles) and 2 (filled circles)."”
The lines shown are the calculated fits of the data. The correlation
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Fig. 4 Hill plots for carboxyfluorescein release from liposomes mediated
by 1 and 2.

factors (R?) for the data fits of lines 1 and 2 were 0.99 and
0.97, respectively. The slopes for the lines were 2.3 and 1.97,
respectively. These experimental values are too similar to clearly
imply differences in pore organization. In both cases, we infer
that at least two monomers are involved in pore formation.
The differences in these two slopes may be within experi-
mental error of each other, but it is clear that planar bilayer experi-
ments with 1 have, indeed, proved more variable than those with 2.

Carboxyfluorescein and chloride anions are vastly different in
some respects. They are, however, both monoanions and they are
more similar in size than might seem to be the case. A hydrated
chloride ion is estimated to be a sphere of about 6.5 A in diameter.2?
The xanthene unit of CF is ~10 A but the molecule is no wider
than ~6 A. Considering that the pores formed by the compounds
under study here are dynamic, passage of CF~ is less remarkable.
In previous studies, we have observed a reasonable parallel in the
release of these two different anions.

Studies with a covalently-linked pseudo-dimer

If the dimer state of compounds in the family containing 1 and
2 is the dominant pore-forming stoichiometry, then a covalent
dimer should function as well or better than two monomers. Two
such dimers were prepared and ion release from liposomes was
reported.”’ Compound 3 is one of those pseudo-dimers and it was
studied by the BLM method for this report.

Planar bilayer experiments were conducted with 3 using the
DOPA : DOPC membrane system described above. Compound 3
showed a smaller degree of variability in these experiments than
did 1, its closest analog. In fact, only two different conductance
states were observed. In most of the experimental recordings, the
two distinct states were visible at different times. The recording
shown in Fig. 5 (upper panel) shows both states in coexistence. The
recordings were obtained when 3 was added at a concentration of
1.8 uM. The applied voltage was —63 mV and the two salt cham-
bers both contained 450 mM KCl and 10 mM HEPES at pH 7.

The larger and less frequent transitions shown in the recordings
of Fig. 5 correspond to a conductance state of about 32 pS. The
smaller, but more frequent, transitions correspond to a conduc-
tance of about 14 pS. These values were determined by 7-V plots,
such as the one shown in Fig. 5 for the lower conductance state.

In a previously published study, we found that addition of 3
(32.5 uM) to vesicles caused approximately 25% of encapsulated
CI™ to be released after 800 s. In contrast, Cl~ release mediated by
1 at twice the concentration (65 pM) of 3 amounted to only about
15% after the same time. The detection by the BLM experiment
of only two significant conductance states suggests that the linked
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Fig. 5 (Upper) Planar bilayer recordings for 3 showing two conductance
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lower conductance state (14 pS).

dimer form gives a more stable pore than the individual, unlinked
monomers could do.

Comparison of ion release and BLM experiments

The existence of more than one conductance state in no way
contradicts previous results from which it was inferred that SATs
formed pores that were at least dimers. The Hill coefficient values
obtained in previous studies represent the minimum number of
monomers involved in pore formation. The minimum number
of two does not rule out formation of pores by aggregation of
trimers, tetramers, ezc., although these are less likely statistically.
Of course, preorganization such as effected in 3 is expected to lead
to a dominant conductance state. The BLM experiments show that
pores formed from monomers 1 and 2 exhibit a greater diversity
of conductance states than does 3.

Previous ISE and CF-dequenching experiments did not discern
the behavior of individual channels. Such experiments show
an average behavior for the macroscopic system. This is the
statistical average of millions of different pores that form within
the liposomal membrane. Planar lipid bilayer experiments detect
a limited number of pores (ideally only a single channel). Thus,
the BLM experiment reports differentiated conductance states
whereas average behavior is observed in the liposome experiments.

Multiple conductance states have been observed previously.?*3!

A diverse range of compounds has shown several states that are
not multiple openings of identical pores. In each case, the authors
concluded that the behavior that they observed resulted from pores
having different numbers of monomers or monomers that were
differently organized. Montal stated thus: “[t]he heterogeneity of
conductance species observed. . .both in amplitude and in the time
that the channels remain open, is anticipated for an amphipathic
peptide that self-assembles in the membrane to form noncovalent
conductive oligomers of different sizes.”?

Conclusions

The planar bilayer experiments reported here clearly confirm
that compounds of the SAT family form pores that transport
ions across a bilayer membrane. In some cases, these pores are
well-defined, voltage-gated, and chloride-selective. At other times,
pores having less selectivity have also been recorded. In most
cases in which monomeric, amphiphilic ionophores were studied,
multiple conductance states were in evidence. The transitions
observed are clearly those typical of ion channels, with sharp
jumps between specific current levels. These levels, however, do not
necessarily result from multiple openings of the same unitary pore.
In the present case, 1 and 2 exhibit multiple conductance states.
Covalently-linked pseudo-dimer 3 is pre-organized and exhibits a
dominant conductance state.

Planar lipid bilayer experiments serve as an important comple-
ment to ISE and CF-dequenching experiments. Together, they
reveal both average and detailed behavior. The ISE and CF-
dequenching methods permit a reasonably rapid assay of ion
transport activity. The BLM experiment provides details that can
be used to help understand the mechanisms at work in these
dynamic, self-assembled pores.

Experimental

(CsH;3,),NCOCH,0OCH,CO-(Gly);-Pro-(Gly);-OCH,Ph, 1,*
(C,yH,,),NCOCH,0CH,CO-(Gly);-Pro-(Gly);-OCH,Ph, 2,*
and pseudo-dimer 3*! were prepared as reported previously.

Planar bilayer conductance

BLM experiments were performed by using a Warner BC-525D
bilayer clamp apparatus. Planar membranes were formed by
painting lipids [DOPC-DOPA 7 : 3 w/w (2 : 1 mol/mol) 20 mg
mL! in n-decane] over a 200 pm aperture on the side of a cuvette
fitted into a chamber. Cuvette and chamber contained either a
150 mM or a 450 mM KCI buffer solution (10 mM HEPES,
pH = 7) as specified in the single experiments reported (see text
and figure captions). After membrane formation was confirmed
(membranes with a capacitance lower than 100 pF were discarded),
an aliquot of a trifluoroethanol solution of the compound was
stirred into the buffer on the chamber side [“cis” side where the
reference electrode is immersed (“ground”)] to achieve the desired
concentration. Records were filtered with a 4-pole Bessel filter
(100 Hz) and digitized at a 1 kHz sampling interval per signal using
Clampex 9.2 (Axon instruments). Data analyses were performed
with Clampfit 9.2 (Axon Instruments).
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An intrastrand cross-link lesion, in which two neighboring nucleobases are covalently tethered, has
been site-specifically synthesized into defined sequence oligonucleotides in order to perform in vitro
replication studies using either bacterial replicative or translesional synthesis polymerases. The
investigated tandem base lesion that involves a cross-link between the methylene group of thymine and
the C8 of an adjacent guanine residue has been prepared by UV-photolysis under anaerobic condition
of the photolabile precursor 5-(phenylthiomethyl)-2'-deoxyuridine that has been site-specifically
incorporated into a 9-mer oligonucleotide. After ligation, the lesion-containing modified
oligonucleotide was used as a DNA template in primer extension reactions catalyzed by several DNA
polymerases including the fragment Klenow exo-(Kf-) of E. coli polymerase I, the Thermus aquaticus
polymerase (Taq pol) and the E. coli translesional DNA polymerase Pol IV (dinB). It was found that

the primer extension reaction was stopped after the incorporation of the correct nucleotide dAAMP

opposite the 3'-thymine residue of guanine®®“H?

thymine lesion by Kf- and Pol IV; however it was noted

that the efficiency of the nucleotide incorporation was reduced. In contrast, the Taq polymerase was
totally blocked at the nucleotide preceding the tandem lesion. These results are strongly suggestive that
the present intrastrand cross-link lesion, if not repaired, would constitute a blocking lesion for

prokaryotic DNA polymerases, being likely lethal for the cell.

Introduction

In the last few years new types of radiation-induced DNA
lesions have been shown to be generated between two vicinal
bases on the same strand in oxygen-free aqueous solutions.'*
Examples of the latter tandem lesions consist of a purine base,
either guanine or adenine that is attached through the C8 of
the imidazole ring to the methyl group of either thymine or 5-
methylcytosine. Interestingly the formation of these cross-links
was found to occur as the result of only one-radical hit that
could be "OH radical or one-electron oxidation leading in both
cases to the generation of a methyl radical on the pyrimidine
base. This was illustrated initially by the formation of a covalent
bond between the methyl group of a thymine and the C8 carbon
atom of the vicinal purine as the result of the radiation-induced
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generation of the 5-(2'-deoxyuridilyl)methyl radical under hypoxic
conditions.”® Interestingly the cross-linked tandem base lesions
were synthesized in a more specific way within DNA fragments.
This was achieved by incorporating a photolabile precursor of the
5-(2’-deoxyuridilyl)methyl radical into oligonucleotides located
either 3 or 5 to a purine 2'-deoxyribonucleoside. Subsequent
UV irradiation in oxygen-free aqueous solutions of the DNA
fragment, thus prepared, was found to lead to the formation in a
high yield of the cross-link. It was also shown that the four possible
vicinal base lesions involving thymine on the one hand and either
guanine or adenine on the other hand were induced by *OH radical
reactions in ODNs and isolated DNA.? Moreover, the tandem
base lesion with the guanine moiety on 5'-end (G"T) is generated
more efficiently in y-irradiated isolated DNA than the other T"G
position isomer and the two related adenine containing cross-
links.? It has been recently shown by HPLC-MS/MS measurement
that G*T is produced in DNA in aerated aqueous solution upon
exposure to the oxidizing Cu(i)-H,O,-ascorbate system.® Even,
if the G"T lesion is generated in a very low yield which is about
3 orders of magnitude lower than that of representative and
abundant 8-oxo-7,8-dihydro-2'-deoxyguanosine, the observation
provides additional support for the biological relevance of the
cross-link lesion.

The formation of cross-linked tandem base lesions gives rise to
structural changes in DNA, that are likely to affect the synthesis
activity of polymerase enzymes during the critical replication step
of DNA. Thus, the synthesis of a biopolymer containing a site-
specific lesion at a defined site provides a relevant model for
studying the biological properties of DNA including mutagenic
and toxic features.”
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Scheme 1 Structure of the tandem base lesion G*T inserted into oligonucleotide (2) and its photoprecursor containing TSPh (1).

In this paper, we report the preparation of a DNA template in
which the tandem G*T base lesion (2) is generated in a selective
way at a defined location (Scheme 1). For this purpose the
strategy that was applied consisted in the site-specific insertion
of the phosphoramidite derivative of 5-(phenylthiomethyl)-2'-
deoxyuridine (1) into a 9-mer on the 5-side of a vicinal 2'-
deoxyguanosine to prepare a G*T building block. In a subsequent
step photolysis in oxygen-free aqueous solution of the modified
oligonucleotide thus synthesized allowed the generation of a G'T
residue within the 9-mer as an efficient post-synthetic reaction.
After purification and characterization, the G*T photoproduct
containing nonanucleotide was ligated to a 5-phosphorylated
12-mer. The resulting 21-mer long modified oligonucleotide was
the required template for the in vitro replication assays. The
ability of three different DNA polymerases, namely the Klenow
fragment of E. coli polymerase I, Tag DNA polymerase, and E. coli
translesional protein Pol IV, to extend a primer annealed with
the G"T containing template was investigated.

Results

Synthesis and characterization of G"T lesion containing
nonanucleotide

A 9-mer oligonucleotide (Table 1) bearing a TSPh residue was
synthesized on a solid support using the “Pac chemistry”, with
a few modifications as previously described.® Mass spectrometry
measurement by ESI-MS in the negative mode provided support
for the integrity and the purity of the radical precursor containing
oligonucleotide (data not shown). The pseudo-molecular [M —
1H]'" ion found at m/z =2795.4 is in agreement with the calculated
mass of 2797.0. Then, the preparation of a G"T containing 9-mer
oligonucleotide was achieved by UV-C irradiation in an oxygen-
free aqueous solution of the modified oligomer in which the
nucleoside TSPh was inserted. The HPLC elution profile of the
photolysis solution, displayed in Fig. 1, shows the presence of a
major product which corresponds to the G*T-containing oligonu-
cleotide with a retention time of 34 min under the present analysis
conditions. The presence and the integrity of the modification were
confirmed by mass measurements (HPLC-MS/MS and MALDI-
TOF-MS) coupled with enzymatic digestions (Fig. 2 and see
supporting information). It has been previously shown that 3’- and

9-GAT

9-TSPh

L B B S e By B B S B
25 30 35 40 45 min

Retention time

Fig. 1 HPLC elution profile (Hypersil Cj; 5 um 250 x 4.6 mm column;
acetonitrile gradient in 10 mM TEAA, pH 7) of the 9-mer TSPh upon
UV-C irradiation in free-oxygen aqueous solution. Detection by UV
absorbance set at 260 nm.

5’-exonucleases were not able to cleave the phosphodiester bond
of the tandem lesion d(G"T).* Then, the enzymatic processing
by a mixture of nuclease P1 and alkaline phosphatase together
with bovine intestinal mucosa phosphodiesterase followed by
incubation with calf spleen phosphodiesterase was applied to the
modified G"T containing oligonucleotide. HPLC-UV and HPLC-
MS/MS analyses of the resulting hydrolysate showed that the
dinucleoside monophosphate d(G"T) was quantitatively released
(Fig. 2A and B). The ratio of dCyd, dGuo, Thd and [5'-d(G"T)-3]
was found tobe 3:1:2: 1in agreement with the structure of G*'T
containing 9-mer. It may be added that late eluting enzymatically
released dAdo was out of the HPLC profile.

An additional enzymatic digestion experiment was performed
on the modified 9-mer G*T using the bovine intestinal mucosa
phosphodiesterase which cleaved the oligonucleotide strand in a
stepwise manner from the 3'-end and can be used in combination
with matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry to perform sequencing analy-
sis (see supporting information). Firstly, the MALDI mass spectra
of 9-mer G*T showed two pseudo-molecular ions [M — H]'~
atm/z2687.2and [M — 2H]* atm/z = 1343.2 which corresponded
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Fig. 2 A) Reversed phase HPLC profile of the enzymatic digestion
mixture of 9-mer G"T oligonucleotide by nuclease P1l, phosphatase
alkaline and exonucleases. B) Mass spectrum of the pseudo-molecular ion
of the G"T lesion obtained in the negative electrospray ionization mode
(MRM mode, 568 > 470 and 568 > 274 transitions).

to the calculated mass of 2687.8 in the negative mode. After
1 min digestion, the resulting DNA fragments were analyzed. The
different molecular ions observed correspond to digested DNA
fragments which differ in mass by successive loss of nucleotides
starting from the 3'-end of the DNA fragment. [M — 1H]'~ at
m/z = 2093.38 corresponded to the loss of dCMP + dTMP, and
the [M — 1H]'~ fragment at m/z = 1764 was assigned to the
degraded oligonucleotide 5'-d(TAC CG"T)-3' which was resistant
to further cleavage even after a prolonged treatment.

Table 1 Sequences of the oligonucleotides synthesized and used in the
present study

Name Sequences (5 to 3')

9-TSPh TAC CGT* GTC

9-G'T TAC CG"T GTC

12-p pAGA TAC TAC GAG AGA

29-comp GTG ATC TCT CGT ATC TGA CAC GGT ATG CA
21-GT TAC CGT GTC AGA TAC TAC GAG AGA
21-G"T TAC CG"T GTC AGA TAC GAG AGA

12 primer TCT CTC GTA TCT

13 primer TCT CTC GTATCT G

14 primer TCT CTC GTA TCT GA

15 primer TCT CTC GTA TCT GAC

16 primer TCT CTC GTA TCT GAC A

17-A primer TCT CTC GTA TCT GAC AA

17-T primer TCT CTC GTA TCT GAC AT

17-G primer TCT CTC GTA TCT GAC AG

17-C primer TCT CTC GTA TCT GAC AC

Preparation and characterization of G*T lesion containing 21-mer
ODN

To obtain a G"T-containing oligonucleotide of sufficient length to
be used as the substrate for DNA polymerase-mediated elongation
assays, enzymatic ligation was carried out (Scheme 2). A 29-mer
long complementary strand was used to isolate the ligated 21-mer
modified oligomer, which was purified by denaturing PAGE and
UV shadowing. Ligation efficiency was low (around 20%), proba-
bly because of the structural distortion induced by the tandem base
modification in the duplex. Final assessment of the integrity of the
vicinal lesion in the oligonucleotide was provided by enzymatic
digestion with bovine intestinal mucosa phosphodiesterase and
specific restriction enzyme HpyCH4 III from E. coli on the 21-
mer G"T previously 5'-[**P]-labeled and analyzed by PAGE. The
phosphodiesterase-mediated DNA cleavage was prevented by the
vicinal damage, leading to the formation of a resistant hexamer,
even after long periods of incubation up to 4 h (Fig. 3). In
parallel a control experiment carried out with the unmodified
oligonucleotide, which contains the normal vicinal thymine and
guanine bases in place of the cross-linked lesion, has led to the
complete digestion of the DNA fragment. Moreover the restriction
enzyme in the presence of the G T lesion in the close proximity of
the cutting site was not able to incise the strand; thus the 4 base
oligonucleotide that is released from the control oligonucleotide

5-TAC CGTSPh GTC-3'
uv-C
irradiation

5-TAC CGAT GTC-3'
5'p-AGA TAC GAG AGA-3’

3-ACGT ATG GCA CAG TCT ATG CTC TCT AGAG-3

1) Hybridisation
2) Ligation (T4 DNA ligase)
3) DPAGE purification

5-TAC CGAT GTC AGA TAC GAG AGA-3'

Scheme 2 Synthesis of 21-mer G"T by ligation.

5'-32 P-TAC CG*T|GTC AGA TAC GAG AGA 3’

o 60min

L 1'% —21

Fig.3 Enzymatic kinetic hydrolysis of 21-mer G"T purified on denaturing
PAGE and 5'-end-labeled, by bovine intestinal mucosa phosphodiesterase,
incubation with 10~ enzyme unit, up to 60 min.
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was not present in the restriction enzyme digestion solution of the
modified 21-mer (data not shown).

In vitro replication studies involving three DNA polymerases

The ability for several polymerases to extend a primer annealed
with a 21-mer template bearing the G*T lesion has been assessed.
Primers were [**P]-labeled at their 5'-end so that extended DNA
fragments upon nucleotide incorporation could be visualized upon
sequencing polyacrylamide gel electrophoresis analyses.

Fig. 4 shows the denaturing PAGE bands obtained upon
elongation of the 5'-[*?P]-labeled 15-mer primer annealed with 21-
mer G*T in the presence of the Klenow exo-DNA polymerase.
In addition, similar replication assays were performed as control
experiments using the unmodified 21-mer in order to assess the
activity and the specificity of the latter bacterial polymerase (data
not shown). On the one hand, it was found that Kf-polymerase-
mediated polymerization exclusively give rise to the incorporation
of a dAMP residue opposite the 5'-T residue of the G*T lesion; it
should be noted that the synthesis was stopped once the specific
incorporation of the nucleotide had occurred. It may be added
that the enzyme was not able to extend further the template
in the presence of the four dNTPs. On the other hand, it was
found that Kf- is not able to extend the primers when a 17-mer
primer was used with dAMP opposite the T-moiety and one of the
four nucleotides opposite the G residue of the G*T modification
(Fig. 5). Moreover, with shorter primers as 12, 13 or 14-mer, Kf-
was able to insert dNTP; however, the processing of the enzyme
was stopped similarly as observed with the 15-mer primer (Fig. 6),
once a nucleotide opposite of the T-residue of the tandem lesion
was incorporated.

dNTP

5-32 P-TCT CTC GTATCT GAC
3’- AGA GAG CAT AGA CTG T"GC CAT

Kf- Taq pol

04 ATG C 0 4 A T G C

16— ‘ ’

s OB E | cOeOs

12 3 4 5 6 7 8 9 10 11 12

Fig. 4 Modified 21-mer template bearing the G"T lesion annealed with
a 5-end labeled 15-mer. Primer extension reactions were catalyzed by the
Klenow fragment (lane 1 to 6) and by Taqg DNA polymerase (lane 7 to 12),
in the presence of the four ANTP (lane 2 and 8), dATP (lane 3 and 9), dTTP
(lane 4 and 10), dGTP (lane 5 and 11), dGTP (lane 6 and 12), as described
in the Experimental section. The reaction mixtures were subjected to
denaturing 20% PAGE analysis and the extended oligonucleotides were
visualized by phosphorimaging with the Image Quan T software.

In the presence of Taq polymerase the denaturing PAGE bands
obtained showed that the enzyme progression was blocked in front
of the lesion and could not even insert dAAMP opposite the 3'-
thymine moiety as Kf- did (Fig. 4). The other sequences of primers

dNTP
5'-32P-TCT CTC GTA TCT GAC /
5'-32P-TCT CTC GTA TCT GACAX X=AT,G,C
3 -AGA GAG CAT AGA CTG TAGC CAT
17-A primer A7-T primer 17-G primer 17-C primer 15 primer

04 ATGC 04 ATGC 04 ATGC 04 ATGC 04 ATGC

- “Bag+h
Sheess ssssss EETT I | L ] 171
16

e o088 |—15

12 3456 789101112 131415161718 192021222324 252627282930

Fig. 5 Modified 21-mer template annealed with 5'-end labeled 15-mer
and four different endings 17-mer primers. Primer extension reactions
catalyzed by the Klenow fragment, in the presence of 5 uM of the four
dNTP (lane 2, 8, 14, 20, 26), dATP (lane 3, 9, 15, 21, 27), dTTP (lane 4,
10, 16, 22, 28), dGTP (lane 5, 11, 17, 23, 29), dCTP (lane 6, 12, 18, 24, 30).
The reaction mixtures were subjected to denaturing 20% PAGE analyses
and the extended products were visualized by phosphorimaging with the
Image Quan T software.

5'2P.-TCT CTC GTATCT dNTP
5'.32p.TCT CTC GTATCT G
5'32P-TCT CTC GTATCT GA

3-AGA GAG CAT AGA CTG TAGC CAT

Control 12 primer 13 primer 14 primer

04 ATGC 04ATGC 04 ATGEC 04 AT GC
21 —» ‘
16— - &> ‘

8 o o.u 3 '

14— ‘-*id- didads .
13— 8% &= 2
12— ;. PPy

123 456 7 8 9101112 1314151617 18 192021222324

Fig. 6 Unmodified (lane 1 to 6) annealed with 5'-end labeled 14-mer and
modified 21-mer template (lane 6 to 24) annealed with 5'-end labeled 12, 13
and 14-mer. Primer extension reactions catalyzed by the Klenow fragment,
in the presence of 5 uM of the four ANTP (lane 2, 8, 14, 20), dATP (lane
3,9, 15, 21), dTTP (lane 4, 10, 16, 22), dGTP (lane 5, 11, 17, 23), dCTP
(lane 6, 12, 18, 24). The reaction mixtures were subjected to denaturing
20% PAGE analysis and the extended oligonucleotides were visualized by
phosphorimaging with the Image Quan T software.

have been tested and in all cases the modification did not allow
the enzyme to pass the cross-link lesion (data not shown).

We next examined the mutagenic properties of G*T by car-
rying out primer extension assays with a bacterial translesional
polymerase. Thus the ability for the E. coli translesional DNA
polymerase Pol IV (dinB) to bypass the cross-link lesion has been
assessed using the same constructs that were previously involved
in the other DNA polymerase studies. The obtained data reported
in Fig. 7 showed that even with a large amount of enzyme as
previously described,™ no bypass of the lesion was found to occur.
As shown for Kf-, the elongation is stopped after the incorporation
of the first nucleotide dAMP opposite the 3'-T residue from the
G"T lesion has taken place. Using primers that contained the
complementary base pair of the G*T damage, namely AC, no
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3ZP.TCT CTC GTA TCT
"32p.TCT CTC GTA TCT GA dNTP
" 2P_TCT CTC GTA TCT GAC A
*#2p-TCT CTC GTA TCT GACAC
3"-AGA GAG CAT AGA CTG TAGC CAT

[S IS I e

4dNTP - + - + - + - +
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Fig. 7 Modified 21-mer G"T template annealed with 5'-end labeled
12, 14 and 16 and 17-mer. Primer extension reactions catalyzed by the
translesional DNA polymerase pol IV, 800 fmol, in the presence of 100 uM
of the four ANTP (lane 2, 4, 6, 8). The reaction mixtures were subjected
to denaturing 20% PAGE analysis and the extended DNA fragments were
visualized by phosphorimaging with the Image Quan T software.

detectable extension by this polymerase was found to take place
(Fig. 7).

In parallel to this work, other modified templates have been
used as references. They involved oligonucleotides in which
the SR and 5'S diastereomers of 5,8-cyclo-2'-deoxyadenosine
(5',8-cyclodA), synthesized earlier in the laboratory, have been
site-specifically inserted."* Previously, the translesional synthesis
activity of human DNA polymerase n towards 5,8-cyclodA
diastereoisomers has been studied.'® Thus, it was found that pol n
could catalyze the incorporation of one nucleotide opposite (5'S)-
5,8-cyclodA but could not extend the elongation. As a striking
feature, pol n preferentially incorporated dAMP opposite the R
diastereomer; interestingly the elongation was found to occur to
completion, however only once the correct nucleotide d-TMP was
incorporated in front of the lesion. Here, the ability for pol IV
to catalyze translesional synthesis has been investigated. A 22-
mer oligonucleotide bearing a single lesion was employed as the
template and annealed to a 5'-[**P] labeled 12-mer oligonucleotide
primer (see supporting information). In the presence of the four
nucleotides Pol IV was found to synthesize DNA products up to
22 nucleotides in length using the control undamaged template.
When the template DNA contained either the (5'R)-5',8-cyclo-dA
or (5'S)-5,8-cyclodA residues, pol IV is able to bypass the lesion.
However it could be seen on the gel that the synthesis efficiency
was lower at the site of the lesion as inferred from the persistence
of the 14 base bands.

Discussion

Several studies performed by Box, Wang and our group demon-
strated that intrastrand cross-link lesions involving a purine base
and an adjacent thymine, cytosine or 5-methylcytosine can be
produced upon exposure of aqueous solution of DNA to ionizing
radiation and Fenton type oxidizing system." ! Some of the
latter tandem base lesions can be site-specifically incorporated
into defined sequence DNA fragments in order to prepare probes
for the assessment of the biological properties of the tandem
damage. We report herein the synthesis, purification and structural
assignment of a G"T cross-link lesion containing oligonucleotide.
The latter synthetic modified template was used to assess the

mutagenic properties of such damage if not repaired in the cell.
In vitro replication studies showed that Taq polymerase stops
synthesis before the 3'-T residue. However the processing of Kf-
replicative polymerase and pol IV translesional polymerase from
E. coli was stopped after the insertion of the first nucleotide
opposite the 3'-T nucleotide of the lesion. It should also be
emphasized that the insertion was incomplete as the result of the
presence of the cross-link. Available results from the literature
show that the 3'-cytosine moiety of the d(G"M¢C) cross-link lesion
does not affect the efficiency and the fidelity of nucleotide insertion
by yeast pol n.*!” However, the efficiency for the incorporation of
the correct nucleotide dCMP was reduced in front of the 5'-guanine
residue. Moreover error-prone synthesis was found to take place
as inferred from the insertion of dGMP or dAMP opposite the
guanine moiety. Interestingly the d(G*T) and the d(G*™C) cross-
link lesions exhibit distinct behavior upon nucleotide insertion by
E. coli pol 1V and the yeast pol n respectively, two enzymes be-
longing to the “Y” polymerase superfamily involved in translesion
synthesis. Possible explanations of the polymerase specificity on
each lesion can be the capability of Watson—Crick (or Hoogsteen)
base pairing, location, shape, size, hydrophobicity and stacking of
the lesion in the active site of each enzyme.

Structural studies performed using semi-empirical approaches
on d(A"T), d(T"A) dinucleoside monophosphate by our group
(Berri et al., in press) and on d(G*MC) by Wang et al* are
indicative of the induction of pronounced conformational changes
that could be also present in duplex DNA. It was proposed
that a purine nucleotide can be incorporated opposite the 3'-
pyrimidine residue of the cross-link lesion due to the occurrence
of a stronger stacking interaction with the 3'-nucleotide of the
primer rather than the second base moiety of the tandem lesion.
In E. coli three SOS-controlled DNA namely polymerases II,
IV, V are involved in TLS and mutagenesis.'® It has been reported
that pol IV and V exhibit low fidelity when copying undamaged
DNA,* whereas in the presence of DNA lesions the two latter
polymerases show different features. When pol V exhibits the
correct in vivo specificity copying TT cis-syn cyclobutane dimers
and TT(6-4) photoproducts, pol I'V fails to copy the latter thymine
photoproducts.® It may be pointed out that pol IV is able to copy
bulky adducts as benzo[a]pyrene diol epoxide.’® In a similar way
we wanted to know if pol IV may be able to bypass the bulky
tandem base lesion containing probe synthesis described herein.

It may be added that attempts were made to investigate
the reparability of the G"T cross-link lesion by purified DNA
glycosylases and AP-endonucleases (unpublished data). Thus,
E. coli Fpg, endo III, endo IV and exo III or yOggl and Ntgl
from S. cerevisiae were incubated with the G"T containing 21-mer.
Subsequently the DNA fragment was subjected to hot piperidine
treatment in order to reveal putative abasic sites that may have been
generated. However, the latter enzymatic and chemical treatment
was not found to induce any DNA cleavage at the site of the lesion.
Such a bulky and distorting lesion in DNA duplex is expected
to be removed by the enzymes of the nucleotide excision repair
(NER) pathway. In this respect, bacterial UvrABC enzymatic
complex was incubated with a potential DNA substrate bearing
the d(G"T) cross-link.?! The main conclusion of the latter study
reported by Zou et al., was that the intrastrand cross-link which
is more resistant to nucleotide excision repair than other bulky
adducts is likely to persist in cells. Further studies should be
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aimed at assessing the ability for NER enzymes to excise the
other purine“thymine cross-links by comparison with known
bulky substrates such a cyclobutadithymine and 5,8-cyclodA
diastereomers. Shuttle vectors studies involving the use of site-
specifically modified oligonucleotides for tranfection purposes
represent a suitable approach to assess the toxic and lethal
potential of G"T adduct during cellular repair and replication
processes.

Experimental

Preparation of a site-specific gnanine—thymine bridged lesion
containing oligodeoxynucleotide

Oligodeoxynucleotide bearing the 5-(phenylthiomethyl)-2'-
deoxyuridine (TS™) was prepared on solid support, at the
1 umol-scale, using the “Pac” phosphoramidite chemistry as
previously described.>* The photoreactive precursor X was site-
specifically incorporated into the 5-TACCGTS"GTC-3' DNA
fragment. The resulting modified oligonucleotide was cleaved from
the solid support and subsequently deprotected by incubation
with 30% ammonia at room temperature for 16 h. The released
S'-tritylated-oligomer was purified by RP-HPLC on a polymeric
column using an on-line detritylation—purification procedure.?
After UV-C irradiation under hypoxic conditions, the tandem
base lesion containing oligonucleotide 5-TACCG"TGTC-3', was
isolated by reversed-phase HPLC on a Hypersil octadecylsilyl
silica gel column (5 pum, 250 x 4.6 mm) using an acetonitrile
gradient in 10 mM triethyl ammonium acetate (pH 7) buffer with
the following eluting conditions: flow-rate of 1 mL min~'; from
3% to 10% acetonitrile in 50 min.

Enzymatic digestion of 9-mer G*T containing oligonucleotide

Typically 10 pmol (10 uL) of 9-mer G*T ODN was incubated for
2 h at 37 °C with 5 pL of nuclease P1 (1 unit pL™"), 1 puL of calf
spleen phosphodiesterase (0.004 unit), and 10 pL. of enzymatic
buffer (200 mM succinic acid, 100 mM CaCl,, 0.2 M ammonium
citrate, pH 5). Then, 10 uL of alkaline phosphatase buffer (500 mM
Tris, 1 mM EDTA, pH 8.5) was added together with 5 units of
alkaline phosphatase and 0.003 unit of bovine intestinal mucosa
phosphodiesterase and the incubation was resumed for 2 h. The
enzymatic reaction was quenched by addition of 10 uL of HCI
0.1 M. The resulting solution was centrifuged, and the content
was analyzed by HPLC-MS/MS.

Enzymatic digestion of 9-mer G*T oligonucleotide by bovine
intestinal mucosa phosphodiesterase

10 pmol of 9-mer G*"T ODN in 20 uL of 0.02 M ammonium citrate
buffer (pH 9) was digested at 37 °C by incubation with 10~° units
of bovine intestinal mucosa phosphodiesterase (3'— 5’ exonuclease
activity). At increasing periods of time, aliquots from the digestion
mixture were collected and analyzed by MALDI-TOF-MS.

Enzymatic assay using denaturing PAGE analysis

Single-stranded oligonucleotide was 5-end-labeled with [y-**P]-
ATP. Typically, 10 pmol of the oligonucleotide was mixed with
[y-*P]-ATP and 3 units of T4 polynucleotide kinase (Pharmacia)

in 10 uL of the supplied buffer. The reaction was held for 30 min at
37 °C and the oligonucleotide was purified on a Microspin G-25
column (Pharmacia).

All reactions were terminated by the addition of 5 pL of solu-
tion containing 99% formamide, 0.025% bromophenol blue and
0.025% xylene cyanol. Oligonucleotide fragments were separated
by electrophoresis on a 8 M urea denaturing 20% polyacrylamide
gel (0.4 mm thickness). The gels were subjected to electrophoresis
with 1 x TBE (50 mM Tris borate and 1 mM EDTA buffer, pH 8).
The radioactive bands on the gel were located and quantified using
the Biorad Quantity One v4.2.2 software.

Construction of the G"T lesion-containing 21-mer ssDNA
fragment

The 21-mer long oligonucleotide that contained the G"T lesion
was obtained by enzymatic ligation of a 12-mer 5'-phosphorylated
ODN with the 9-mer G*T ODN. Hybridization with a longer
29-mer complementary strand was achieved by heating 100 pmol
of each of the oligonucleotides at 80 °C for 5 min in 100 uL of
ligation buffer that contained 50 mM Tris-HCI (pH 7.6), 10 mM
dithiothreitol, bovine serum albumin 500 pg mL~'. This was
followed by a slow cooling down to 4 °C. The ligation reaction was
carried out overnight at 4 °C in the same buffer with 2 units of T4
DNA ligase (Boehringer-Mannheim). The resulting double strand
DNA was then purified using denaturing PAGE conditions. The
21-mer corresponding band was visualized by UV shadowing prior
to be excised from the gel. The oligonucleotide was subsequently
eluted with water for 20 h at room temperature and then desalted
on a NAP-5 column (Amersham Biosciences).

Enzymatic digestion of G*T-containing 21-mer ODN by bovine
intestinal mucosa phosphodiesterase

Typically 1 pmol of 5'-[**P]-labeled G"T-containing 21-mer ODN
in 10 uL of 0.02 M ammonium citrate buffer (pH 9) was digested
at 37 °C by incubation with 10~ unit of bovine intestinal mucosa
phosphodiesterase (Sigma). At increasing periods of time, aliquots
of the digestion mixture were withdrawn and the reaction was
stopped by addition of loading buffer. After heating at 85 °C,
oligonucleotide fragments were analyzed by 20% PAGE.

Enzymatic digestion of G"T-containing 21-mer ODN by HpyCH4
III restriction enzyme

Typically 0.1 pmol of 5-[**P]-labeled control 21-mer or G"T-
containing 21-mer ODN in 50 mL of Tris-acetate, 10 mM
magnesium acetate, 1 mM dithiotreitol, pH 7.9 was incubated
at 37 °C with 5 units of HpyCH4 111 from E. coli. At increasing
periods of time, aliquots of the digestion mixture were withdrawn
and the reaction was stopped by addition of the loading buffer.
After heating at 85 °C, oligonucleotide fragments were analyzed
by 20% PAGE.

Primer extension reactions catalyzed by the Klenow exo-fragment,
Taq polymerase and Pol IV

Buffered solutions that contained the oligonucleotide templates
(1.5 pmol) modified or not, and the 5'-[**P]-labeled primer (1 pmol)
were heated at 85 °C for 10 min prior to being cooled and
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maintained at 4 °C overnight. For each enzymatic reaction
0.1 pmol of the latter duplex was used.

Reactions catalyzed by the Klenow exo-fragment were carried
out in 10 pL solution of Tris-HCI (50 mM, pH 7.5), MgCl,
(10 mM), bovine serum albumin (0.05 mg mL~") and dithiotreitol
(1 mM). Polymerization reactions were performed with 5 uM
solutions of either a single ANTP or a mixture of all four dNTPs,
in the presence of 0.002 U Klenow exo-fragment, at 37 °C during
30 min.

Primer extension experiments by Taq polymerase were con-
ducted in 10 pL solution of Tris-HCI (10 mM, pH 8.3), MgCl,
(1.5 mM), and KCI (50 mM). Either 20 pM dNTP or the four
dNTPs were added together with 0.05 U of Taq polymerase and
then the resulting mixture was incubated at 37 °C for 30 min.

The replication assay with the translesional enzyme Pol IV was
carried out in 10 pLL. EDB buffer (50 mM HEPES pH 7.5, 100 mM
potassium glutamate, 0.02 mg mL~" bovine serum albumine, 20%
glycerol, 0.02% NP-40, 10 mM DTT) supplemented with 300 uM
ATP, 7.5 mM MgCl,. Firstly with the 21-mer G*T containing
template, 800 fmol of enzyme was used at 37 °C during 1 h 30 min
with 100 uM dNTPs, and secondly with the cyclodA template 25,
50 and 100 fmol of enzyme were used for 30 min. Reactions were
stopped by addition of loading buffer (5 uL) and samples were
then loaded onto a 20% denaturing PAGE. The products of the
reaction were finally visualized by phosphorimaging.

Abbreviations

d(G"T): 2’-deoxy-8-[[1-(2-deoxy-B-D-erythro-pentofuranosyl)-1,2,
3,4-tetrahydro-2,4-dioxo-5-pyrimidinylJmethyl]-5'-guanylic  acid
intramol. 5,3”-ester; ODN: oligodeoxyribonucleotide; TSPh: 5-
(phenylthiomethyl)-2'-deoxyuridine; Taq pol: Thermus aquaticus
polymerase; Pol IV: E. coli DNA polymerase I'V; Kf-: Klenow exo-
fragment of E. coli polymerase I; PAGE: polyacrylamide gel elec-
trophoresis; MALDI-TOF MS: matrix assisted laser desorption
ionization time of flight mass spectrometry; HPLC-ESI-MS/MS:
high-performance liquid chromatography-electrospray ionization
tandem mass spectrometry.
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Treatment of C5'-aldehydes 4a,b under mildly basic condi-
tions leads to the formation of 3',4'-didehydroaldehydes 1a,b
and furfural 2. Sulfanyl radical addition to 1a,b eventually
gives rise to the lactones 11a,b through C4'—C5’ bond scission
of the 1,2-dioxetane intermediates 10a,b.

5-Oxo-derivatives represent an interesting class of nucleoside
analogs from both a synthetic'™® and biological*® point of view.
The biological relevance of the 5-oxonucleosides came to light
when C5'-aldehyde termini A were found as oxidatively damaged
products of DNA, deriving from strand breakage mediated
by natural or chemical agents, such as enediynes* and metal
porphyrins.®

Pratviel et al.* characterized the 3',4'-unsaturated-5'-aldehydes
of 2'-deoxyadenosine and thymidine 1 among products derived
from metalloporphyrin-mediated DNA cleavage after thermal
treatment. These aldehydes have been shown to be the precur-
sors of furfural 2, which was identified as the eventual sugar
degradation product® (Scheme 1). Earlier, the 3',4'-unsaturated-
5'-aldehyde of thymidine had been suggested by Goldberg et al.*
as a plausible intermediate for the formation of furfural 2 by nu-
clease/basic treatment of products derived from neocarzinostatin-
mediated DNA strand breakage (Scheme 1).

However, apart from the above-cited reports, the 3,4'-
didehydro-2',3'-dideoxy-5"-aldehydes 1 remain virtually uninvesti-
gated. Therefore, we considered that understanding their chemical
behaviour could be of interest to chemists and biochemists, in
order to elucidate the course of potential DNA damage. For
this purpose, we planned a synthetic route to the C5-aldehydes
1 and started to study their chemical reactivity. In this paper
we report the synthesis of C5-aldehydes 1a,b and preliminary
results concerning their reactivity under radical conditions. We
found that sulfanyl radical addition to the C3' atom under
oxygenated conditions eventually led to products deriving from
an unprecedented, and unexpected, C4'—~C5 bond scission.

The 3',4'-didehydro-2’,3'-dideoxy-5'-aldehydes 1a,b were syn-
thesized as follows. The O3'-benzoyl derivatives 3a® and 3b*
were prepared according to known procedures. The C5-aldehydes
4a,b were obtained by oxidation of 3a,b through a DMSO-based
method using a modified Moffatt procedure.” The previously

“ISOF, Consiglio Nazionale delle Ricerche, Via P. Gobetti 101, 40129,
Bologna, Italy

*Dipartimento di Chimica Organica ‘“A. Mangini”, Universita di Bologna,
Viale Risorgimento 4, 40136, Bologna, Italy. E-mail: montevec@
ms.fei.unibo.it

T Electronic supplementary information (ESI) available: NMR and
MS spectral data of compounds la,b, 4a,b, and 11a,b. See DOLI:
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Scheme 1 Reagents and conditions: i: NCS, 2-mercaptoethanol; ii:
Mn-TMPyP/KHSOs; iii: enzyme digestion followed by basic treatment
at pH 12; iv: 90 °C.

unreported aldehyde 4a was obtained in 80% yield as a 10 : 90
mixture of 4a and its hydrated form 4a’ by silica gel column
chromatography of the reaction mixture. Similarly, the previously
reported,” but neither isolated nor characterized, C5-aldehyde
4b was obtained in 90% yield as an 80 : 20 mixture of 4b and its
hydrated form 4b'.

The oxidation of 3b was also performed using a modified Swern
method, as reported by Matsuda.? Work-up and flash column
chromatography led to a 70 : 30 mixture of 4b and 4b’ mixture in
75% yield.

The subsequent hydro-benzoyloxy elimination leading to 1a,b
was performed under mildly basic conditions by treatment of
a dichloromethane solution of the mixture of the appropriate
aldehyde 4a.b and its hydrated form 4a’,b’ with 4 molar equivalents
of TEA at room temperature. In both cases the crude mixture was
chromatographed on a silica gel column to give the 3',4’-didehydro-
5'-aldehydes 1a,b in excellent yield (85%).

The C5'-aldehyde 1b could also be obtained in a one-pot process
in good yield (65% isolated yield) by oxidation of the adenosine
derivative 3b under Swern conditions,? followed by final treatment
of the reaction mixture with 6 molar equivalents of TEA.

The hydro-benzoyloxy elimination reaction was found to be the
crucial step. In fact, the yield of the aldehydes 1a,b was strongly
dependent on the reaction time of the C5'-aldehydes 4a,b with
TEA. Prolonged reaction time caused a progressive decrease of
the yield of 1a,b with concomitant formation of furfural 2. The
formation of 1a,b and 2 vs. time was monitored by '"H NMR. As
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shown in Fig. 1, the disappearance of starting 4a,b was complete
within 10 min, leading to 1a,b, and thereafter furfural 2 appeared
at the expense of the aldehyde 1a,b at a rate independent of the
nature of the base unit.

100 ¢

—e—4ab
% | /™
80 4 |' \\ la,b
| \ —2 -
60 M \\./.
o
40 1 it T~
20
0 aa= ‘ >~— *
0 100 200 min 300

Fig. 1 Formation of products la,b and 2 vs. time from reaction of
C5'-aldehydes 4a,b with TEA.

From a mechanstic standpoint, the formation of furfural 2
from aldehydes 4a,b is easily explained through two consecutive
base-catalysed elimination (E2cb) reactions. The formation of the
carbanion/enolate 5a,b followed by elimination of the benzoate
ion leads to the aldehydes 1a,b. Further elimination of the H2
proton gives the resonance-stabilised ion 6a,b, from which furfural
2 arises by loss of the base ion (Scheme 2). Interestingly, f-hydro-
acyloxy eliminations are well known under pyrolytic conditions,
whereas they are unprecedented under basic conditions.

OH
H B 0= B HO B
i or i H0,

OCOPh OCOPh OCOPh

3a,b 4a,b 4'a,b

H+
0 B
) ﬁ
lab  PhCOO" OCOPh ™D Ocoph
iiil R
a: B = thymine

b: B = N6,N6-dibenzoyladenine

k(jﬁ»

Scheme 2 Reagents and conditions: i: DCC, Cl,CHCOOH, DMSO, ii:
(COCl),, DMSO, TEA, CH,Cl,; iii: TEA, CH,Cl.

In order to explore the behaviour of the 3',4'-unsaturated C5'-
aldehydes under radical stress we first reacted the aldehydes 1a,b
with benzenethiol under radical conditions. The reactions were
carried out® with 1.2 molar equivalents of benzenethiol in a
sealed tube at 80 °C in the presence of dioxygen and in the
presence or absence of 0.2 molar equivalents of AIBN as initiator.
Complete disappearance of 1a,b occurred within 2 h. Silica gel
column chromatography of the reaction mixture from 1a furnished

thymine as the major product, and a 50 : 50 3'S/3’'R diastereomeric
mixture of the lactone 11a in 35% yield. Analogously, column
chromatography of the reaction mixture from 1b furnished adenine
as major product, as well as a 70 : 30 3'S/3'R diastereomeric
mixture of the lactone 11b in 30% yield (Scheme 3). The absolute
configuration of the diastereomeric lactones 11a and 11b was
established on the basis of NOE experiments.

(0]

BH + unidentified
1a,b +PhS —>\\§j —> sugar fragments

PhS 7ab T
O:/ T

PhS
saab \ 9a,b
B B 0O—0 B
O, OO
N - HCOOH
N HO
PhS PhS PhS
(3'S)-11a,b (3'R)-11a,b 10a,b

a: B = thymine; b: B = N6, N6-dibenzoyladenine

Scheme 3  Reagents and conditions: i: PhSH, AIBN or O,, PhF, 82 °C.

The role played by dioxygen in the formation of 11a,b was
proved by reacting 1b with benzenethiol in refluxing fluorobenzene
in the presence of equimolar amounts of AIBN. Under these
hypoxic conditions the lactone 11b was formed in poor yields
(<5%), with adenine as the main reaction product.

On the basis of these experimental results, we can propose the
following mechanism for the formation of 11a,b. Benzenesulfanyl
radicals, produced by hydrogen atom abstraction either by cyano-
isopropyl radicals or dioxygen, add to the C3' carbon atom in
a regioselective manner. In principle, the resulting radical 7a,b
could react in two different ways: i) hydrogen atom abstraction
from benzenethiol; however, no hydro-sulfenylation adduct was
detected, not even when the reaction of 1b was repeated in the
presence of a large excess (5 molar equivalents) of benzenchiol;’
il) trapping by dioxygen to give peroxyl radicals, from which the
hydroperoxide 8a,b can be formed by hydrogen atom abstraction
from benzenethiol. Actually, this reaction was expected, since
peroxyl radicals, and hydroperoxides, have been claimed as
intermediates in DNA strand breakage promoted by formation
of C4'-radicals under aerobic conditions and in the presence of
thiol. It has been reported that subsequent O-O bond scission
leads to oxy radicals, responsible for the formation of the observed
decomposition products.'

We inferred that hydroperoxide 8a,b, in addition to the O-
O bond scission leading to the oxy radical 9a,b, and then to
the free base and unidentified sugar fragments,'' can give the 3-
hydroxy-1,2-dioxetane 10a,b through nucleophilic addition to the
a-carbonyl carbon atom.

1,2-Dioxetanes, an interesting class of chemiluminescent prod-
ucts, are known to undergo C—C and O-O bond scission leading
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to two carbonyl compounds through a [2 + 2] retro-Diels—Alder
reaction.’? In this way, the lactones 11a,b can be easily formed
from 10a,b with concomitant elimination of formic acid. To our
knowledge this is the only example of a C4—~C5 bond scission
in nucleoside chemistry, even though intramolecular addition of
a hydroperoxide to the carbonyl carbon atom of an a-formyl
group, followed by fragmentation of the resulting 3-hydroxy-1,2-
dioxetane, was reported some time ago.'*

It is worth noting that the lactone 11b, in contrast to 11a, was
formed with 70 : 30 stereoselectivity. This finding suggests that
benzenesulfanyl radicals approach the C3'-C4' double bond of 1a
nonstereoselectively, while they approach 1b preferentially from
the side opposite to the adenine base. This different behaviour
might be due to the greater steric hindrance of the adenine unit
with respect to the thymine.

This work was supported by the “Ministero della Ricerca
Scientifica e Tecnologica”, MURST (Rome).
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The oxidative coupling reactions of 6-pentyl-5,11-dihydroindolo[3,2-b]carbazole have been studied and
as a result, a number of novel dimers of the indolo[3,2-b]carbazole derivative have been prepared,
forming C—C coupled compound 3 when treated with FeCl;-6H,0 or C-N coupled compounds 4 and 5

when oxidized with air or Pd(OAc),, respectively.

Introduction

Over the past decade, electroactive molecules have been ap-
plied as active components in electronic devices such as light
emitting diodes (LED),! field effect transistors (FETs),”> and
photovoltaic cells (PCs).® Indeed, organic materials are very
attractive due to their good mechanical properties, low cost,
and their tunable electrical and optical properties through
structure modification.* However, stability and processability
together with good charge transport properties are still im-
portant problems not yet solved. In 1999, Hu et al. reported
the first indolo[3,2-b]carbazole derivative, 5,11-dihydro-5,11-di-
I-naphthylindolo[3,2-b]carbazole, which shows an unusual at-
ropisomerism and excellent hole-transport properties in or-
ganic LEDs® In 2004, Wakim et al. successfully fabricated
the first OFET (organic field-effect transistor) using 5,11-
dioctyl-6,12-dimethylindolo[3,2-b]carbazole as an active layer.®
Recently, it has been reported that N,N'-disubstituted indolo[3,2-
b]carbazoles present a new class of high-performance p-channel
semiconductors and can be used to fabricate high-mobility
OTFTs (organic thin-film transistors).” Blouin et al. synthe-
sized the new polyindolocarbazoles, polydiindolocarbazole and
poly(indolo-carbazole-alt-bithiophene)s and their optical, elec-
trochemical, magnetic and conductive properties have been
studied.?

Although several synthetic pathways towards indolo[3,2-
blcarbazole (ICZ) and its derivatives have been developed, most
of the methods involve multi-step procedures starting from
indole and afford the target ICZs in low overall yields. We
previously reported an efficient three-stage one-pot procedure to
synthesize the novel 6-monosubstituted 5,11-dihydroindolo[3,2-
b]carbazoles.” The better solubility of these asymmetrical ICZs in
apolar organic solvents allows for easier structural modifications.

In this paper, we demonstrate the synthesis of novel dimers of
6-pentyl-5,11-dihydroindolo[3,2-b]carbazole, through 12,12° C-C
or 12,11" C-N bond, by oxidative coupling in moderate yields.
To the best of our knowledge, this is the first report about the
dimerization of ICZs and the examples of C-N dimers.

Department of Chemistry, University of Leuven, Celestijnenlaan 200F, B-
3001, Leuven, Belgium. E-mail: wim.dehaen@chem.kuleuven.be; Fax: 32 16
327990; Tel: 32 16 327439

Results and discussion
Synthesis

It has been shown that chemical oxidation of N-alkylcarbazoles
by anhydrous FeCl; exclusively yields dimers, which are linked
at the 3,3'-positions (Fig. 1)." These compounds could be used
as host materials for triplet emitters in organic light-emitting
diodes," hole-transporting glass-forming materials and could be
used for hole transportation in orgainc semiconducting devices
such as electroluminescence devices and solar cells.’*"? According
to the same method, we treated compound 1 with anhydrous FeCl,
(Scheme 1(i)). However, we obtained mainly 12-chlorinated ICZ
2 in 50% yield together with a small amount (the yield is lower
than 5%) of compound 3 (m/z 651 [M + H]"). Detailed analysis
of the NMR data confirmed that the latter compound 3 was
indeed the dimer of compound 1, with a C-C link at the 12,12'-
positions. We repeated the reaction at different temperatures and
with different amounts of reagents. We found that the small
amounts of dimer 3 were only formed when old samples of
anhydrous FeCl;, that may contain traces of water, were used.
It has been reported that the oxidative coupling reactions of
phenols could be carried out with FeCl;-6H,O in organic solution
or FeCl; in aqueous solution.” When we used FeCl;-6H,O instead
of anhydrous FeCl;, we successfully obtained the C—-C dimer 3 as
the main product (47% yield) and only observed a trace amount
of the 12-chlorinated compound 2 by TLC control.
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FeCl3/CHCly O
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Fig.1 Dimerization of carbazoles with FeCl;.

[

Molecular oxygen does not react with ICZ 1, but when the
protons of 1 are abstracted with sodium hydride, the resulting
dianion becomes very susceptible to oxygen in air, giving a dimer
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Scheme 1 (i) 6 Equiv. FeCl; anhydrous, dry chloroform, N, protection,
rt, overnight. (ii) 1.5 Equiv. FeCl;-6H,0, chloroform, N, protection, rt,
overnight.

with the same molecular mass as compound 3 (m/z 651 [M +
H]*), but clearly different in structure as evidenced by its NMR
spectrum, showing lower symmetry. In fact, we observed that this
dimer formed in some cases as a side reaction on attempted N-
tosylation of 1.° Under optimised conditions, involving formation
of the dianion under an inert atmosphere at lower temperature
and the subsequent passing of air at 70 °C, we obtained the C-N
coupled dimer 4 (Scheme 2) in 38% yield. When oxygen is present
from the beginning of the reaction, the yield of 4 is substantially
lower.

H
NQ
N

Q n b N
O i, i N
N O

1

N s

4,38%

Scheme 2 (i) 4 Equiv. NaH, THF, N, protection, 0 °C then 70 °C. (ii)
Air, 70 °C.

It is known that aromatic compounds may be oxidatively
coupled to biaryls, polyaryls, or ring-closed compounds with
stoichiometric amounts of palladium(ir)."* When the compound 1
was heated at reflux with 1.5 equivalents of Pd(OAc), in acetic acid
(Scheme 3), we obtained the compound 5 in 39% yield. Although
basically this was also a C-N coupled dimer, both the MS and

5,39%

Scheme 3 (i) 1.5 Equiv. Pd(OAc),, AcOH, N,, reflux overnight.

NMR spectra pointed to the uptake of an acetoxy group at the 12-
position of the lower ICZ moiety. Since both the C—N dimer bond
and the acetoxy group have hindered rotation, two conformers
(1 : 1 ratio) can be observed in the "H-NMR spectra. On heating
at 105 °C, rotation is fast and only one signal per hydrogen is
observed (Fig. 2).

Thus, ICZ 1 showed very different behaviour towards oxidizing
reagents as compared to the carbazole analogues. This may be
due to the fact that the nitrogens of 1 are unsubstituted. Alkylated
derivatives of 1, available from our earlier work, could have a
different reactivity. Therefore, we attempted to oxidize the N,N'-
diethyl ICZ derivative 6 in the presence of FeCl; (hexahydrate
or anhydrous) but no reaction was observed. On the other hand,
when the compound 6 was treated with Pd(OAc), as described in
Scheme 3, we obtained the 12-0O-acetyl derivative 7 in 30% yield
(Scheme 4).

7,30%

Scheme 4 (i) 1.5 Equiv. Pd(OAc),, AcOH, N,, reflux overnight.

X-Ray crystal structures of 4 and 5

The structures of compounds 4 and 5 (Fig. 3) were determined
by single crystal X-ray diffraction. Compounds 4 and 5 were
crystallized from acetone (by slow evaporation) and chloroform
(by vapor diffusion), respectively. X-Ray crystallographic analysis
showed that compound 4 had a triclinic and 5§ a monoclinic crystal
system. For compound 4, the asymmetric unit contains one dimer
and three acetone molecules, which are hydrogen bonded with their
O-atom to the three ICZ free N-atoms. However, for compound
5, the asymmetric unit contains one dimer and one chloroform
molecule and the oxygen atom of the O-acetyl group is hydrogen
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Fig. 2 '"H-NMR spectra of compound 5 at 298 K, 338 K and 378 K.

bonded to a free nitrogen of the same ICZ moiety of another dimer
molecule, linking the dimers together in the packing along the b-
axis. The 6-pentyl indolo[3,2-b]carbazole moieties in the dimer
are torsioned, with respect to each other and the angle between
the planes through all five aromatic rings is 69.9° and 79.2° for
compounds 4 and 5, respectively.

Conclusions

In conclusion, we have developed methods to prepare new dimers
of 6-monosubstituted 5,11-dihydroindolo[3,2-b]carbazole by ox-
idative coupling reactions. FeCl;-6H,O was an efficient reagent to
synthesize 12,12 C-C coupled dimers of 6-monosubstituted ICZ
and anhydrous FeCl; can be used to regioselectively prepare 12-
chlorinated ICZs. The C—N dimers of ICZ were obtained for the
first time using oxidative coupling reactions with air or Pd(OAc),.
No dimerizations were observed when N,N’-disubstituted ICZ
was treated with the methods described above.

Experimental
General

'H-NMR and “C-NMR spectra were recorded on a Bruker
Avance 300 (300 MHz) or a Bruker AMX-400 (400 MHz)
spectrometer. NMR samples were run in the indicated solvents
and were referenced internally. Chemical shift values were quoted
in ppm and coupling constants were quoted in Hz. Chemical shift
multiplicities were reported as s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet and br = broad. Low-resolution mass
spectra were recorded on a HEWLETT-PACKARD instrument
(CI or EI) and a Micromass Mattro II instrument (ES). High-
resolution mass spectra were recorded on a KRATOS MS50TC
instrument. Melting points were determined using a Reichert-
Jung Thermovar apparatus and were uncorrected. X-Ray crystal-
lography data were collected on a SMART 6000 diffractometer
with CCD detector using Cu-Ka radiation (A = 1.54178 A).
Commercially available reagents were used as received.
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Fig. 3 (a) X-Ray structure of compound 4. (b) X-Ray structure of
compound 5.

6-Chloro-12-pentyl-5,11-dihydroindolo[3,2-b]carbazole (2). To
a solution of compound 1 (0.2 g, 0.6 mmol) in dry chloroform
(5 ml) was added FeCl; (0.6 g, 3.7 mmol). The reaction mixture
was stirred at room temperature overnight under nitrogen. After
addition of H,O (10 ml), the aqueous solution was extracted
with EtOAc (3 x 20 ml). The combined organic solvents were
removed and the crude compound was purified with silica gel
chromatography (EtOAc-heptane, 2 : 8) to give compound 2
(0.11 g, 50%) as a light yellow solid, mp 212-214 °C. 6, (300 MHz,
DMSO, Me,Si): 0.88 (t, 3H, CHj;), 0.13-1.14 (m, 2H, CH,), 1.55
(br, 2H, CH,), 1.81 (br, 2H, CH,), 3.49 (br, 2H, CH,), 7.21 (m, 2H,
J6.8,6.9,2 x CH), 7.44 (m, 2H, J 7.2,7.4,2 x CH), 7.57 (m, 2H,
2 x CH),8.14(d, 1H, J 7.78, CH), 8.52 (d, 1H, J 7.80, CH), 11.25
(s, 1H, NH), 11.28 (s, 1H, NH); . (75 MHz, DMSO, Me,Si):
14.9,23.2,28.9,29.6,32.4,107.4,111.6,112.1, 118.3, 118.9, 119.0,
121.9,122.4,122.8, 122.9, 123.5, 125.2, 126.4, 126.8, 133.4, 135.4,
142.0, 144.3; MS (CI): m/z 361 (IM + HJ*, 100%), 363 (M + HJ*,
32).

12,12'-Bis(6-pentyl-5,11-dihydroindolo[3,2-b]carbazole) 3).
To a solution of compound 1 (0.2 g, 0.6 mmol) in chloroform
(5 ml) was added FeCl;-6H,0 (0.25 g, 0.9 mmol). The reaction
mixture was stirred at room temperature overnight under
nitrogen. After addition of H,O (10 ml), the aqueous solution
was extracted with EtOAc (3 x 20 ml). The combined organic
solvents were removed and the crude compound was purified
with silica gel chromatography (EtOAc-heptane, 2 : 8) to give
compound 3 (0.095 g, 47%) as a brown solid, mp 272-274 °C. dy
(400 MHz, DMSO, Me,Si): 0.99 (t, 6H, 2 x CH;), 1.48-1.55 (m,
4H, 2 x CH,), 1.71-1.75 (m, 4H, 2 x CH,), 1.99-2.09 (m, 4H,
2 x CH,), 3.69-3.73 (m, 4H, 2 x CH,), 6.21 (d, 2H, J 7.78, 2 x
CH), 6.74 (t, 2H, J 7.45, 2 x CH), 7.09 (t, 2H, J 7.51, 2 x CH),
7.16-7.18 (m, 2H, 2 x CH), 7.27-7.28 (m, 4H, 4 x CH), 7.42 (d,
2H, J 8.00, 2 x CH), 8.25 (d, 2H, J 7.81, 2 x CH), 10.23 (s, 2H,
NH), 11.10 (s, 2H, NH); é (75 MHz, DMSO, Me,Si): 14.5, 22.8,
28.9, 29.3, 32.1, 109.5, 110.5, 111.1, 117.4, 118.0, 118.2, 120.6,

120.9, 121.1, 122.1, 123.2, 123.4, 124.9, 125.0, 134.9, 135.0, 141.6,
141.9; HRMS (EI): m/z caled for C,sH,N, [M]*: 650.34095;
found: 650.34037.

5-(12'-Pentyl-5',11’ - dihydroindolo[3,2 - b]carbazole - 6’ - yl) - 12-
pentyl-5,11-dihydroindolo[3,2-b]carbazole (4). To a solution of
compound 1 (0.3 g, 0.9 mmol) in THF (5 ml) was added NaH
(0.15 g, 3.7 mmol) in portions while protecting with nitrogen at
0 °C. The reaction mixture was warmed to room temperature
slowly and then heated at 70 °C for 3 h under nitrogen. After
removing the nitrogen protection, air was bubbled through the
reaction vessel and the reaction mixture was heated for 1 h at
70 °C. After work-up with addition of NH,Cl aq. (15 ml), the
aqueous solution was extracted with EtOAc (3 x 15 ml). The
combined EtOAc solutions were evaporated and the residue was
purified with silica gel chromatography (CH,Cl,~heptane, 1 : 1)
to give compound 4 (0.115 g, 38%) as a light yellow solid, mp
171-173 °C. 6 (400 MHz, DMSO, Me,Si): 0.98-1.02 (m, 6H, 2 x
CH,), 1.50-1.57 (m, 4H, 2 x CH,), 1.71-1.79 (m, 4H, 2 x CH,),
2.05 (br, 4H, 2 x CH,), 3.70-3.74 (m, 4H, 2 x CH,), 6.05 (d, 1H, J
7.90, CH), 6.46 (t, 1H, J 7.52, CH), 6.80 (d, 1H, J 7.96, CH), 6.89
(r, 1H, J 7.44, CH), 7.14 (t, 1H, J 7.16, CH), 7.16-7.39 (m, 7H,
7 x CH), 7.48-7.51 (m, 2H, 2 x CH), 7.81 (d, 1H, J 7.81, CH),
8.28 (d, 1H, J 7.99, CH), 8.43 (d, I1H, J 7.77, CH), 10.79 (s, IH,
NH), 11.06 (s, IH, NH), 11.30 (s, I|H, NH); . (75 MHz, DMSO,
Me,Si): 14.1,22.4, 28.6,29.0, 31.8,97.0, 109.3, 110.5, 111.0, 117.6,
118.3,119.0,119.1,119.5,119.8,120.3, 120.4, 120.64, 121.2, 121.6,
121.9, 122.2, 122.4, 122.6, 122.9, 123.2, 125.1, 125.2, 125.4, 1338,
134.7, 134.8, 136.5, 141.3, 141.2, 141.5, 141.8; HRMS (EI): m/z
caled for C,sH, Ny [M]*: 650.34095; found: 650.34051.

5-(12'-Pentyl-5',11’-dihydroindolo[3,2-b]carbazole-6"-yl)-6-acet-
oxy-12-pentyl-5,11-dihydroindolo[3,2-b]carbazole (5). A mixture
of compound 1 (0.15 g, 0.46 mmol) and Pd(OAc), (0.15 g, 0.67
mmol) in acetic acid (5 ml) was heated at reflux overnight. After
removal of the acetic acid in vacuo, the residue was dissolved
in EtOAc (30 ml) and washed with NaHCO; (2 x 15 ml). The
organic solvent was evaporated and the crude compound was
purified with silica gel chromatography (EtOAc-heptane, 2 : 8)
to give the compound 5 (0.064 g, 39%) as a brown solid, mp
174-175 °C. dy (400 MHz, DMSO, Me,Si): 0.9 (s, 3H, CH,),
0.95-1.02 (m, 6H, 2 x CHj;), 1.48-1.54 (m, 4H, 2 x CH,),
1.72-1.74 (m, 4H, 2 x CH,), 1.99-2.03 (m, 4H, 2 x CH,),
3.68-3.70 (m, 4H, 2 x CH,), 5.95-6.12 (d, 1H, J 7.58, CH),
6.41-6.51 (m, 1H, CH), 6.66-6.75 (d, 1H, J 7.62, CH), 7.69 (br,
1H, CH), 7.15-7.53 (m, 10H, 10 x CH), 8.27 (d, 1H, J 7.71, CH),
8.41 (d, 1H, J 7.80, CH), 10.80 (s, I1H, NH), 11.19-11.25 (d, 1H,
NH), 11.25 (s, 1H, NH); é (75 MHz, DMSO, Me,Si): 14.1, 14.2,
18.3,22.4, 22.5, 28.4, 29.0, 31.7, 99.8, 109.6, 110.3, 110.6, 110.9,
111.0,111.2,115.2, 115.5, 116.5, 116.6, 117.4, 117.6, 118.1, 118.3,
119.1, 119.2,119.7, 120.1, 120.5, 120.6, 120.7, 120.8, 121.0, 121.1,
121.2,121.5,121.8, 121.9, 122.2, 122.4, 122.6, 122.7, 123.1, 125.1,
125.3, 125.6, 125.8, 126.9, 127.0, 133.6, 134.2, 134.4, 135.0, 141.0,
141.2, 141.4, 141.6, 142.2, 142.3, 167.4, 167.8; HRMS (EI): m/z
caled for C,sHyyN,O, [M]*: 708.34643; found: 708.34747.

6- Acetoxy-5,11 -diethyl - 12 - pentyl - 5,11 - dihydroindolo|[3,2-5]-
carbazole (7). A mixture of compound 6 (0.05 g, 0.13 mmol) and
Pd(OAc), (0.05 g, 0.22 mmol) in acetic acid (4 ml) was heated
at reflux overnight. After removal of the acetic acid in vacuo, the
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residue was dissolved in EtOAc (30 ml) and washed with NaHCO;
(2 x 15 ml). The organic solvent was evaporated and the crude
compound was purified with silica gel chromatography (EtOAc—
heptane, 2 : 8) to give the compound 7 (0.017 g, 30%) as a brown
solid. oy (300 MHz, DMSO, Me,Si): 0.96 (t, 3H, CH;), 1.34 (m,
3H, CH,), 1.43 (m, 8H, 2 x CH;, CH,), 1.66 (br, 2H, CH,), 1.86
(br, 2H, CH,), 3.60 (br, 2H, CH,), 4.60 (m, 4H, 2 x CH,), 7.19-
7.27 (m, 2H, 2 x CH), 7.50 (m, 2H, 2 x CH), 7.76-7.65 (m, 2H,
2 x CH), 7.96 (d, 1H, J 7.7, CH), 8.18 (d, 1H, J 7.8, CH); MS
(CI): m/z 441 [M + H]*.

X-Ray structure determination of 4 and 5

For the structures of compounds 4 and 5, intensity data were
collected on a SMART 6000 diffractometer equipped with CCD
detector using Cu—Kuo radiation (4 = 1.54178 A). The images
were interpreted and integrated with the program SAINT from
Bruker.”® Both structures were solved by direct methods and
refined by full-matrix least-squares on F2 using the SHELXTL
program package.'® Non-hydrogen atoms were anisotropically
refined and the hydrogen atoms in the riding mode with isotropic
temperature factors fixed at 1.2 times U (eq) of the parent atoms
(1.5 times for methyl groups).t

Single crystal strucutre of 4. CssHgN,O;, crystal size 0.5 x
0.3 x 0.2 mm®, M = 825.07, triclinic, P1, a = 12.4498(7), b
13.0721(6), ¢ = 17.1213(8) A, a = 76.028(3), f = 88.352(4),
= 64.368(3), V = 2428.7(2) A*>, T = 1002) K, Z = 2, D.
1.128 g cm~?, u(Cu-Ka) = 0.542 mm~', F(000) = 884, 8852
independent reflections (R;,, = 0.0312); final R = 0.0711 for 7354
reflections with I > 2¢(/) and @R2 = 0.1497 (all data); a disordered
acetone molecule in a void of 261 A3 at position (0.5, 0.553, 0.5),
was modelled with SQUEEZE" (total contribution of 44 ¢™).

I ==

Single crystal structure of 5. C,,H,;Cl;N,O,, crystal size 0.3 x
0.25 x 0.25 mm?®, M = 828.24, monoclinic, C2/c, a = 24.3549(8),
b=13.9993(4), c =26.1244(7) A, f = 94.689(2), V = 8877.3(5) A3,
T=1002)K,Z=38,D.=1.239 gcm™*, u(Cu-Ka)=2.204 mm~',
F(000) = 3472, 7781 independent reflections (R;,, = 0.1040); final
R =0.0776 for 5097 reflections with / > 2¢(I) and wR2 = 0.1793
(all data); a completely disordered solvent molecule (CHCI;) in a
void of 143 A at position (0, 0, 0), was modelled with SQUEEZE"
(total contribution of 55 ¢7).

T CCDC reference numbers 611501 and 611502. For crystallographic data
in CIF or other electronic format see DOI: 10.1039/b610040f
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Starting from (—)-B-pinene, the first total synthesis of xeni-
torins B and C has been accomplished, which also allowed
the assignment of their absolute configuration.

In 2002, Duh et al. reported the isolation, from the soft coral
Xenia Puerto-galerae Roxas collected off the shore of Green
Island near Taiwan, of a series of cytotoxic new cadinanoids
coined xenitorins, including xenitorins B (1) and C (2).! The
structures of these compounds, including relative stereochemistry,
were deduced on the basis of extensive spectroscopic studies.!
Their absolute configuration was, however, unresolved. Herein
we wish to report the first total synthesis of xenitorins B (1)
and C (2) in natural form, which serves to confirm the structural
assignments, establish the absolute stereochemistry, and provide
an easy access to these interesting marine sesquiterpenes.

As depicted in the retrosynthetic scheme (Scheme 1), our
synthetic design calls for the use of optically active B-pinene
(3) both as the starting substrate and source of chirality and its
derivative 4 to facilitate the construction of the core system via a
Diels—Alder reaction (4 — 5). This is followed by an acid catalyzed
fragmentation process® after suitable modifications (5 — 6).

Scheme 1

The experimental workt began with the conversion of (—)-f-
pinene ((—)-3) to (+)-nopinone ((+)-7) (Scheme 2). The traditional
method to effect this operation involves ozonolysis,® a process
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T Electronic supplementary information (ESI) available: Experimental
procedures and spectral characterizations for compounds 1, 2, 4, 5, 6,
9, 10, 12, 14, 17-19 are provided. See DOI: 10.1039/b610427d

which is known to be quite hazardous, and several severe explo-
sions were experienced in the past during its application.* In light
of'this, a more secure procedure was employed using ruthenium(1ir)
chloride (0.023 equiv.) and sodium periodate (2.1 equiv.)® in
aqueous acetonitrile and carbon tetrachloride. (+)-Nopinone
((+)-7) thus obtained in 81% yield was subsequently converted to
the desired dienophile 4 in the following manner. The introduction
of the required cyano group was effected using a well established
isoxazole rearrangement protocol.*” Thus, formylation of (+)-7
followed by treatment of the resulting a-hydroxymethylene ketone
(+)-8%** with hydroxylamine gave rise to isoxazole (—)-9, which was
subjected to base-induced rearrangement using sodium ethoxide
to afford cyano ketone (+)-10, which was found to exist completely
in the keto form at room temperature. The dienophilic double bond
was subsequently incorporated using the phenylselenenylation-
oxidative elimination process® to furnish cyano enone (+)-4 in
65% overall yield from (+)-7.

RuCl; e H,0, NalO, NaH, HCOEt
MeCN/CCly/H,0, rt THF, 0°C, 4 h
()3 16 h, 81% 91%
(0] OH o/N
=
NHQOH K,COg3 NaOEt, EtOH
EtOH, reflux, 2 h 0%Ctort,6h
(+)-8 79% 93%
0 (0]
N CN
¢ PhSeCl, PY, CH2C|2
then Hy0,, 0°C, 15 min
(+)-10 9% (+)-4

Scheme 2

Cyano enone (+)-4 proved to be an effective dienophile. Its
Diels—Alder reaction with isoprene, carried out at room temper-
ature in methylene chloride in the presence of zinc chloride,"
proceeded with a high degree of efficiency and a completely
regio- and stereoselective manner to give adduct (+)-5 as the
sole product in 84% yield (Scheme 3). After serving as an
activating group for the Diels—Alder reaction, the angular cyano
moiety in (+)-5 was readily removed by applying a reductive
decyanation process developed previously in our laboratories.!''
Thus, treatment of (+)-5 with lithium naphthalenide (LN)* in
dry tetrahydrofuran followed by protonation gave rise to an 86%
yield of enone (—)-11'¢ as a single product, the stereochemistry
of which was suggested by NOE experiments showing no effect

This journal is © The Royal Society of Chemistry 2006
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o}
CN
. j\ ZnCly, CH,Cl,
& i, 48 h, 84%
(+)-4 (+)-5

LN, THF, -78 °C

- = =
1 h then NH4CI (aq)
rt, 1 h, 86%

20%, Pd/C, Hy,, EtOH, rt
95% ((+)-12:13 = 2:1)

(+)-12

Scheme 3

between the fused-ring junction hydrogen atoms. Enone (—)-11
was subsequently subjected to catalytic hydrogenation using 20%
palladium-on-carbon to saturate the olefinic double bond. The
reaction proceeded smoothly, but unfortunately produced an
intractable mixture of the desired isomer (+)-12 (vide infra) and
its epimer 13 in a 2 : 1 ratio.

To circumvent this problem, (+)-5 was subjected to hydrogena-
tion prior to the removal of the cyano group (Scheme 4), which
proved to be highly satisfactory. Catalytic hydrogenation of (+)-5
in ethanol using 20% Pd/C under 30 psi of hydrogen gave rise
to a 91% yield of the desired isomer (+)-14 as the only product,
the configuration of the newly generated stereogenic center was
confirmed at a later stage (vide infra). Reductive decyanation
of (+)-14 was then performed using LN as the reducing agent,
resulting in the formation of ketone (+)-12 (86% yield). This
compound didn’t display any NOE effect between the fused-ring
junction hydrogen atoms.

O (o}

CN CN

20%, Pd/C, H (30 psi)

“ar,

B EtOH, rt, 30 h, 91%
H

(+)-5

i

(+)-14

(0]

LN, THF,-78°C, 1 h

:
(+)-12

then NH,4CI (aq), rt
1h, 86%

Scheme 4

To complete the core system of the target compounds from
(+)-12, it remains to selectively cleave the cyclobutane bond
linking the quaternary center and the carbon a to the carbonyl.
In a previous investigation,? it was serendipitously observed that
this type of ring cleavage could be effectively achieved under
standard ketalization conditions. Accordingly, ketone (+)-12 was
treated with ethylene glycol and p-toluenesulfonic acid in refluxing
benzene with azeotropic removal of water (Scheme 5). Indeed,
the desired fragmentation occurred with concomitant ketalization
and partial isomerization to give a mixture of epimeric ketals 15

O

H o} H
ethylene glycol +
- : , A ey

i “ p-TsOH, PhH

i H
(+)>12 reflux, 48 h PN 15 A 16
0] H 0 "
p-TsOH(cat), acetone (aq) . 3
reflux, 3 h, 93% from Y |f| Y ; |f| “
-12 ((-)-6:(+)-17 = 3:2 3 3
s ) N s AN a7

3M NaOH (aq), MeOH
reflux, 24 h, 73%
((-)-6:(+)-17 = 3:1)

Scheme 5

and 16, which, upon further treatment with a small amount of
p-toluenesulfonic acid in refluxing aqueous acetone, gave trans-
ketone (—)-6 and its cis-isomer (+)-17 in 3 : 2 ratio and a
combined yield of 93% over two steps. These diastereomers were
separated, and the relative stereochemistry of the frans-isomer
(—)-6 was unambiguously established by X-ray analysis’®"{ while
the presumed cis-isomer (+)-17 was treated with sodium hydroxide
in refluxing methanol to furnish (—)-6 as the predominant product.
Towards xenitorin C (2), ketone (—)-6 was sequentially treated with
lithium diisopropylamide and diphenyl diselenide (Scheme 6).%
This was immediately followed by oxidative elimination of the
ensuing phenylselenenyl intermediate using hydrogen peroxide
to give enone (—)-18 which, on exposure to methyllithium in
tetrahydrofuran at 0 °C in the presence of cerium(iir) chloride,**
gave rise to xenitorin C ((—)-2) in 34% yield along with a 58% yield
of its epimer 19. It was somewhat disappointing that the desired
compound (—)-2 was consistently produced in a lesser amount
regardless of the reaction conditions and the reagents applied,
as a consequence of the preferential axial addition leading to
the undesired stereochemistry. As a small consolation, however,
both isomers (—)-2 and 19 were readily converted to xenitorin
B ((—)-1) in 69% and 73% yield, respectively, upon treatment
with pyridinium chlorochromate on Celite* in methylene chloride
(Scheme 7). The identity of the synthetic compounds and the
corresponding natural products was established by direct compar-
ison of their 'H nmr spectra.! As well, other spectral data and
physical properties, including specific rotations of the synthetic

LDA, THF, 0 °C then PhSeSePh

overnight, -78 °C then H,0,
0°C, 72%

MeLi, CeCls, THF, -78°C, 4 h

92% ((-)-2:19= 1:1.6)

Scheme 6
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PCC, celite, CH,Cly, rt

P H
4.5 h, 69% and 73% each =
from (-)-2 and 19 P
)1

Scheme 7

materials, were also shown to be in excellent agreement with
those reported for the naturally occurring compounds.! Thus,
the first total synthesis of xenitorins B ((—)-1) and C ((—)-2) has
been achieved and serves to unambiguously establish the absolute
configuration of these structurally interesting natural products.
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Unexpectedly, the palladium catalyzed coupling reaction
of acrolein with 8-bromoquinoline gave 5H-pyrido[3,2,1-
ijlquinolin-3-one in a single step.

Tricyclic amides are important substructures of active com-
pounds. Among them, some pyrrolo[3,2-ij] and [3,2,1-ij] quino-
lines exhibited antibacterial and antifungal activities for diseases
of rice plants.! Tricyclic quinolinones were also evaluated as DNA
intercalators? for their antitumor effects® or as acetylcholinesterase
inhibitors.*

As a part of our study on the arylation of acrolein and acrolein
derivatives® via the Heck reaction, we extended this reaction
to several poly- and hetero-aromatic compounds.® Herrmann’s
palladacycle’ exhibited very high activity for this coupling reaction
towards the substituted o,B-unsaturated aldehydes (up to 87%
yield) with almost all aromatic and heteroaromatic substrates. On
the other hand, starting from acrolein diethyl acetal, the catalytic
system dramatically affected the selectivity of the reaction: while
the phosphine-free Cacchi’s conditions led to the formation of
the expected o,B-unsaturated aldehydes (up to 79% yield), the
Herrmann’s palladacycle gave mainly the corresponding saturated
ester (up to complete selectivity). In that case, it was suggested
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Albert  Einstein, 69626, Villeurbanne, France. E-mail: pinel@
catalyse.cnrs.fr, djakovitch@catalyse.cnrs.fr; Fax: +33 (0)4 7244 5399

T Electronic supplementary information (ESI) available: Experimental
details for the synthesis of compounds 1b, 1¢, 2, 3 and 5. See DOLI:
10.1039/b611020¢g

OEt
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OEt
[Pd] (1%), NaOAc, NMP, 140°C

that the palladium complex resulting from oxidative addition
to the double bond interacted further with the aromatic ring
and as a consequence, the syn B-hydrogen elimination occurred
mainly via the H gem to the diacetal yielding thus the ester
after hydrolysis. Similarly, palladium-catalyzed reactions between
aryl halide and allylic alcohol provided either substituted allylic
alcohol or ketone depending on the reaction conditions.® Such
behaviour appears particularly interesting if the intermediate
could be trapped by a complementary function at the desired
position to perform synthesis of polycyclic compounds by the
well documented palladium catalyzed cascade reactions.® In this
paper, we report the specific reactivity of the §-bromoquinoline
that afforded tricyclic quinolinone in one step. For comparison,
the reactivity of substrates synthesised from the corresponding
alcohol was also studied.

Initially, the coupling reaction of acrolein and acrolein diethyl
acetal with 8-bromoquinoline 1a (Scheme 1) was performed using
conditions reported by Cacchi et al. which were based on Jef-
fery’s phase transfer reaction conditions' (Pd(OAc),, nBu,NOAc,
K,CO;, KCl, DMF, 90 °C). After 24 h, high conversions
(>99%) were achieved with both reactants (Table 1). Moreover,
the expected aldehyde 2, corresponding to the classical Heck
mechanism, was obtained as the major compound. Starting
from acrolein, the aldehyde 2 was formed in 50% isolated yield
together with dehalogenated quinoline 4 (8%). This can be
attributed to the moderate activity of the substrate under these
reaction conditions. After hydrolysis in the presence of dilute
HCI, higher selectivity (90%) in coupling product 2 was achieved
from diethyl acetal acrolein with small amount of propionic
ester 5.

PA(OAG); (2%), KoCO3,KCl,
nBusOAc, DMF, 90°C
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Palladium-catalyzed reaction of acrolein and diethylacetal acrolein with 8-substituted quinolines.
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Table 1 Palladium coupling of 8-bromoquinoline with acrolein and acrolein diethyl acetal. Influence of the reaction conditions

Acrolein

Acrolein diethyl acetal

Reaction conditions

Conversion (%)

Selectivity (%0)* Conversion (%)* Selectivity (%)

Pd(OAc),, K,CO;, KC1, nBu,NOAc, DMF, 90 °C, 24 h 100

[Palladacycle] (1%), NaOAc, NMP, 140 °C, 24 h 93

“Determined by GC analysis. ® Isolated yield.

2/67 (50)° >99 2/90

4/8 5/3

3/56 (51y 67 5/61 (43)
4/7 4/<1

Then, the heteroarylation of acrolein diethyl acetal with 8-
bromoquinoline 1a was performed using the commercially avail-
able palladacyclic catalyst (1 mol% Herrmann’s palladacycle,
NMP, NaOAc, 140 °C) (Scheme 1).*> Under these reaction
conditions, lower conversion was achieved (67%) compared to
the Cacchi’s conditions (quantitative). This can be attributed to
the rate acceleration effect of added halide ions as previously
reported.’ As expected from our previous work,® the ester 5,
resulting from a B-hydrogen elimination via the H gem to the
diacetal, was the main product (61% selectivity, 43% isolated
yield) together with traces of quinoline 4 (<1%) produced from
direct dehalogenation of the substrate (Table 1). Under identical
conditions, the reaction of 8-bromoquinoline with acrolein was
studied. After 24 h reaction, high conversion (93%) was achieved
(Table 1); however, the coupling compound 2 was not detected.
After isolation and characterisation, it was established that SH-
pyrido[3,2,1-ij]quinolin-3-one 3 was synthesized preferentially
(isolated yield 51%), the main by-product being quinoline 4
produced from dehalogenation (7%).

Mesylate and even more triflate derivatives are known to be
efficient substrates for the palladium coupling reaction.’> We
synthesized the triflate derivative 1b and the mesylate derivative 1¢
from the commercially available 8-hydroxyquinoline in good yields
according to reported literature procedures.”® Under the same
conditions, the cyclization of the mesylate substrate 1¢ provided
selectively the tricyclic compound 3 with moderate yield (30%
conversion, Table 2). On the other hand, the triflate substrate 1b
yielded the tricyclic compound 3 (40% isolated yield, Table 2)
after 24 h reaction time. It can be concluded that the leaving group
has no influence on the selectivity of the reaction excepted that
dehalogenation was avoided starting from activated alcohols.

In the literature, few reports were dealing with the synthesis
of such tricyclic compounds that required usually many reaction
steps. To our knowledge, no related mechanism to the formation
of the tricyclic compound 3 via a palladium-catalyzed coupling
reaction was reported in the literature.

Table 2 Palladium coupling of 8-substituted quinolines with acrolein.
Influence of the leaving group

Substrate Conversion (%) Isolated yield 3 (%)
la 80 51

1b 100 40

1c 30 N.d.

“Determined by GC analysis. > Not determined.

Due to the presence of the nitrogen in the quinoline, a small
change in the reaction conditions exhibited a strong modification
in the selectivity of the reaction. Considering the different results,
the following mechanism is proposed that account to the one pot
formation of the tricyclic compound (Scheme 2).

Starting from the acrolein diethyl acetal, the formation of
the propionic ester results from a B-hydrogen elimination that
occurs selectively at the H gem to diacetal group (Scheme 2).
A strong interaction between the nitrogen of the heteroaromatic
ring and the palladium center was proposed: this additional bond
blocks the rotation along the PA—-CH-CH-Ar bond necessary to
perform the syn B-hydrogen elimination of the benzylic hydrogen
reported for the classical Heck coupling. As a consequence,
after hydrolysis the resulting enol acetal yields the arylpropionic
ester 5.

Following the same initial idea, the existence of internal
strong interactions should influence similarly the reactivity of the
acrolein. After the initial steps of the expected Heck arylation of
acrolein by the 8-bromoquinoline, we proposed that a relatively
stable 6-membered palladacycle is formed by coordination of the
quinoline ring through the nitrogen atom to the Pd(i1)-center. As
previously, this internal interaction prevents the internal rotation
along the PdA-CH-CH-Ar bond. As a consequence, only hydrogen
gem to the aldehyde may be abstracted, yielding intermediately the
highly reactive ketene 6 together with a palladium hydride species
still coordinated to the ketene moiety. Palladium intermediates are
well known to undergo cascade transformations when adequate
function is present at proximity.” In the considering reaction,
we proposed that following the initial coupling and B-hydride
elimination steps, a syn addition of [H-Pd] to the C=N of
the quinoline ring occurs through the transition state TS. As
the next step, the base attacks the acid benzylic proton of 7
to give the species 8 that undergoes reductive elimination to
afford the tricyclic quinolinone 3, regenerating the palladium
catalyst.

In conclusion, starting from 8-substituted quinoline, three
different compounds may be formed by small change in the
reaction conditions. The specific reactivity of the Hermann’s pal-
ladacycle allowed the one pot synthesis of a tricyclic quinolinone.
To our knowledge, the single step procedure described in the
communication is the shortest route to synthesize tricyclic fused
quinolinones. Further works are under progress to extend the
procedure to the synthesis of various benzoquinolizinones and
to establish clearly the mechanism of formation of 3.

SN thanks the “Ministére de 1’Education Nationale, de
I’Enseignement Supérieur et de la Recherche” for a grant.
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The T-cell receptor of a CD8* T-cell recognises peptide epitopes bound by class I major
histocompatibility complex (MHC) glycoproteins presented in a groove on their upper surface. Within
the groove of the MHC molecule are 6 pockets, two of which mostly display a high degree of specificity
for binding amino acids capable of making conserved and energetically favourable contacts with the
MHC. One type of MHC molecule, HLA-B*2705, preferentially binds peptides containing an arginine
at position 2. In an effort to increase the affinity of peptides for HLA-B*2705, potentially leading to
better immune responses to such a peptide, we synthesised two modified epitopes where the amino acid

at position 2 involved in anchoring the peptide to the class I molecule was replaced with the
a-methylated B,y-unsaturated arginine analogue 2-(S)-amino-5-guanidino-2-methyl-pent-3-enoic acid.
The latter was prepared via a multi-step synthetic sequence, starting from o-methyl serine, and
incorporated into dipeptides which were fragment-coupled to resin-bound heptameric peptides yielding

the target nonameric sequences. Biological characterisation indicated that the modified peptides were
poorer than the native peptides at stabilising empty class I MHC complexes, and cells sensitised with
these peptides were not recognised as well by cognate CD8* T-cells, where available, compared to those
sensitised with the native peptide. We suggest that the modifications made to the peptide have decreased
its ability to bind to the peptide binding groove of HLA-B*2705 molecules which may explain the
decrease in recognition by cytotoxic T-cells when compared to the native peptide.

Introduction

Our immune system protects us against infectious agents and
malignancies through the recognition of specific antigens derived
from pathogens. Specific cell-mediated immune responses involve
T-lymphocytes that respond to peptide epitopes, typically of
between 8 and 20 amino acids in length, derived from these agents.!
The peptides are recognised by CD8* T-cells only when bound to
cell-surface protein receptors known as major histocompatibility
complex (MHC) molecules. Our particular interest is in class |
MHC molecules, which are on the surface of all nucleated cells
and present peptides of 8-10 amino acids in length, derived
mostly from intracellular proteins. Class I MHC molecules show
a strong preference for peptides with particular residues—termed
anchor residues—in certain positions along the chain. X-Ray
crystallographic evidence has shown that the peptides bind in a
long groove in the protein, with the anchor residues fitting into
specific pockets in the binding groove.?

Recent advances in our understanding of the cellular immune
response at the molecular level have led to a new strategy
for vaccine development. The strategy involves the chemical
modification of viral epitopes to make them more immunogenic, a
process termed epitope enhancement.® Epitope enhancement can

“School of Chemistry, University of Birmingham, Birmingham, UK BI15
2TT. E-mail: j.s.snaith@bham.ac.uk; Fax: +44 121 414 4403, Tel: +44 121
414 4363

*Cancer Research UK Institute for Cancer Studies, University of Birming-
ham, Birmingham, UK B15 2TT

act by increasing the affinity of the epitope for an MHC molecule,
by increasing the affinity of the peptide-MHC complex for the
T-cell receptor, or by stimulating a broader T-cell response against
the pathogen. The approach which has been most widely adopted,
and which has been shown to produce significantly improved
vaccines, is to increase the affinity of the epitope for the MHC
molecule.* To increase the peptide affinity for MHC molecules,
one can take advantage of known sequence motifs for peptide
binding® and modify the anchor residues that provide much of the
specificity of binding to the MHC molecule.

The human allele HLA-B*2705 is one of the most extensively
studied class I MHC proteins, with a very clear motif for binding
peptides. Its association with a variety of autoimmune diseases
meant that HLA-B*2705-peptide complexes were amongst the
first to be crystallised. HLA-B*2705 has a high specificity for
peptides of 9 residues in length with an arginine at position 2, and
analysis of the X-ray structure has shown that the side chain of
this arginine (Arg 412 in crystallographic numbering) is bound in
a polar pocket in the protein formed by His 9, Thr 24, Glu 45 and
Cys 67 (Fig. 1).2

To increase the affinity of epitopes for HLA-B*2705, we
designed an arginine isostere containing a double bond to restrict
the side-chain flexibility.”® We envisaged that by introducing a
conformational restriction within the P2 anchor residue we could
reduce the entropic cost of binding a peptide to HLA-B*2705,
thereby enhancing the peptide-MHC affinity and possibly, in
a vaccination setting, leading to a stronger immune response.’
We chose two peptide epitopes on which to test this hypothesis:

This journal is © The Royal Society of Chemistry 2006
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Fig.1 Interactions of Arg412 with residues in the binding pocket. Figure
prepared using Rasmol® with data from Madden et al.?

GRAFVTIGK, residues 314-322 of the HIV envelope protein
gp120;® and RRIYDLIEL, residues 258-266 of the Epstein-Barr
virus protein EBNA3C."

Design

Inspection of the published crystal structures of HLA-B*2705
containing bound peptides>'? showed that the P2 arginine was
bound in an extended conformation, making the analogue 1
containing a double bond essentially isosteric (Fig. 1 and 2).
Although there are a number of reported syntheses of amino acids
containing B,y-unsaturation,'® they are prone to isomerisation
of the double bond into conjugation with the carbonyl group,
making their incorporation into peptides very challenging."* To
circumvent this problem we decided to introduce an o-methyl
substituent,' making our target the amino acid 2. As our starting
point for the synthesis we chose the known orthogonally protected
amino acid (S)-N(Boc)-a-methylserine methyl ester 3, which we
reasoned could be elaborated towards the target B,y-unsaturated
isostere by oxidation to the aldehyde and subsequent Wittig
chemistry.

HN

YNHZ |-|N§/N|-|2 HNYNHZ

NH NH

bz

HoN CO,H HoN CO,H
Arg 1 2

Fig. 2 P2 arginine, analogue 1 and target amino acid 2.

Results and discussion

Our synthetic route required a significant quantity of (S)-N(Boc)-
a-methylserine methyl ester 3. Although several syntheses of this

compound have been reported,'® none appeared to be amenable to
scale-up, and so we decided to explore a route involving resolution
of the commercially available (+)-a-methylserine 4. The racemic
amino acid is inexpensive, and we believed that resolution by
diastereomeric salt formation with camphorsulfonic acid should
be possible.

Esterification of (+)-o-methyl-serine 4 was achieved using
methanol and thionyl chloride'® (Scheme 1), and the resulting
hydrochloride salt was exchanged for the camphorsulfonic acid
salt by heating with (+)-camphorsulfonic acid in CH,Cl, and
acetone. Crystallisation overnight from the same solvent mixture
gave an excellent recovery of the a-methylserine methyl ester—(+)-
camphorsulfonic acid salt, enriched in the (S)-enantiomer of the
amino ester. The crystals were redissolved in CH,Cl, and acetone
and the fractional crystallisation procedure was repeated. The
enantiomerically enriched amino ester was isolated by carbamate
protection with (Boc),O, affording 3 in 34% overall yield from
a-methylserine methyl ester, i.e. 68% based on recovery of a single
enantiomer. The resolution was routinely performed on a 20 g
scale.

OH OH
i-iv V-Vii
+ - - -

HaN"s ~COp BocHN"Z ~CO,Me

4 3 7

Scheme 1 Reagents and conditions: i. SOCl,, MeOH, A, 16 h, 95%; ii.
(+)-CSA, A, CH,Cl,, acetone; iii. fractional crystallisation; iv. (Boc),0,
Et;N, CHCL,, A, 16 h, 34% over 3 steps, 68% based on recovery of single
enantiomer; v. PCC, CH,Cl,, 16 h, 54%; vi. PhPCHCHO, C4Hj,, 4 days,
70%; vii. NaBH,, 0.4 M CeCl;, MeOH, 50%.

The enantiopurity of the (S)-N(Boc)-a-methylserine methyl
ester 3 was determined by formation of the Mosher’s ester.”
Examination of the '"H NMR revealed a dr of >70 : 1, and
the absolute stereochemistry of the product was confirmed as
S by comparison of the specific optical rotation with literature
values.”® As the specific rotation of 3 at 589 nm was so small, we
also measured it at a range of wavelengths to provide additional
reference data (see Experimental section).

With multigram quantities of the enantiomerically enriched pre-
cursor 3 available, we set out to install the unsaturated side-chain
using Wittig chemistry (Scheme 1). PCC oxidation of alcohol 3
under standard conditions proceeded smoothly to afford aldehyde
5ina 54% yield, and this was followed by a Wittig reaction with the
commercially available (formylmethylene)triphenyl phosphorane,
giving the alkene 6 in 70% yield, exclusively as the E-stereoisomer.
Diisobutylaluminium hydride reduction of 6 proceeded smoothly
on a small scale, but the yields were not reproducible on a larger
scale. Switching to the Luche reduction furnished the required
allylic alcohol 7 in 58% yield, and this procedure could be reliably
scaled to several grams."

The next step was to introduce the guanidino function required
for the arginine isostere. Since guanidinylation of an amine is one
of the most straightforward methods for the introduction of the
guanidino group,” we set about the synthesis of the triprotected
ornithine analogue 8 (Scheme 2). Mesylation of alcohol 7, followed
by treatment with sodium azide gave the corresponding azide in
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BocHN': ~CO,Me

7 9

NHFmoc

i,iv, v =

BocHN": ~CO,Me
8

Scheme 2 Reagents and conditions: i. MsCl, Et;N, CH,Cl,, 16 h; ii.
NaN;, CH;CN, A, 16 h, 75% over 2 steps; iii. Ph;P, THF-H,0, A, 2 h,
20%,; iv. 28% aq. NH;, CH,Cl,, 4 h; v. FmocOSu, NaHCO;, acetone-H,O,
16 h, 25% for 3 steps.

75% vyield over two steps, but the Staudinger reduction to give
amine 9 was low-yielding (20%), and separation of the amine
from residual triphenylphosphine oxide was difficult, prompting
us to explore an alternative approach. Instead, treatment of the
mesylate with aqueous ammonia gave the desired amine 9, which
was Fmoc-protected to afford 8 in 25% yield over 3 steps.

We were concerned that the incorporation of a sterically
congested a-methylated amino acid into a peptide could be low-
yielding, and that this steric crowding could also affect subsequent
peptide coupling steps. Since the quaternary stereogenic centre is
not susceptible to racemisation, we elected to employ a fragment
coupling, first coupling our isostere at the N-terminus to form
a dipeptide, and then attaching this to a heptameric sequence on
resin to form the target nonameric peptide. To minimise protecting
group manipulations, we decided to couple the protected ornithine
analogue 8 to give a dipeptide, and then guanidinylate the 3-amino
group to form the arginine isostere.

Two dipeptides were required to make our target nonapeptides,
one incorporating glycine and the other incorporating arginine.
Synthesis of the first dipeptide was straightforward. Boc group
removal from 8 with TFA, giving 10, was followed by reaction with
the acid fluoride of N-Boc-glycine* to give the coupled product
11 in 66% yield over two steps (Scheme 3). A range of amino acid
fluorides have been reported, and they have found application as
highly activated coupling partners in peptide bond formation.?

NHFmoc NHFmoc

Scheme 3 Reagents and conditions: i. TFA, CH,Cl,, 16 h; ii. Et;N,
CH,Cl,, BocGlyF, 16 h, 66% over 2 steps.

There are no reported examples of arginine acid fluorides, and
so we attempted to prepare the acid fluoride of tri-Boc-protected
arginine. Our synthesis started with the commercially available
(S)-a-N(Boc)-6-N(Cbz)-ornithine 12. Hydrogenolysis to remove
the Cbz group was followed by guanidinylation using bis(zerz-
butoxycarbonyl)triflylguanidine® to form tri-Boc-protected argi-
nine 13 in 76% yield after chromatography (Scheme 4). Unfor-
tunately, treatment with cyanuric fluoride under the reported
conditions?" did not yield any of the desired acid fluoride, with
only unreacted starting material recovered.

BocHN\fNBoc

NHZ NH

BocHN CO,H BocHN CO,H

12 13

O
i BocHN
H
HN
BocHN NBoc

14

Scheme 4 Reagents and conditions: i. H,, Pd-C, MeOH, 16 h, 99%;
ii. Bis(tert-butoxycarbonyl)triflylguanidine, MeOH, 3 days, 76%; iii. 10,
iPr,EtN, HATU, HOAt, 16 h, 13%.

Our failure to prepare the protected arginine fluoride led us to
turn to the coupling of 10 and 13 using HATU and HOAt, which
did produce the desired dipeptide 14, but in a disappointing 13%
yield.

With the protected dipeptides 11 and 14 in hand, we turned
our attention to the guanidinylation. Treatment of 11 with
lithium hydroxide in water—acetonitrile resulted in simultaneous
ester hydrolysis and Fmoc cleavage to give dipeptide 15 in
94% vyield (Scheme 5). Guanidinylation of 15 using bis(zert-
butoxycarbonyl)triflylguanidine proceeded smoothly to afford the
dipeptide 16 in 90% yield.

BocHN\fNBoc

NHFmoc

Scheme 5 Reagents and conditions: i. LIOH, MeCN-H,O, 16 h, 94%; ii.
Bis(tert-butoxycarbonyl)triflylguanidine, MeOH, 3 days, 90%.
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Repeating the hydrolysis step on dipeptide 14 surprisingly led
to removal of both Boc groups from the guanidino moiety, in
addition to methyl ester hydrolysis and Fmoc cleavage, yielding
the deprotected dipeptide 17 in 94% yield (Scheme 6). The use
of arginine with an unprotected side-chain is not uncommon
in peptide synthesis,* so, rather than attempt to re-protect the
guanidino function, we simply went on to guanidinylate the amino
group of our isostere, leading to 18 in 52% yield.

NHFmoc

0 o]
BocHN BocHN
H CO,Me i H
- @ .
HN HN
BocHN/gNBoc HNT SNH
14 17

ii
- .

BocHN

18

Scheme 6 Reagents and conditions: i. LIOH, MeCN-H,O, 16 h, 94%; ii.
Bis(tert-butoxycarbonyl)triflylguanidine, MeOH, 3 days, 52%.

Peptide synthesis

Fragment coupling of the dipeptide 16 to the resin-bound hep-
tameric sequence AFVTIGK was attempted using HATU and
HOALt, but under these conditions the only product identified
following cleavage of the peptide from the support was the result
of resin-capping by the coupling reagent.” Since epimerisation of
the quaternary centres in 16 and 18 is not an issue, more vigorous
coupling conditions may be used. In an attempt to increase the
reactivity of the dipeptide fragments, we used DCC in association
with the nucleophilic catalyst DMAP. The concentration was
important, and it was found that a dipeptide concentration of
0.2 M in DMSO, with a 48 hour coupling time at 60 °C, was
optimal. Under these conditions 16 coupled with resin-bound
AFVTIGK and 18 coupled with resin-bound IYDLIEL to afford
the desired nonameric peptides 19 and 20 in 42% and 47%
yield, respectively, after resin cleavage and HPLC purification
(Scheme 7). The two control sequences GRAFVTIGK 21 and
RRIYDLIEL 22 were synthesised by standard Fmoc peptide
synthesis protocols; the data for all four peptides are summarised
in Table 1.

Immunological testing

The modified peptides 19 and 20 were tested alongside the
native sequence peptides in two different immunological assays:

Table 1 Characterisation data for peptides

Peptide t./min m/z found” m/z calc
GX,,AFVTIGK 19 25.83¢ 961.2 960.6
RX,. IYDLIEL 20 31.87¢ 1202.6 1202.7
GRAFVTIGK 21 11.42¢ 948.5 948.6
RRIYDLIEL 22 45.33% 1190.4 1190.7

“MALDI or electrospray, m/z for [M + H]*. 70 : 30 Water-MeCN +
0.05% TFA. < 88 : 12 Water-MeCN + 0.05% TFA to 55 : 45 water-MeCN
+0.05% TFA over 30 min. ¢ 99.95% Water + 0.05% TFA to 99.95% MeCN
+ 0.05% TFA over 60 minutes.

BocHN NBoc

NH
o F HZN—AFVTIGKO
GXaaAFVTIGK
BocHN ’ 0
N oo i, i 19, 42%
16
BocHN NBoc
NH
o &
- HQN—IYDLIELAO
0C 3
! N"Z > CoH RX,al YOLIEL
H= i i 20,47%
HN
HZN/&NH
18

Scheme 7 Reagents and conditions: i. DCC, DMAP, DMSO, 2 days; ii.
TFA, TES, phenol, H,O.

a cell-surface class | MHC stabilisation assay; and a CD8 T-cell
cytotoxicity assay. The first provides a measure of the peptide—
MHC binding ability, while the second provides a measure of the
ability of an epitope-specific T-cell clone to recognise the peptide—
MHC complex displayed on the surface of a target cell.

Class I MHC stabilisation assays

The ability of the modified peptides and the native epitopes
to bind class I MHC molecules was assessed by a class I
MHC stabilisation assay,® as described in the Experimental
section. Briefly, cells which are deficient in components of the
peptide-loading machinery, T2-B*2705, mostly present empty
HLA-B*2705 at the cell surface, which are unstable and are
rapidly degraded. Upon binding of an appropriate peptide, the
resultant complexes are stabilised and can be detected by a
fluorescently labelled conformation-specific monoclonal antibody,
W6/32. The fluorescence intensities of these labelled cells can then
be determined by flow cytometric analysis, giving a measure of the
ability of the peptide to stabilise the complex. This is expressed as
MHC stabilisation efficiency (MSE), the percentage increase of the
mean fluorescence above that of the negative control. All peptides
that resulted in a fluorescence intensity greater than the mean + 3
standard errors of the mean (SEM) of the fluorescence intensity
resulting from the T2-B*2705 cells in the absence of peptide at
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26 °C (negative control) were considered to be positive binders. The
results of one representative assay of three are presented in Chart 1.
The peptides incorporating the isostere, 19 and 20, stabilised free
MHC molecules on the surface of T2-B*2705 cells (MSE 130.3
and 123.7 respectively). However, the modified peptides stabilised
free MHC molecules less well than the native epitopes 21 and
22 (MSE 178.2 and 171.4 respectively), although both gave MSE
values above the cut-off point for positive binders (DMSO + 3
SEM 109.8) and therefore do bind to HLA-B*2705.

| DMSO +3 SEM

Peptide number

k T T T T T T T T T 1

0 20 40 60 80 100 120 140 160 180 200

Relative Fluorescence Intensity (%)

Chart 1 MHC stabilisation on T2-B*2705 cells using peptides 19-22.
The dotted line (mean + 3 SEM) indicates the background fluorescence
intensity for T2-B*2705 cells incubated at 26 °C without peptide, which
was the cut-off for a positive result.

SICr release assays

While cell-surface class I MHC stabilisation assays provide a
measure of peptide-MHC binding ability, they do not give any
information about the ability of the complex to be recognised
by the immune response. Chromium release cytotoxicity assays
can be used to determine the ability of peptide-loaded target cells
to be recognised by CD8* T-cells.”” The target cells are loaded
with radioactive *'Cr before being incubated with the peptide.
On exposure to a T-cell clone specific for the particular peptide—
MHC complex, the target cells are lysed, releasing *' Cr which may
be measured using a scintillation detector; the amount of *'Cr
released provides a measure of the response of the T-cell clone
to the peptide-MHC complex. As we only had access to a T-cell
clone specific for the RRIYDLIEL-HLA-B*2705 complex, our
chromium release assays were limited to peptides 20 and 22.

S'Chromium-loaded T2-B*2705 cells were used as target cells,
and these were sensitised in the presence of peptides 20 and 22 by
incubation for 1 hour at 37 °C in a 5% CO, humidified atmosphere,
and then overnight at 26 °C. Following incubation, the peptide-
sensitised cells were exposed to different concentrations of a T-cell
clone specific for the native RRIYDLIEL peptide epitope and the
resultant percentage specific cell lysis determined by measuring
the released radioactivity.

Target cells sensitised with the native epitope 22 gave a high
percentage (44%, 23% and 18%) specific cell lysis for the effector—
target cell ratios 5 : 1, 2 : 1 and 1 : 1 respectively (Chart 2).
Cells sensitised with the modified peptide epitope 20 gave 16%

50

—O— RRIYDLIEL 22
401 | —— RXaalYDLIEL 20
—C— DMSO
30
B}
2
=)
=
é 20 4
v
= —
10 A /
04 o ——F —
100 200 500
% Effector to Target ratio
Chart 2 °'Cr release assays results at three effector-target cell ratios, 1 :

1,2:1and5: 1, represented as percentages.

specific cell lysis at an effector—target cell ratio of 5 : 1, indicating
that the complex formed between peptide 20 and HLA-B*2705 is
recognised by the T-cell clone, but the modified peptide elicits only
a weak response when compared to the native epitope.

Conclusion

We have successfully synthesised an a-methylated f3,y-unsaturated
arginine analogue and incorporated it at position 2 of two peptide
epitopes presented by the class | MHC molecule HLA-B*2705.
Class I MHC stabilisation assays indicated that the modified
peptides have a lower affinity for HLA-B*2705 than the native
epitopes, contrary to our expectations, and chromium release
assays on one of the modified peptides confirm that it elicited
a weaker cytotoxic response from cognate epitope-specific CD8*
T-cells. It would appear that the incorporation of a double bond
and an a-methyl group into the arginine analogue is deleterious
to binding, although the presence of both features in the same
analogue prevent us from determining the effect of each on peptide
affinity for HLA-B*2705. It is possible that the effect of the o-
methyl substituent is to distort the backbone conformation of the
peptide, disrupting important binding interactions with the MHC
molecule.”® Further work will focus on peptidomimetics lacking
this feature.

Experimental
General chemical procedures

THF and diethyl ether were distilled from sodium and benzophe-
none. Toluene, CH,Cl,, MeCN, triethylamine and diisopropy-
lethylamine were distilled from calcium hydride.

'H, "F, and “C NMR spectra (300, 282 and 75 MHz respec-
tively) were recorded on a Bruker AC-300 spectrometer. HSQC,
HMBC, COSY 90, '"H and *C NMR spectra were recorded on
a Bruker DRX500 (500 MHz and 125 MHz for 'H and "C) or
a Bruker AMX400 spectrometer (400 MHz and 100 MHz for
'"H and "C). YF NMR spectra were referenced downfield from
fluorotrichloromethane. '"H and *C NMR spectra were recorded
using deuterated solvent as the lock and were referenced downfield
from tetramethylsilane. *C spectra NMR were recorded using the
PENDANT pulse sequence. J values are reported in Hz. The
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multiplicities of the spectroscopic signals are represented in the
following manner; s = singlet, d = doublet, ¢ = triplet, ¢ = quartet,
m = multiplet, br s = broad singlet and env = overlapping signals.

Chemical ionisation (CI) and electron impact (EI) mass spectra
were recorded on a VG Zabspec mass spectrometer or a VG
Prospec mass spectrometer. Chemical ionisation (CI) methods
used ammonia as the carrier gas. Liquid secondary ion mass
spectrometry (LSIMS) was recorded using a VG Zabspec in-
strument. A Micromass LCT mass spectrometer was used for
both low-resolution electrospray time of flight (ES-TOF) mass
spectrometry (using a methanol mobile phase) and accurate mass
measurement (using a lock mass incorporated into the mobile
phase). Matrix assisted laser desorption ionisation time of flight
(MALDI-TOF) mass spectrometry was recorded using a Bruker
Biflex IV instrument using either sinapinic acid or (o-cyano-4-
hydroxy-trans-cinnamic acid—nitrocellulose [3 : 1]) as a thin layer
matrix.

Thin layer chromatography was performed on precoated glass-
backed silica gel plates supplied by ICN Ltd (Silica gel 60 F.s,,
thickness 0.25 mm). Column chromatography was performed on
silica gel 40-63 p 60A (Fluorochem Ltd).

All HPLC was performed using a Dionex Summit HPLC sys-
tem with Chromeleon software. Analytical and semi-preparative
HPLC were carried out using a Summit P580 quaternary low-
pressure gradient pump with built-in vacuum degasser. A P580P
high-pressure binary gradient pump with built-in vacuum degasser
was employed for preparative HPLC. A UVD 170s UV-VIS
multi channel detector was used to monitor all HPLC. Luna
10 p columns supplied by Phenomenex containing C18 as the
sorbent were used for all HPLC (250 x 4.6 mm, 250 x 10 mm and
250 x 21.2 mm columns were used for analytical, semi-preparative,
and preparative HPLC respectively). Unless otherwise stated, all
HPLC was performed using the following solvent mixtures: eluent
A (water-TFA (99.95 : 0.05)); and eluent B (MeCN-TFA (99.95 :
0.05)).

Methyl (S)-2-(tert-butoxycarbonylamino)-3-hydroxy-2-methyl-
propanoate 3. (=£)-o-Methylserine methyl ester hydrochloride
(21.2 g, 0.16 mol) and (+)-CSA (37.0 g, 0.16 mol) were heated
at reflux in CH,Cl, (200 mL) and acetone (23 mL) until a
homogeneous solution formed. The solution was allowed to cool
to room temperature and was left until crystallisation occurred.
The crystals were collected by filtration and the fractional crys-
tallisation procedure was repeated for a second time. The crystals
(23.4 g, 64 mmol) were dissolved in dry CH,Cl, (100 mL) and Et;N
(8.9 mL, 64 mmol). (Boc),0 (13.97 g, 64 mmol) was added, and the
mixture was heated at reflux overnight. Following the addition of
water (50 mL), the organic layer was separated, dried (MgSO,) and
the solvent removed in vacuo to yield the enantiomerically enriched
alcohol 3 as a colourless oil (13.4 g, 68% overall yield, based on
recovery of a single enantiomer). [a]%, +1.5 (¢ 1.0 in CHCL) (lit."®
[a]tf, +1.9 (c 0.54 in CHCL)), [alZ%, +3.1 (¢ 1.0 in CHCL), [al3,
+14.1 (¢ 1.0 in CHCL), [a]3, +23.6 (¢ 1.0 in CHCL), [a]3, +25.5
(¢ 1.0 in CHCL); v (CHCL;)/cm™" 3348, 2978, 1750, 1724, 1450,
1366, 1250, 1184, 1165, 1057; dy (300 MHz, CDCl;) 1.37 (9H,
s, C(CH,),), 1.41 (3H, s, NHCCH;), 3.60 (3H, s, OCH,), 3.61
(1H,d, J 9.9, CH,OH), 3.86 (1H, d, J 9.9, CH,OH), 5.42 (1H, s,
NH); éc (75 MHz, CDCl,) 19.6 (NHCCHj), 28.2 (C(CHj;)s3), 52.6
(OCH,), 60.9 (NHCCH,), 66.8 (CH,OH), 80.2 (C(CH;),), 155.4

(NHCO,'Bu), 173.9 (CO,Me); m/z (EI) 234 (M + HJ*, 100%),
202 (IM — CH,OHJ", 40).

Methyl (S)-2-(tert-butoxycarbonylamino)-3-oxo-2-methylpro-
panoate 5. To a solution of pyridinium chlorochromate (2.77 g,
12.85 mmol) in CH,Cl, (50 mL) was added celite to form a slurry,
which was stirred vigorously for 5 minutes before being cooled
to 0 °C. A solution of alcohol 3 (2.0 g, 8.6 mmol) in CH,Cl,
(20 mL) was added, and the mixture was stirred overnight at room
temperature. Sodium metabisulfite (2 g) and Et,O (50 mL) were
added, and the mixture was stirred vigorously for 15 minutes.
The mixture was then filtered through a short pad of silica, dried
(MgS0,) and concentrated in vacuo to yield a pale yellow oil.
Purification by column chromatography (R; = 0.42, petroleum
ether-Et,0 1 : 1) gave the aldehyde 5 as a colourless oil (1.07 g,
54%). [a]5 —11.4 (¢ 1.29 in CHCL); v, (CHCI;)/cm™ 3015, 2978,
1724, 1705, 1450, 1366, 1250, 1184, 1165, 1057; Jy (300 MHz,
CDCl;) 1.39 (9H, s, C(CH,),), 1.55 (3H, s, NHCCH,), 3.74 (3H,
s, CO,CH,;), 5.62 (1H, s, NHCCH,), 9.51 (1H, s, CHO); .
(75 MHz, CDCl;) 19.2 (NHCCHj3), 28.1 (C(CHs);), 52.3 (OCH,),
66.6 (NHCCH;), 80.8 (C(CH;);), 154.6 (NHCO,'Bu), 169.4
(CO,Me), 194.0 (CHO); m/z (ES) 286 (IM + Na + MeOH]J*,
100%), 254 (M + Na]*, 20), 230 ((M — HJ*, 40).

Methyl  (E,S)-2-(tert-butoxycarbonylamino)-5-oxo-2-methyl-
pent-3-enoate 6. To a solution of the aldehyde 5 (1.8 g,
7.8 mmol) in benzene (50 mL) was added (triphenylphos-
phoranylidene)acetaldehyde (3.56 g, 11.7 mmol) and the mixture
was stirred at room temperature for 4 days. Removal of the
solvent in vacuo and purification of the residue by column
chromatography (R; = 0.35, petroleum ether-Et,O 1 : 1) gave the
unsaturated aldehyde 6 as a colourless oil (1.40 g, 70%). [a]3 —7.8
(c0.36 in CHCL,); v, (CHCL;)/cm™" 3018, 2974, 1713, 1706, 1518,
1425, 1216; 64 (300 MHz, CDCl;) 1.41 (9H, s, C(CH,);), 1.60
(3H, s, NHCCH), 3.66 (3H, s, CO,CH;), 5.49 (1H, s, NHCCH,),
6.19 (1H, dd, J 15.8 and 7.7, CH=CHCHO), 7.19 (1H, d, J 15.8,
CH=CHCHO), 9.59 (1H, d, J 7.7, CHO); 6 (75 MHz, CDCl,)
24.6 (NHCCH;), 28.4 (C(CH,),), 53.4 (OCH;), 60.2 (NHCCH;),
80.9 (C(CH,);), 131.1 (CH=CHCHO), 154.6 (NHCO,'Bu), 156.3
(CH=CHCHO), 172.3 (CO,Me), 193.6 (CHO); m/z (ES) 312
(IM + Na + MeOH]*, 20%), 280 ([M + Na]*, 100).

Methyl (E,S)-2-tert-butoxycarbonylamino)-S-hydroxy-2-methyl-
pent-3-enoate 7. To a solution of the unsaturated aldehyde 6
(3.19 g, 12.0 mmol) in MeOH (20 mL), CeCl; (2.98 g, 14.0 mmol)
was added. The resultant mixture was stirred at room temperature
for 15 minutes, then sodium borohydride (0.47 g, 12.4 mmol) was
added and the reaction mixture was stirred overnight. Following
evaporation of the solvent in vacuo, water (10 mL) was added, and
the mixture was extracted with EtOAc (3 x 30 mL). The organic
phase was washed with brine, dried (MgSO,) and concentrated in
vacuo to yield a yellow oil. Purification by column chromatography
(R; = 0.18, petroleum ether—Et,O 1 : 2) gave the allylic alcohol 7
as a colourless oil (1.6 g, 50%). [a]5 —10.7 (¢ 0.46 in CHCL,);
Vax(CHCL)/ecm™ 3364, 2978, 2950, 2869, 1712 (br), 1503, 1435,
1391, 1367, 1251, 1166, 1059; 6y (300 MHz, CDCI;) 1.41 (9H, s,
C(CH;);),1.63(3H, s, NHCCH,),3.71 (3H, 5, CO,CH;),4.17 (2H,
d,J4.6,CH,0OH),5.29 (1H, br s, NH), 5.72 (1H, dt, J 15.8 and 4.6,
CH=CHCH,), 5.89 (1H, d, J 15.8, CH=CHCH,); o (75 MHz,
CDCl;) 23.2 (NHCCH;), 28.3 (C(CH;),), 52.8 (OCH;), 59.7
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(NHCCH,), 62.8 (CH,OH), 80.8 (C(CH.),), 130.0 (CH=), 131.1
(CH=), 154.4 (CO,'Bu), 173.4 (CO,Me); m/z (ES) 282 (IM +
NaJ*, 100).

Methyl (E,S)-2-(tert-butoxycarbonylamino)-5-(9 H-fluoren-
9-ylmethoxycarbonylamino)-2-methylpent-3-enoate 8. To a
solution of the allylic alcohol 7 (0.93 g, 3.59 mmol) in CH,Cl,
(20 mL), was added triethylamine (0.55 mL, 9.59 mmol) and
freshly distilled methanesulfonyl chloride (305 pL, 3.95 mmol),
and the mixture was stirred at room temperature overnight.
Following the addition of water (10 mL), the mixture was
extracted with CH,Cl, (3 x 30 mL), washed with brine, dried
(MgSO,) and concentrated in vacuo to furnish the mesylate as a
colourless oil that was used immediately.

To a solution of the crude mesylate (1.44 g) in CH,Cl, (20 mL)
was added ammonium hydroxide solution (28%, 10 mL), and the
mixture was stirred at room temperature for 4 h before the solvent
was removed in vacuo. The residue was dissolved in acetone-H,O
(10 : 1, 20 mL), NaHCO; solution (1 M, 3.48 mL) and N-(9H-
fluoren-9-ylmethoxycarbonyloxy)succinimide (1.88 g, 5.6 mmol)
were added, and the mixture was stirred at room temperature
for 16 h. Following concentration in vacuo, the residue was
partitioned between H,O (50 mL) and CH,Cl, (3 x 30 mL).
The combined organic extracts were washed with brine, dried
(MgSO0,) and concentrated in vacuo. The residue was purified
by column chromatography (R; = 0.35, hexane-EtOAc 2 : 1) to
yield an amorphous solid that was recrystallised from EtOAc-
hexane 2 : 1 to give the orthogonally protected amino ester 8 as
a white crystalline solid (0.67 g, 25% overall yield for 3 steps).
Mp 110-112 °C; [a]Z —21.5 (¢ 0.02 in CHCL); v, (CHCL;)/cm™
3017, 2977, 2950, 1742, 1712, 1513, 1449, 1367, 1215, 1164; 5,
(300 MHz, CDCl;) 1.42 (9H, s, C(CH;),), 1.57 (3H, s, NHCCH),
3.73(3H, s, CO,CH,), 3.80-3.88 (2H, m, CH,NH), 4.17-4.25 (1H,
m, CHCH,0), 4.40 2H, d, J 7.0, CHCH,0), 4.73 (1H, br s, NH),
491 (1H, br s, NH), 5.68 (1H, dt, J 15.8 and 5.5, CH=CHCH,),
5.87 (1H, d, J 15.8, CH=CHCH,), 7.30 2H, ¢, J 7.7, Ar-H),
7.39 2H, ¢, J 7.7, Ar-H), 7.58 2H, d, J 7.7, Ar-H), 7.75 (2H,
d, J 1.7, Ar-H); éc (75 MHz, CDCl;) 24.4 (NHCCH;), 28.8
(C(CH,;);), 42.9 (CH,NH), 47.7 (CHCH,0), 52.9 (OCHj;), 58.0
(NHCCH,), 67.3 (CHCH,0), 80.2 (C(CH,),), 120.5, 125.5, 127.6,
128.2 (overlapping 4 Ar—-CH, CH=), 132.7 (CH=), 141.8 (Ar-C),
144.4 (Ar-C), 152.6 (C=0), 154.5(C=0), 171.5(CO,Me); HRMS
(ES) 503.2148 (C,;H3,N,0O¢Na requires 503.2158); m/z (ES) 503
(IM + NaJ*, 100%), 447 (M + Na—C,H;]*, 80).

Methyl (E,S)-2-{[(/V-tert-butoxycarbonyl)glycyllamino } -5-(9H-
fluoren-9-ylmethoxycarbonylamino)-2-methylpent-3-enoate 11.
Amino ester 8 (0.35 g, 0.73 mmol) was deprotected by stirring in
TFA-CH,CI, (1 : 2, 3 mL) overnight. Excess TFA was removed
in vacuo, the residue dissolved in CH,Cl, (10 mL), and Et;N
(0.21 mL, 1.48 mmol) was added. The reaction mixture was
stirred for 10 minutes at room temperature before the addition
of N-(tert-butoxycarbonyl)glycyl fluoride (0.14 g, 0.82 mmol)
in CH,Cl, (2 mL) over 60 seconds. The reaction was stirred at
room temperature for 16 h, then water (10 mL) was added, the
organic phase was separated and the aqueous phase extracted
with CH,Cl, (3 x 10 mL). The combined organic extracts were
washed twice with 5% HCI, 10% NaHCO;, water, dried (MgSO,),
and concentrated in vacuo. Purification by HPLC (eluent A-B
100 : 0 to 0 : 100 over 60 minutes) yielded the dipeptide 11 (¢,

49.37 minutes) as a white solid (0.26 g, 66%). [a]5 —25.9 (¢ 0.06
in CH;CN); vy, (film)/cm™" 3066, 2980, 1700 (br), 1520, 1450,
1254, 1167; oy (300 MHz, CD;CN) 1.40 (9H, s, C(CH;);), 1.49
(3H, s, NHCCH;), 3.60-3.62 (5H, env, CH,NH, CO,CH,),
3.68-3.74 (2H, m, CH,NH), 4.20-4.26 (1H, m, CHCH,O0), 4.33
(2H, d, J 7.0, CHCH,0), 4.79 (1H, br s, NH), 5.55 (1H, br s,
NH), 5.65 (1H, dt, J 15.4 and 4.8, CH=CHCH,), 5.85 (1H,
d, J 154, CH=CHCH,), 6.95 (1H, br s, NH), 7.35 (2H, dt, J
8.1 and 1.0, Ar-H), 7.42 (2H, dt, J 8.1 and 1.0, A-Hr), 7.65
(2H, d, J 8.1, A-Hr), 7.83 (2H, d, J 8.1, A—Hr); . (75 MHz,
CD;CN) 22.9 (NHCCH,), 27.5 (C(CHj;);), 40.0 (CH,), 41.7
(CH,), 45.4 (CHCH,0), 50.4 (OCH;), 57.6 (NHCCH;), 64.4
(CHCH,0), (C(CH;);) not detected, 119.9, 125.1, 127.1, 127.4,
127.7 (overlapping 4 Ar—CH, 2 CH=), 139.4 (Ar-C), 142.5 (Ar—
), 154.5 (C=0), 155.7 (C=0), 167.9 (C=0), 173.0 (CO,Me);
HRMS (ES) 560.2361 (CxH;sN;0;Na requires 560.2373); m/z
(ES) 560 (M + Na]*, 100).

N,N',N"-Tris(tert-butoxycarbonyl)arginine 13. To solution of
N“-tert-butoxycarbonylornithine (50 mg, 0.2 mmol) and iPr,EtN
(37 uL, 0.2 mmol) in MeOH (2 mL) was added bis(zert-
butoxycarbonyl)triflylguanidine (77 mg, 0.2 mmol) and the mix-
ture was stirred for 3 days. The solvent was removed in vacuo
and the residue purified by column chromatography (R; = 0.42,
chloroform-methanol 19 : 1) to afford the protected amino acid
13 as a colourless oil (81 mg, 76%). [a]5 —79.2 (¢ 0.014 in
MeOH); v, (CHCLy)/cm™" 3317, 2978, 1713, 1674, 1620, 1365,
1227, 1149; 6y (300 MHz, CD,;0D) 1.44 (9H, s, C(CH>),), 1.46
(9H, s, C(CH;);), 1.52 (9H, s, C(CH;);), 1.63-1.73 (3H, env) and
1.78-1.90 (1H, m) (CHCH,CH,), 3.37 (2H, m, CH,NH), 4.09
(1H, m, COCH), 4.97 (3H, br s, 3 NH); . (75 MHz, CD,;0D)
28.2 (CH,), 29.7 (C(CH,);), 30.1 (C(CH,);), 30.2 (C(CH,),), 31.5
(CH,), 42.8 (CH,), 56.2 (CH), 81.8 (C(CHs,);), 81.9 (C(CHj;),),
85.9 (C(CH;),), 155.5 (C=0), 158.9 (C=0), 159.4 (C=0), 165.8
(C=N), 176.8 (CO,H); m/z (ES) 497 (IM + Nal*, 100), 475 (M +
HJ*, 5%).

Methyl (E,28,2S)-2-{[N,N',N"-tris(tert-butoxycarbonyl)-
argininyl]amino } - 5- (9 H - fluoren -9 - ylmethoxycarbonylamino)- 2-
methylpent-3-enoate 14. Amino ester 8 (0.3 g, 0.63 mmol) was
deprotected by stirring in TFA-CH,Cl, (1 : 2, 3 mL) overnight.
The solvent was removed in vacuo, iPr,EtN (0.22 mL, 1.25 mmol)
and THF (10 mL) were added, and the solution was stirred for 15
minutes. At the same time, the triprotected arginine 13 (61.39 mg,
0.39 mmol) was dissolved in THF (10 mL), and HATU (0.18 g,
0.69 mmol) and HOAt (94 mg, 0.69 mmol) were added. The
solution was stirred for 15 minutes before being added dropwise to
the solution of the deprotected amino ester, and the mixture was
stirred at room temperature overnight. Following filtration and
solvent removal in vacuo, the resulting residue was dissolved in
EtOAc. The solution was washed with 1 M citric acid, water and
brine, dried (MgSO,) and concentrated in vacuo. Purification by
HPLC (eluent A-B 100 : 0 to 0 : 100 over 60 minutes) yielded the
dipeptide 14 (¢, 50.47 minutes) as a colourless oil (66 mg, 13%).
[al5 +26.7 (¢ 0.05 in CH;CN); v, (neat)/cm™" 3284, 3083, 2966,
1710, 1632, 1538, 1203, 1139; 64 (300 MHz, CD,CN) 1.39 (9H, s,
C(CH;);), 1.46-1.54 (21H, env, 2 C(CH;);, CCH;NH), 1.60-1.76
(4H, env, CHCH,CH,), 3.20-3.24 (1H, m, CHCH,CH,CHH),
3.37-3.45 (1H, m, CHCH,CH,CHH), 3.60 (3H, s, CO,CH,),
3.68-3.72 (2H, m, CH,NH), 4.08-4.12 (1H, m, BocNHCH),
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4.20-4.26 (1H, m, CHCH,0), 4.31 (2H, m, CHCH,0), 5.60-5.90
(4H, env, CH=CHCH,, CH=CHCH, and 2 NH), 7.20-7.28
(1H, m, NH), 7.34 2H, 1, J 7.4, Ar-H), 7.42 2H, 1, J 7.4, Ar-H),
7.64 (2H, d, J 7.4, Ar-H), 7.83 (2H, d, J 7.4, Ar-H), 9.30-9.35
(1H, m, NH), 9.58-9.67 (1H, m, NH); . (75 MHz, CD;CN;
some doubling of signals evident due to restricted rotation) 23.0,
24.3,24.8,25.2,25.4,25.9, 29.1, 29.6, 41.3, 42.1, 42.4, 47.6, 52.6,
54.0, 59.8, 66.7, 82.5, 85.1, 85.5, 118.4, 123.5, 125.2, 125.9, 126.1,
126.7,139.6, 142.9, 151.9, 153.0, 153.1, 155.1, 159.7, 160.2, 171.9,
173.2; HRMS (ES) 859.4197 (C4;3HgN4O,, Na requires 859.4218);
m/z (ES) 859 (IM + Na]*, 50%), 557 (100).

(E,S)-5-Amino-2-{[(N -tert-butoxycarbonyl)glycyllamino } - 2-
methylpent-3-enoic acid 15. The dipeptide 11 (115 mg,
0.71 mmol) was dissolved in MeCN (5 mL). LiOH (25.6 mg,
3.55 mmol) in H,O (0.5 mL) was added, and the mixture was
stirred at room temperature overnight. Removal of the solvent in
vacuo and purification by HPLC (eluent A-B 100: 0 to 0 : 100 over
60 minutes) yielded the dipeptide 15 (¢, 18.30 minutes) as a white
solid (61 mg, 94%). [a]5 —54.8 (c 0.02 in D,0); V. (KBr)/cm™
3281, 3088,2968, 1675,1633, 1536, 1457, 1203, 1139; 6y (300 MHz,
D,0) 1.35 (9H, s, C(CH;),), 1.48 (3H, s, NHCCH,), 3.55 (2H, d,
J 6.6, CH,NH,), 3.72 (2H, s, NHCH,CO), 5.59-5.71 (1H, m,
CH=CHCH,), 6.23 (1H, d, J 15.8, CH=CHCH,); é. (75 MHz,
D,0) 22.4, 26.5, 41.5, 58.3, 60.1, 85.3, 120.4, 134.7, 150.2, 165.4,
175.2; HRMS (ES) 324.1537 (C;3H»;N;O5Na requires 324.15395);
m/z (ES) 346 (M — H + 2Na]*, 40%), 324 (M + Na]*, 100), 302
(IM + HJ*, 20).

(E,28,2'S)-5- Amino - 2 - {[(N"-tert-butoxycarbonyl)argininyl]-
amino }-2-methylpent-3-enoic acid 17. The dipeptide 14 (66 mg,
0.08 mmol) was dissolved in MeCN (3 mL). LiOH (9.4 mg,
0.39 mmol) in water (1 mL) was added, and the mixture was stirred
at room temperature overnight. Removal of the solvent in vacuo
and purification by HPLC (eluent A-B 100 : 0 to 0 : 100 over 60
minutes) yielded the dipeptide 17 (¢, 26.24 minutes) as a white solid
(30mg, 94%). [a]5 —15.7 (¢ 0.02 in CH;CN); vy, (KBr)/cm™ 3276,
3093, 2964, 1673, 1650, 1531, 1205, 1137; 6, (300 MHz, CD;0D)
1.45 (9H, s, C(CH;);), 1.59 (3H, s, CCH;NH), 1.60-1.74 (4H,
env, CHCH,CH,), 3.17-3.21 (1H, m, CHCH,CH,CHH), 3.31-
3.37 (1H, m, CHCH,CH,CHH), 3.55 (2H, d, J 6.3, CH,NH,),
4.03-4.10 (1H, m, BocNHCH), 5.65-5.80 (1H, m, CH=CHCH,),
6.29 (1H, d, J 15.8, CH=CHCH,); 6. (100 MHz, CD;OD; some
doubling of signals evident due to restricted rotation) 23.5, 24.2,
25.6,26.3, 28.1, 28.7, 29.8, 30.2, 41.8, 42.0, 42.2, 53.7, 55.7, 60.7,
81.0, 85.8, 122.5, 137.9, 153.6, 158.0, 161.7, 162.0, 174.1, 175.1;
HRMS (ES) 401.2459 (C,;H3;N(Os requires 401.2434); m/z (ES)
401 (M + HJ*, 100%), 301 (M + H-C;H;0,]*, 55).

(E,2S) - 2{[(N - tert - Butoxycarbonyl)glycyll]amino} - 5 - {[(zert-
butoxycarbonyl)amino-(zerz-butoxycarbonylimino)methyl]amino } -
2-methylpent-3-enoic acid 16. To a solution of the dipeptide 15
(40 mg, 0.13 mmol) and iPr,EtN (23 pL, 0.13 mmol) in MeOH
(2 mL) was added bis(tert-butoxycarbonyl)triflylguanidine
(47 mg, 0.13 mmol), and the mixture was stirred at room
temperature for 3 days. Removal of the solvent in vacuo and
purification by HPLC (eluent A-B 100 : 0 to 0 : 100 over 60
minutes) yielded the dipeptide 16 (¢, 58.29 minutes) as a white
solid (64 mg, 90%). [a]% —14.8 (¢ 0.01 in MeOH); v,,,,(KBr)/cm™
3434, 3057, 2924, 1722, 1601, 1451, 1273, 1117; 6y (500 MHz,

CD,OD) 1.53 (27H, br 5, 3 x C(CH),), 1.60 (3H, 5, NHCCH,),
3.92 H, d, J 5.9, CH=CHCH,), 4.12 (2H, s, NHCH,CO)
5.73 (1H, dr, J 15.8, 5.9 CCH=CHCH,), 6.17 (1H, d, J 15.8,
CCH=CHCH,); é (125 MHz, CD,0D) 24.3 (NHCCH,), 28.1
(3 C(CH,),), 43.6 (CH,), 44.7 (CH.), 61.1 (NHCCH,), 85.9 and
86.0 (3 C(CH,),), 124.4 (CH=), 134.4 (CH=), 153.5, 155.5, 156.0,
162.1, 167.5 (4 C=0, C=N), 175.3 (CO,H); m/z (ES) 566 (IM +
Nal*, 10%), 544 (M + HJ*, 40), 444 (IM + H-C;H;0,]*, 100).

(E,28,2'S)-2-{[(N"-tert-Butoxycarbonyl) argininyl]Jamino } - 5-
{[(tert-butoxycarbonyl)amino-(tert-butoxycarbonylimino)methyl]-
amino }-2-methylpent-3-enoic acid 18. To a solution of the
dipeptide 17 (49 mg, 0.12 mmol) and iPr,EtN (21 puL,
0.12 mmol) in MeOH (2 mL), was added bis(zert-
butoxycarbonyl)triflylguanidine (44 mg, 0.12 mmol), and the
mixture was stirred at room temperature for 3 days. Evaporation
of the solvent in vacuo and purification by HPLC (eluent A-B
100 : 0 to 0 : 100 over 60 minutes) yielded the dipeptide 18
(t, 54.54 minutes) as a white solid (40 mg, 52%). [a]5 +33.9
(¢ 0.02 in CH;0H); v, (KBr)/cm™ 3273, 3082, 2964, 1670,
1628, 1531, 1203, 1137; Jy (500 MHz, CD;0D) 1.45 (9H, s,
C(CH;);), 1.53 (9H, s, C(CH);), 1.54 (9H, s, C(CH);), 1.59 (3H,
s, CCH;NH), 1.67-1.82 (4H, env, CHCH,CH,), 3.18-3.22 (1H,
m, CHCH,CH,CHH), 3.35-3.39 (1H, m, CHCH,CH,CHH),
3.81-3.85 (1H, m, =CHCHH), 4.01-4.08 (2H, env, BocNHCH,
=CHCHH), 5.65-5.73 (1H, m, CH=CHCH,), 6.07-6.16 (1H, m,
CH=CHCH,); J. (125 MHz, CD,0OD) 24.2 (CCH;NH), 24.8
(CHCH,CH,), 28.1 (C(CHs;),), 28.7 (C(CH;);), 28.9 (C(CH,),),
30.0 (CHCH,), 42.2 (CHCH,CH,CH,), 43.6 (=CHCH,), 55.8
(BocNHCH), 60.8 (NHCCH;), 81.0 (C(CH,);), 85.8 (C(CHs;)s),
85.9 (C(CH;),), 124.1 (CH=CHCH,), 134.7 (CH=CHCH,),
153.5, 153.6, 155.5, 157.9, 162.9, 163.2 (4 C=0, 2 C=N), 174.2
(CO,H); HRMS (ES) 643.3771 (CyxH;,N;Oy requires 643.3779);
m/z (ES) 687 (M — H + 2Na]*, 60%), 665 (M + Na]*, 10), 643
(IM + HJ*, 100), 543 (IM + H-C;H;0,]*, 70).

Manual peptide coupling and cleavage procedure

To a solution of the dipeptide (30 pmol) in DMSO (150 pL) at
room temperature were added DCC (7 mg, 33 pmol) and DMAP
(0.4 mg, 0.3 umol). The resultant solution was stirred for 15
minutes before being added to the resin-bound heptameric peptide
(30 umol; resin loadings were typically around 0.4 mmol g='). The
reaction was heated at 60 °C for 2 days under an argon atmosphere.
Upon completion of the reaction the resin was transferred to a
cleavage vessel consisting of a quick fit glass tube with glass sinter
and three-way tap.'” The resin was washed with CH,Cl, and then
treated with reagent B (TFA—phenol-water—triisopropylsilane [88 :
5:5:2, 10 mL]) at room temperature for 2 hours. The cleavage
cocktail was removed by filtration and the resin washed with TFA
(2 x 5mL). The combined filtrate was evaporated to dryness and
the residue was triturated with Et,O (5 mL). The resultant solid
was dissolved in water (5 mL) and lyophilised to afford the fully
deprotected crude peptide as a white solid.

Preparation of H-Gly-X,,—Ala—Phe—Val-Thr-Ile-Gly—Lys—
OH 19. Following manual coupling and cleavage, purification
by HPLC (eluent A-B 100 : 0 to 0 : 100 over 60 minutes) gave
peptide 19 (¢, 18.57 minutes) as a white solid (12 mg, 42%). m/z
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(MALDI) 983.2 (M + NaJ*, 100%), 961.2 (IM + HJ*, 40) (calc.
960.6 for [M + HJ*).

Preparation of H-Arg-X,,—Ile-Tyr-Asp-Leu-Ile-Glu-Leu-
OH 20. Following manual coupling and cleavage, purification
by HPLC (eluent A-B 100 : 0 to 0 : 100 over 60 minutes) gave
peptide 20 (z, 31.87 minutes) as a white solid (17 mg, 47%). m/z
(MALDI) 1202.6 ((M + HJ*, 100) (calc. 1202.7 for [M + HJ").

Cell surface stabilisation assays

T2-B*2705 cells (2 x 10°) were incubated in serum-free AIM-
V medium in the presence of 100 pg mL~" of the peptide for
14 to 16 h at 26 °C, after which the cells were incubated at
37 °C for 2 h prior to immunofluorescent staining. Cells were
washed free of unbound peptide with growth medium prior
to the addition of primary antibody. Anti-MHC allele-specific
monoclonal antibody, W6/32, was added to the T2-B*2705 cells
and incubated at 4 °C for 30 minutes. To detect binding of
the W6/32 monoclonal antibody, these cells were washed and
incubated with an anti-mouse fluorescein isothiocyanate labelled
antibody at 4 °C for 30 minutes. Finally, cells were washed and
resuspended in 500 pL of cold PBS supplemented with 1% FCS. A
sample of T2-B*2705 cells was incubated with AIM-V medium
alone (no peptide) at 26 °C for 14 to 16 h and served as a negative
control. The second negative control comprised a sample of T2-
B*2705 cells that had been cultured in growth medium without
peptide at 37 °C. Fluorescence intensities of the T2-B*2705 cells
were then measured using flow cytometry. The MHC stabilisation
efficiency (MSE) for each peptide was calculated as the percentage
increase of the mean fluorescence above that of the negative
controls.

Cytotoxic assays (*'Cr)

Target cells were sensitised with the synthetic peptides 20 and 22 at
a concentration of 5 uM during incubation with 0.7 mCi >'Cr for
90 minutes at 37 °C. Following incubation, these cells were washed
twice in growth medium and used as targets for cognate effector
cells at three effector ratios 1: 1,2 : 1 and 5: 1 in a standard 5 hour
!Cr-release assay.”’
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Enantiopure 20(S)-camptothecin has been prepared from
a known hydroxypyridone through a novel approach that
involves a Claisen rearrangement, an asymmetric nucleophilic
ethylation, a Heck coupling and a Friedlander condensation
as the key transformations.

Camptotheca acuminata is a tree indigenous to China, where it
is known as xi shu and used in traditional medicine for a wide
spectrum of symptoms.! Camptothecin (1) (Fig. 1), present in the
fruit, bark, and wood of this plant, was first isolated by Wall and
colleagues in 1958 from its stem wood and structurally elucidated
a few years later.'

Preclinical studies of this alkaloid in leukemia and carci-
nosarcoma models proved promising, but its general insolubility
subsequently generated a number of problems, as well as mis-
leading results. However, later elucidation of its in vivo lactone
chemistry and novel mechanism of action, which involves the
selective inhibition of DNA topoisomerase I, rekindled the initial
excitement and has led to several syntheses of camptothecin, as
well as to the preparation of a number of more soluble congeners.
Two such analogs, Irinotecan (2a) and Topotecan (2b), are now
commercially available (ovarian, cervical, colon, colorectal, and
lung cancers) and several others are presently in preclinical and
clinical trials.**

/\‘\‘OH o / OH 0

2a, Irinotecan
(X = OCOPipPip, R =H, R" = Et)
2b, Topotecan
(X =0H, R=CHyNMe, , R"=H)

1, Camptothecin

Fig. 1 Camptothecin (1), Irinotecan (2a), and Topotecan (2b).

Published asymmetric syntheses of these molecules have in-
volved a number of different approaches for introducing the 20(S)
configuration, which include the use of chemical and enzymatic
resolutions,® chiral pool-derived precursors,” chiral auxiliaries,®
and asymmetric hydroxylation and dihydroxylation reactions.’
Most surprisingly, however, asymmetric nucleophilic ethylation

Chimie Recherche (LEDSS), Université Joseph Fourier, 38041 Grenoble,
France. E-mail: Alice. Kanazawa@uijf-grenoble.fr;, Fax: 33 4 76514494,
Tel: 33 4 76514686

T Electronic supplementary information (ESI) available: Experimental
description and product characterization data for the conversion of 3 into
1. See DOI: 10.1039/b611202a

of an a-keto ester (or lactone) derivative has yet to be exploited for
this purpose, in spite of the fact that adjacency of an aromatic
ring or an alkoxycarbonyl group tends to impact favorably
on asymmetric addition to keto and aldehydic carbonyls.’® In
this paper an effective asymmetric synthesis of natural 20(S)-
camptothecin through the use of such a strategy is disclosed.

We have recently illustrated a modular approach to racemic and
achiral camptothecinoids from the Padwa hydroxypyridone!! that
is based in part on a Claisen rearrangement and a Friedlander
condensation.” These are adaptable, highly versatile transfor-
mations that have been retained in our asymmetric approach,
which is outlined retrosynthetically for camptothecin in Chart
1. The natural product was to be secured by deprotection of the
Friedlander product derived from condensation of keto pyridone
II, obtained by oxidation of pyridone I. The elements necessary
for the construction of this chiral hydroxy lactone derivative would
be introduced by a Claisen rearrangement for the § substituent
and a Heck coupling for the o substituent, starting from the
Padwa hydroxypyridone 3, which is readily prepared through
isomiinchnone cycloaddition chemistry.**

Friedlander
Condensation

Deprotection
o}
Claisen OH
Oxidation Rearrangement N | o
o Heck Coupling X B

7 OR

Chart 1 Retrosynthesis of camptothecin (1).

Hydroxypyridone 3 was obtained in high yield from 2-
pyrrolidinone, as previously described," and then converted
into crotonate 4 in 96% yield through reaction with methyl 4-
bromocrotonate (Scheme 1). The crotonate rearranged smoothly
in hot o-dichlorobenzene (DCB) to give the ,y-unsaturated ester
Claisen product,” which without purification was isomerized
through exposure to piperidine at 20 °C to provide the acrylate
derivative Sa (84%, 2 steps).

To cleave oxidatively the ethylidene group in 5a, it proved
necessary to first deactivate the hydroxypyridone moiety by
triflation (98%); this permitted the desired scission to proceed
selectively with ozone in dichloromethane at —90 °C to give
keto ester 6 in 96% yield. With this keto ester in hand, the
key asymmetric nucleophilic ethylation was next undertaken. The
method recently described by DiMauro and Kozlowski'® provided
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DCB 165 °C;

Plperldme
84%

3,R=H
4, R=~COMe

BroXy CO.Me

§a, R=H )TfQO Py
Cs,C05,96%

b,R=Tf 98%

L*, Ti(OPr)4

ZnEty; recryst
—_—

CO,Me 62%

7a,R=H
b, R=Me

Mel, Ag,O
4 AMS, 98%

Scheme 1 Synthesis of enantiopure ester 7b.

an exceptionally pleasing result: a 95% conversion of 6 and an ee of
7a of 90%.'® Equally pleasing was that simple recrystallization of
the product provided pure material (>99% ee, 62% overall yield).
To the best of our knowledge, this is the first application of this
effective method in natural product synthesis.

Methyl ether protection of the C-20 hydroxyl was chosen over
other possible forms of protection, since it had earlier been found
in our racemic synthesis'® that camptothecin could be efficiently
obtained from its methyl ether with hot hydrobromic acid and, in
addition, shown in a control experiment that natural camptothecin
was configurationally stable to these deprotection conditions.'”!®
The conversion of 7a into its methyl ether proved, however, to be
unexpectedly challenging. After several unrewarding attempts, it
was discovered that the conditions recently described by Eustache
and coworkers® led in nearly quantitative yield to the desired
methyl ether 7b, an intermediate in our racemic synthesis, but now
in enantiopure form.

The concluding steps of the synthesis of natural camptothecin
closely paralleled those used for the racemic product (Scheme 2).
First, lactone construction to afford 8 was readily accomplished by
Heck coupling® of 7b, followed by oxidative cleavage of the resul-
tant styryl derivative and reduction. The quinoline rings were next
grafted onto lactone 8 to give the methyl ether of camptothecin (10)
through oxidation at the benzylic-like site and then Friedlander
condensation®! with an o-aminobenzaldehyde surrogate.?* Finally,
20(S)-camptothecin (1) was obtained from its methyl ether in high
yield and, as expected, without a trace of racemization by exposure
to hot hydrobromic acid. The synthetically derived material ([a]*p
+40 (¢ 0.2 in 1 : 4 MeOH : CHCl;), mp 260-264 °C, dec.) was
spectroscopically and chromatographically identical with a sample
of naturally derived camptothecin.?

In conclusion, a new synthesis of 20(.S)-camptothecin has been
developed that is both efficient and flexible. An intramolecular
version of the approach is currently under study.

1. O3; MesS
—_—

2. NaBH4
72%, 2 steps

7b, R =OTf N Pd(OAc); TBAA
¢, R=CH=CHPh (E) * styrene, 83%

1. Dess-Martin
D —————_—

\N,tol
2 NH,
TsOH
T7%, 2 steps 10, R = Me | HBr / OR O
1,R=H #81%
(Camptothecin)

Scheme 2 Conversion of ester 7b into 20(S)-camptothecin (1).
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Highly functionalised spirocyclic pyrans can be obtained through the Achmatowicz rearrangement of
furyl carbinols by taking advantage of the different rates of reaction for epoxidation and nucleophilic
addition. Through this methodology, spirocyclic units of various ring sizes can be selectively generated

with complete stereocontrol.

Introduction

Spirocyclic pyrans and piperidines have been reported in a number
of highly active natural products and both synthetic and semi-
synthetic derivatives, such as polymaxenolide, pinnaic acid, and
a number of spirocyclic saccharides and nucleosides.”™* As such,
a number of synthetic approaches have been developed for the
generation of spirocyclic pyrans and piperidines as building
blocks for natural product libraries and combinatorial chemistry
approaches.*®

Unfortunately, most of the methods currently available for the
synthesis of spirocyclic pyrans tend to be substrate specific and
afford a limited number of functional handles from which syn-
thetic diversification can take place.* We would now like to report
our efforts into the synthesis of highly functionalised spirocyclic
pyran units starting from a-hydroxy furan building blocks taking
advantage of a selective Achmatowicz rearrangement, followed
by a stereoselective allylation and ring-closing metathesis (RCM)
sequence (Fig. 1).

o}
R f— @\_/R
OH
1 2

Fig. 1 Proposed approach to the synthesis of spirocyclic pyrans.

The Achmatowicz rearrangement has been used for the synthe-
sis of poly-oxygenated units, particularly carbohydrate derivatives;
however, its full potential is yet to be realised.”® We have previously
reported the use of the Achmatowicz rearrangement to generate
biologically relevant polyfunctionalised lactol and pyran rings
from simple a-hydroxy furan units (Fig. 2).°

Significantly during this process, the Achmatowicz rearrange-
ment was selectively performed in the presence of highly substi-
tuted electron-rich olefins (Fig. 2).°

The observed selectivity of the rearrangement provided the
possibility of generating a potentially labile lactol reactive inter-
mediate 4 from a Cs-alkenyl substituted o-hydroxy furan 3. The
Cs-alkenyl chain would become the pseudo-equatorial lactol Cg
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Fig. 2 Selective Achmatowicz rearrangement in the presence of substi-
tuted olefins.

arm which could provide a handle for generation of the spirocyclic
pyran 5 (Scheme 1).

Scheme 1 Use of alkenyl substituents for spirocycle generation.

Results and discussion

Our synthesis of the Cs-alkenyl precursor began with furan
which was deprotonated and alkylated with 5-bromo-1-pentene
to generate the desired alkenyl furan 6 in high yield. A second
regioselective metallation of the furan ring followed by trapping
of the 2-lithiofuran intermediate with isobutyraldehyde proceeded
to afford the o-hydroxy furan unit 7.

Oxidative rearrangement of furyl carbinol 7 using mCPBA
generated successfully the crucial lactol intermediate as a mixture
of a.: B (8 : 1) anomers 8a and 8b in excellent yield. Satisfyingly,
the hydroxy-directed nature of the oxidative rearrangement was
completely selective as no side chain epoxidation was detected
based on NMR analysis (Scheme 2).

At this point, we decided to take advantage of the previously re-
ported allylation of lactols using allyltrimethylsilane to introduce
the spirocyclisation coupling partner, which if successful would
provide us with two handles which could then be used to generate
the spirocyclic unit."

Although we were confident that the stabilising nature of the
trimethylsilyl group would promote the desired intermolecular
allylation, there was concern that the addition would not be able
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Scheme 2 Reagents and conditions: (a) nBuLi, 5-bromo-1-pentene, THF,
0 °C to rt; (b) nBuLi, TMEDA, Et,0, 0 °C to rt; isobutyraldehyde, —78 to
0 °C; (c) mCPBA, CH,Cl,, 0 °C to rt.

to compete with a potential intramolecular Prins-like cyclisation
of the alkenyl side chain onto the oxonium intermediate.™

Gratifyingly, treatment of the o/f-mixture of lactol anomers
8a and 8b with allyltrimethylsilane in dichloromethane at 0 °C
generated the desired 6,6-disubstituted pyran core 10 in excellent
yield and as single diastereomer. NMR studies of the newly
generated compound were consistent with that of pseudo-axial
allylation of the oxonium intermediate 9. Thus, we have effectively
taken advantage of the furfuryl alcohol stereochemistry at the C,
position to dictate the relative stereochemistry of the newly-formed
C, quaternary stereocentre and, as a consequence, that of the
spirocyclic ring as well. The observed allylation stereoselectivity is
consistent with Woerpel’s model for the nucleophilic substitution
of pyran-derived oxocarbenium ions (Scheme 3)."

& OH

8aa
8b 8

A = O

10 [ \rH

Observed nOes

10

Scheme 3 Reagents and conditions: (a) allyltrimethylsilane, BF;-OEt,,
CH,Cl,, —78 to rt.

Interestingly, treatment of the lactol mixture 8a/8b with boron
trifluoride diethyl etherate on its own under identical reaction
conditions produced significant amounts of the exocyclic triene
11, together with minor amounts of the spirocyclic alcohols 12.
The generation of the triene unit 11 is consistent with a very
slow nucleophilic addition, which allows deprotonation o to the
oxonium intermediate to become the preferred reaction pathway
(Scheme 4).13

0 o) 0
Lo —~| lgg 0
» /\) ot
OH .
8aq OH
8b B 9 11 12
60-70%  10-15%

Scheme 4  Reagents and conditions: (a) BF;-OEt,, CH,Cl,, —20 °C to rt.

Once the two alkenyl-bearing substituents were firmly in
place, we turned our attention to the spiro-annulation step.
Thus, treatment of the bis-alkenyl pyran unit 10 with a first
generation Grubbs catalyst 13 proceeded cleanly to afford a single
diastereomer of the desired [5.6]spirododecadienone unit 14 in
good yield (Scheme 5)."* Two-dimensional NMR data of the final
product corroborated once again the relative stereochemistry of
the spirocyclic pyran in which the relative stereochemistry of the
spirocyclic unit 14 has been dictated by that of the original furfuryl
alcohol 7.

P Cy3

Cl Il?u “Cl
13 PCys

R

65%

~Ph

O

Observed nOes

Scheme 5 Reagents and conditions: 13 (5 mol%), CH,Cl,, reflux.

Having successfully achieved the stereoselectively controlled
synthesis of the [5.6]spirododecadienone ring system, the flexibility
of the methodology for the generation of other spirocyclic pyrans
of various ring sizes was assessed. As such, the synthesis of
the [4.5]decadiene, the [5.5]lundecadiene, and the [5.7]tridecadiene
systems were attempted.

The synthesis of the [4.5]decadiene cyclisation precursor began
with 2-lithiofuran which was trapped with isobutyraldehyde to
generate furfuryl alcohol 15.° Protection of the resulting hydroxy
group as the corresponding TBS ether followed by C; allylation
then generated alkene 16, which upon deprotection afforded the
desired precursor 19 (Scheme 6).

OTBS
87%lc
f N _d 7\ _e,
Z (o) Z (0]
n n
OH o:f
19 n=1 81% 22 n=1 7.8:1
17 n=2 85% 20 n=2 7% 23 n=2 82:1
18 n=4  73% 21 n=4 75% 24 n=4 79:1

Scheme 6 Reagents and conditions: (a) TBSCI, Et;N, CH,Cl,, rt; (b)
nBuLi, TMEDA, Et,0, 0 °C to rt; allylbromide, —78 to 0 °C; (c) TBAF,
THE, 0 °C to rt; (d) nBuLi, TMEDA, Et,0, 0 °C to rt; isobutyraldehyde,
—7810 0 °C; () mCPBA, CH,Cl,, 0 °C to rt.

For the synthesis of the [5.5Jundecadiene and the [5.7]trideca-
diene precursors, however, 2-lithiofuran was alkylated with 4-
bromo-1-butene and 6-bromo-1-hexene respectively to generate
the 2-alkenyl units 17 and 18.® Regioselective metallation of the
furan ring followed by trapping with isobutyraldehyde proceeded
in good overall yield to generate the Achmatowicz precursors
20 and 21. Hydroxy-directed rearrangement of all three furfuryl
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alcohols then generated the desired lactol units 22-24 as mixtures
of C¢ anomers in a highly conserved ratio (ca. 8 : 1 a: ), with the
o anomer being the major one in each case (Scheme 6).

Treatment of the newly generated 6-alkenyl lactols 22-24 under
the same allylation conditions as before generated the bis-alkenyl
cyclisation precursors 25-27 as single diastereomers cleanly and in
acceptable yields. In each case, NMR analysis clearly showed that
the allylation had proceeded stereoselectively to generate the 6,6-
dialkenyl pyran with the allyl group at the pseudo-axial position
(Scheme 7).

o)
l O
=z OH
n
22 n=1 65% 25 n=1 Observed
23 n=2 58% 26n=2 2627  nOes
24 n=4 56% 27 n=4

Scheme 7 Reagents and conditions: allyltrimethylsilane, BF;-OEt,,
CH,Cl,, —78 to rt.

Ring-closing metathesis of the spirocyclic precursors using a
first generation Grubbs catalyst proceeded in acceptable yields to
generate a single product in each case. As expected, the efficiency of
cyclisation appears to be dependent on the ring size being formed.
The yields steadily increased as the ring size of the spirocycle
decreased; thus, while the [5.7]tridecadiene system 30 was formed
in 26%, the [4.5]decadiene 28 system formed in 85% (Scheme 8).

PC
Gl Y3 Ph
”RU:

28 29
Observed nOes

Scheme 8 Reagents and conditions: 13 (5 mol%), CH,Cl,, reflux.

In all cases, however, the NMR data obtained clearly corrob-
orated our first set of results in which the stereochemistry of the
furfuryl position C, position dictates the stereochemistry of the
newly-formed spirocyclic unit.

Conclusions

In conclusion, we have demonstrated a rapid, flexible and highly ef-
ficient synthetic approach for the synthesis of highly functionalised
spirocyclic pyrans. Our approach is based on the very efficient
Achmatowicz rearrangement and takes advantage of the different
rates of reaction for epoxidation and nucleophilic addition, and
both expands and complements the synthetic methods currently
available for the synthesis of spirocyclic units. Furthermore, the

products obtained are highly yet differentially functionalised
which should allow for their selective manipulation.

Efforts in our laboratories are currently on their way to optimise
the spirocyclisation yields, and to explore intramolecular varia-
tions. We are also exploring the application of this methodology to
the synthesis of both natural and unnatural spirocyclic piperidines
starting from the corresponding furfuryl amines'” (Scheme 9).

Scheme 9 Work currently underway for the synthesis of spirocyclic
piperidines.

Experimental
General methods

All reactions were performed in oven-dried glassware under an
inert argon atmosphere. Tetrahydrofuran (THF), diethyl ether, and
dichloromethane (CH,Cl,) were distilled before use. Anhydrous
dichloromethane was obtained by refluxing over calcium hydride
for one hour, followed by distillation under argon. Anhydrous
THF and diethyl ether were obtained by refluxing over sodium-
benzophenone for one hour, followed by distillation under argon.
All reagents were used as received, unless otherwise stated.
Solvents were evaporated under reduced pressure at 30-40 °C
using a Buchi Rotavapor.

IR spectra were recorded as thin films on NaCl plates using a
Perkin-Elmer Spectrum BX Fourier Transform spectrometer. Only
significant absorptions (v,.) are reported in wavenumbers (cm™")
with the following abbreviations used to describe absorption
intensity: w, weak; m, medium; s, strong and br, broad.

Proton magnetic resonance spectra ('H-NMR) were recorded at
500 MHz using a Bruker Avance500 instrument. Chemical shifts
(0y) are reported in parts per million (ppm), and are referenced to
the residual solvent peak. The order of citation in parentheses is
(1) number of equivalent nuclei (by integration), (2) multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, qn = quintet,
m = multiplet, br = broad), (3) coupling constant (J) quoted in
Hertz to the nearest 0.5 Hz, and (4) assignment. Carbon magnetic
resonance spectra (*C) were recorded at 75.1 or 125.7 MHz using
Bruker DPX300, or Bruker Avance500 instruments. Chemical
shifts (J.) are quoted in parts per million (ppm) and are referenced
to the appropriate solvent peak. The assignment is quoted in
parentheses.

High resolution mass spectra were recorded on a Bruker
MicroTOF spectrometer by electrospray ionisation mass spec-
trometry operating at a resolution of 15000 full widths at half
height.

Flash chromatography was performed using silica gel (Apollo
Scientific Silica Gel 60, 40-63 micron) as the stationary phase. TLC
was performed on aluminium sheets pre-coated with silica (Merck
Silica Gel 60 F,s,). The plates were visualised by the quenching
of UV fluorescence (4,254 nm) and/or by staining with either
anisaldehyde, molybdic acid, or potassium permanganate followed
by heating.

3810 | Org. Biomol. Chem., 2006, 4, 3808-3814

This journal is © The Royal Society of Chemistry 2006





Representative procedures

(A) Synthesis of alkenyl furans 6, 17, 18. A solution of furan
(1 equiv.) in anhydrous THF at 0 °C was treated with nBuLi
(1 equiv.), and the resulting mixture allowed to warm up to room
temperature. The solution was stirred for 24 h, at which point
the alkenyl bromide (1.05 equiv.) was added slowly. The resulting
reaction mixture was then stirred at room temperature for a further
24 h.

The reaction was then poured onto ice and the resulting mixture
diluted with diethyl ether. The resulting brown liquid was then
stirred for 20 min after which it was extracted with diethyl ether.
The combined organic extracts were washed with water (2x), brine
(1x) and then dried over sodium sulfate. Following concentration
under vacuum, the residue was purified by short path distillation.

(B) Synthesis of furfuryl alcohols 7,19, 20 and 21. To a solution
of alkenyl furan (1 equiv.) and TMEDA (1 equiv.) in anhydrous
diethyl ether at 0 °C was added slowly #nBuLi (1 equiv.). The
resulting solution was allowed to warm to room temperature over
a period of 3 h; at this point it was cooled to —78 °C and treated
with isobutyraldehyde (1.1 equiv.). The reaction was then stirred
for 30 min at —78 °C, after which it was allowed to warm up to
0 °C and stirred for 2 h.

Upon completion as determined by TLC analysis, the reaction
was quenched by slow addition of saturated aqueous ammonium
chloride before being extracted with cold diethyl ether. The
combined organic phases were washed with water (2x), brine
(1x), dried over sodium sulfate and concentrated under vacuum.
The crude residue obtained was then purified by flash column
chromatography (silica gel, 5% Et,0O in 40-60 petroleum spirit).

2-Methyl-1-(5-pent-4-enylfuran-2-yl)-propan-1-ol, 7.v.,(film)/

m~': 3438 (bs), 2960 (s), 2932 (s), 2871 (s), 1640 (s), 1384 (s),

907 (s). "H NMR (500 MHz, CDCl;): 6 6.06 (1H, d, J = 3.0 Hz,
ArH), 5.87 (1H, d, J = 3.0 Hz, ArH), 5.77 (1H, m, CH,CHCH,),
499 (1H, dq, J = 17.1, 1.6 Hz, CH,CHCH,), 4.94 (1H, dm, J =
10.2 Hz, CH,CHCH,), 4.24 (1H, d, J = 7.2 Hz, ArCH(OH)iPr),
2.57 (2H, t, J = 7.5 Hz, CH,Ar), 2.15 (1H, bs, OH), 2.09-2.00
(3H, m, CH,CHCH, and CH(CHj;),), 1.69 (2H, q, J = 7.5 Hz,
CH,CH,CH,), 0.98 (3H, d, J = 6.8 Hz, CH(CH.),), 0.81 (3H,
d, J = 6.7 Hz, CH(CH;),). "C NMR (125 MHz, CDCl): ¢
155.3 (ArC), 154.3 (ArC), 138.2 (CH,CH), 114.9 (CH,CH), 107.0
(ArCH), 105.2 (ArCH), 73.5 (ArCH(OH)iPr), 33.2 (CH,Ar),
33.1 (CH,CHCH,), 27.3 (CH,CH,CH,), 27.2 (CH(CH,),), 18.8
(CH(CH,;),), 18.4 (CH(CH;),). m/z (EI) 191.12 (M* — OH,
100%). HRMS calcd for C;;H,,NaO, (M* + Na): 231.1360. Found
231.1312.

1-(5-Allylfuran-2-yl)-2-methylpropan-1-ol, 19. v, (film)/cm':
3540 (bs), 2970 (s), 2932 (s), 1470 (s). '"H NMR (500 MHz,
CDCly): ¢ 6.02 (1H, d, J = 3.0 Hz, ArH), 5.84 (2H, m, ArH
and CH,CHCH,), 5.04 (1H, m, CH,CHCH,), 5.01 (1H, m,
CH,CHCH,), 4.20 (1H, d, J = 7.2 Hz, ArCH(OH)iPr), 3.27 (2H,
dm, J = 6.5 Hz, ArCH,CHCH,), 1.98 (1H, app. sept, / = 7.0 Hz,
CH(CH,),),0.93 (3H, d, J = 6.7 Hz, CH(CH;),), 0.76 (3H, d, J =
6.8 Hz, CH(CH,),). m/z (EI) 163.10 (M* — OH, 85%). HRMS
caled for C,;H;;0, (M* + H): 181.1229. Found 181.0281.

1-(5-But-3-enylfuran-2-yl)-2-methylpropan-1-ol, 20.v,,.(film)/
cm™: 3601 (s), 2960 (s), 2926 (s), 1468 (s), 1014 (s). 'H NMR
(500 MHz, CDCl;): ¢ 6.02 (1H, d, J = 3.0 Hz, ArH), 5.85 (1H,

dm, J = 2.2 Hz, ArH), 5.79 (1H, m, CH,CHCH,), 4.97 (1H,
dq, J = 15.4, 1.7 Hz, CH,CHCH,), 491 (1H, dm, J = 10.2 Hz,
CH,CHCH,), 4.21 (1H, dd, J = 7.0, 3.3 Hz, ArCH(OH)iPr),
2.62 (2H, appt, J = 7.6 Hz, ArCH,CH,), 2.34-2.28 (2H, m,
CH,CHCH,), 2.01 (1H, app. sext, J = 6.9 Hz, CH(CH,),), 1.83
(1H, d, J = 2.8 Hz, OH), 0.94 (3H, d, J = 6.7 Hz, CH(CH,;),),
0.77 3H, d, J = 6.7 Hz, CH(CH;),). m/z (E1) 177.11 (M* — OH,
50%).
1-(5-Hex-5-enylfuran-2-yl)-2-methylpropan-1-ol, 21. v, (film)/
m~': 3437 (bs), 2959 (s), 2931 (s), 1462 (s), 1011 (s), 910 (s).
'H NMR (500 MHz, CDCl;): ¢ 6.06 (1H, d, J = 3.1 Hz, ArH),
5.87 (1H, d, J = 3.0 Hz, ArH), 5.77 (1H, m, CH,CHCH,), 4.97
(1H, dq, J = 17.1, 1.9 Hz, CH,CHCH,), 4.92 (1H, dq, J = 10.1,
0.9 Hz, CH,CHCH,), 4.25 (1H, dm, J = 6.8 Hz, ArCH(OH)iPr),
2.57 (2H, app. t, J = 7.5 Hz, ArCH,CH,), 2.09-1.96 (4H, m,
CH,CHCH,, CH(CH,),, OH), 1.61 (2H, app. q, J = 7.6 Hz,
CH,CH,), 1.41 (2H, app. qn, J = 7.8 Hz, CH,CH,), 0.99 (3H, d,
J = 6.7 Hz, CH(CH,),), 0.82 (3H, d, J = 6.8 Hz, CH(CH,),).
BC NMR (125 MHz, CDCL): ¢ 155.9 (ArC), 154.5 (ArC),
138.9 (CH,CH), 114.7 (CH,CH), 107.3 (ArCH), 105.4 (ArCH),
77.8 (ArCH(OH)iPr), 33.7 (CH,Ar), 33.5 (CH,CHCH,), 28.6
(CH(CH,),), 28.1 (CH,CH,), 27.7 (CH,CH,), 19.1 (CH(CH,;),),
18.7(CH(CHs),). m/z (EI) 205.12 (M* — OH, 95%). HRMS calcd
for C;,H,,NaO, (M* + Na): 245.1517. Found 245.1489.

(C) Procedure for the synthesis of lactols 8a/8b, 22, 23 and 24.
A 0 °C solution of furfuryl alcohol (1 equiv.) in dichloromethane
was treated with meta-chloroperoxybenzoic acid (mCPBA) (1.1
equiv.) and the resulting opaque solution was stirred at 0 °C for
1 h. The mixture was allowed to warm to room temperature and the
reaction stirred for a further 2 h. Once the reaction was complete,
as determined by TLC analysis, the reaction was cooled to 0 °C
and quenched by slow addition of saturated aqueous sodium
bicarbonate. The resulting emulsion was allowed to separate and
was then extracted with dichloromethane. The combined organic
extracts were washed with water (1x), brine (1x) and dried over
sodium sulfate. The solution was concentrated in vacuuo, and the
residue obtained purified by flash column chromatography (silica
gel, 10% diethyl ether in 40-60 petroleum spirits).

6-Hydroxy-2-isopropyl-6-pent-4-enyl-6H-pyran-3-one, 8.
Vmax (film)/cm~": 3400 (bs), 2966 (s), 2930 (s), 1676 (s), 1382 (s),
908 (s). m/z (EI) 207.12 (M* — OH, 100%). HRMS calcd for
C;;H,NaO; (M* + Na): 247.1310. Found 247.1305.

Major anomer (o) 8a. '"H NMR (500 MHz, CDCL): § 6.76
(1H, d, J = 10.2 Hz, CHCHCO), 6.02 (1H, d, J = 10.2 Hgz,
CHCHCO), 5.75 (1H, m, CH,CHCH,), 5.03-4.93 (2H, m,
CH,CHCH,), 4.32 (1H, d, J = 2.7 Hz, COCH(O)CH), 2.89 (1H,
bs, OH), 2.42 (1H, m, CH,CHCH,), 2.05 (2H, m, CH,CHCH,
and CH(CH;),), 1.84-1.79 (2H, m, CH,C(O)OH), 1.56 (1H, m,
CH,CH,CH,), 1.47 (1H, m, CH,CH,CH,), 1.00 (3H, d, J =
6.9 Hz, CH(CHs),),0.82(3H, d, J = 6.8 Hz, CH(CH;),). *CNMR
(125 MHz, CDCL): § 197.0 (CHCHCO), 147.5 (CHCHCO),
138.1 (CHCHCH,), 127.9 (CHCHCO), 119.5 (CH,CHCH,),
93.9 (C(O)OH), 78.2 (COCH(O)CH), 41.1 (CH,CHCH,), 33.0
(CH,C(O)OH), 28.7 (CH(CH;),), 22.8 (CH,CH,CH,), 19.0
(CH(CHs;),), 16.9 (CH(CH,),).

Minor anomer () 8b. '"H NMR (500 MHz, CDCl;): J 6.86
(IH, d, J = 9.9 Hz, CHCHCO), 591 (1H, dd, J = 9.9,
0.4 Hz, CHCHCO), 5.77 (1H, m, CH,CHCH,), 5.05-4.93 (2H,
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m, CH,CHCH,), 4.19 (1H, d, J = 4.8 Hz, COCH(O)CH),
2.35 (2H, app. q, J = 7.4 Hz, CH,CHCH,), 2.24-2.13 (3H,
m, CH(CH,), and CH,C(O)OH), 1.75 (1H, m, CH,CH,CH,),
1.25 (I1H, m, CH,CH,CH,), 0.99 (3H, d, J = 7.0 Hz,
CH(CHs;),), 091 (3H, d, J = 6.8 Hz, CH(CH;),). "C NMR
(125 MHz, CDCl,): 6 195.2 (CHCHCO), 147.1 (CHCHCO),
141.9 (CH,CHCH,), 137.8 (CHCHCO), 121.9 (CH,CHCH,),
85.6 (C(O)OH), 78.2 (COCH(O)CH), 33.5 (CH,CHCH,), 32.8
(CH,C(O)OH), 31.8 (CH(CH;),), 24.8 (CH,CH,CH,), 18.9
(CH(CH;),), 16.1 (CH(CH;),).

6-Allyl-6-hydroxy-2-isopropyl-6H-pyran-3-one,  22.v,,,(film)/
cm™': 3403 (bs), 2965 (s), 2932 (s), 1691 (s), 1466 (s), 909 (s). m/z
(ET) 179.09 (M* — OH, 100%). HRMS calcd for C,,H,;NaO, (M*
+ Na): 219.0997. Found 219.0992.

Major Anomer (o). 'H NMR (500 MHz, CDCl;): 6 6.69
(1H, d, J = 10.2 Hz, CHCHCO), 5.95 (1H, d, J = 10.1 Hz,
CHCHCO), 5.81 (1H, m, CH,CHCH,), 5.18-5.12 (2H, m,
CH,CHCH,), 4.26 (1H, d, J = 2.8 Hz, COCH(O)CH), 3.10
(1H, bs, OH), 2.58 (1H, dd, J = 13.6, 6.3 Hz, CH,CHCH,),
243 (1H, dd, J = 13.6, 8.3 Hz, CH,CHCH,), 2.35 (IH,
qd, J = 6.9, 2.7 Hz, CH(CH;),), 0.93 (3H, d, J = 7.4 Hz,
CH(CH,;),), 0.76 (3H, d, J = 6.8 Hz, CH(CH,),). "C NMR
(125 MHz, CDCl;): ¢ 197.1 (CHCHCO), 147.4 (CHCHCO),
131.2 (CH,CHCH,), 127.8 (CHCHCO), 120.7 (CH,CHCH,),
92.8 (C(O)OH), 78.2 (COCH(O)CH), 45.8 (CH,CHCH,), 28.7
(CH(CH;),), 19.0 (CH(CH5;),), 16.0 (CH(CHy;),).

Minor anomer (f). 'H NMR (500 MHz, CDCl;): § 6.75
(1H, d, J = 9.8 Hz, CHCHCO), 597 (IH, d, J = 9.8 Hz,
CHCHCO), 5.81 (1H, m, CH,CHCH,), 5.18-5.12 (2H, m,
CH,CHCH,), 3.89 (IH, d, J = 4.4 Hz, COCH(O)CH), 3.32
(1H, bs, OH), 2.61 (1H, m, CH,CHCH,), 2.42 (lH, m,
CH,CHCH,), 2.34 (1H, m, CH(CH;),), 0.92 (3H, d, J = 8.2 Hz,
CH(CH,;),), 0.84 (3H, d, J = 6.0 Hz, CH(CH,),). "C NMR
(125 MHz, CDCl;): ¢ 186.4 (CHCHCO), 149.9 (CHCHCO),
130.8 (CH,CHCH,), 127.5 (CHCHCO), 120.6 (CH,CHCH,),
94.6 (C(O)OH), 82.1 (COCH(O)C), 41.7 (CH,CHCH,), 29.0
(CH(CH,;),), 18.9 (CH(CH5;),), 16.8 (CH(CH;),).

6-But-3-enyl-6-hydroxy-2-isopropyl-6 H-pyran-3-one, 23.
Vmax(film)/cm™": 3432 (bs), 2967 (s), 2932 (s), 1686 (s), 1041 (s),
910 (s). m/z (EI) 193.10 (M* — OH, 85%). HRMS calcd for
C,H3NaO; (M* + Na): 233.1153. Found 233.1148.

Major anomer (o). '"H NMR (500 MHz, CDCl;): 6 6.80
(1H, d, J = 10.2 Hz, CHCHCO), 6.05 (1H, d, J = 10.2 Hz,
CHCHCO), 590 (1H, m, CH,CHCH,), 5.11 (IH, dm, J =
17.2 Hz, CH,CHCH,), 5.04 (1H, dm, J = 10.2 Hz, CH,CHCH,),
4.37 (1H, d, J = 2.7 Hz, COCH(O)CH), 3.05 (1H, bs, OH), 2.47
(1H, m, CH(CHj;),), 2.34 (1H, m, CH,CHCH,), 2.19 (1H, m,
CH,CHCH,), 1.97 (2H, m, CH,CH,), 1.06 (3H, d, J = 7.0 Hz,
CH(CH,),), 0.87 (3H, d, J = 6.8 Hz, CH(CH),). "C NMR
(125 MHz, CDCl;): ¢ 195.2 (CHCHCO), 147.2 (CHCHCO),
135.4 (CH,CHCH,), 122.3 (CHCHCO), 116.9 (CH,CHCH,),
115.6 (C(O)OH), 85.4 (COCH(O)CH), 31.8 (CH,CHCH,), 30.9
(CH(CHs;),), 29.7 (CH,CH,), 18.9 (CH(CH,),), 16.9 (CH(CH,),).

Minor anomer (f). 'H NMR (500 MHz, CDCl;): 6 6.87
(1H, d, J = 10.3 Hz, CHCHCO), 6.07 (1H, d, J = 10.2 Hz,
CHCHCO), 5.89 (1H, m, CH,CHCH,), 5.09 (1H, dm, J =
16.9 Hz, CH,CHCH,), 5.02 (1H, dm, J = 10.1 Hz, CH,CHCH,),
3.95(1H,d, J = 4.1 Hz, COCH(O)CH), 2.44 (1H, m, CH(CH;),),
2.37 (1H, m, CH,CHCH,), 2.23 (1H, m, CH,CHCH,), 1.94 (2H,

m, CH,CH,), 1.05 (3H, d, J = 6.9 Hz, CH(CH),), 0.95 (3H, d,
J =6.7Hz, CH(CH,),).

6-Hex-5-enyl-6-hydroxy-2-isopropyl-6 H-pyran-3-one, 24.
Vi (film)/cm=": 3429 (bs), 2966 (s), 2931 (s), 1671 (s), 1382 (s),
908 (s). m/z (EI) 221.14 (M* — OH, 100%). HRMS calcd for
C,H,,NaO; (M* + Na): 261.1466. Found 261.1461.

Major anomer (). '"H NMR (500 MHz, CDCl,): 6 6.76 (1H, d,
J =10.2 Hz, CHCHCO), 6.03 (1H, d, J = 10.2 Hz, CHCHCO),
5.77 (1H, m, CH,CHCH,), 4.98 (1H, dq, J = 17.1, 1.9 Hz,
CH,CHCH,), 493 (1H, dm, J = 10.2 Hz, CH,CHCH,), 4.32
(1H,d, J = 2.7 Hz, COCH(O)CH), 2.42 (1H, m, CH(CH,),), 2.05
(2H, m, CH,CHCH,), 1.82-1.81 (2H, m, CH,C(O)OH), 1.54-
1.35(4H, m, CH,CH,), 1.00 (3H, d, J/ = 7.0 Hz, CH(CH),), 0.83
(3H, d, J = 6.8 Hz, (CH(CH,),).

Minor anomer (B). "H NMR (500 MHz, CDCl;): 6 6.82 (1H, d,
J =10.3 Hz, CHCHCO), 6.00 (1H, d, J = 10.3 Hz, CHCHCO),
5.77 (1H, m, CH,CHCH,), 5.00-4.91 2H, m, CH,CHCH,), 3.90
(1H,d,J =4.1 Hz, COCH(O)CH), 2.42 (1H, m, CH(CH,),), 2.05
(2H, m, CH,CHCH,), 1.85-1.76 (2H, m, CH,C(O)OH), 1.54—
1.37 (4H, m, CH,CH,), 1.00 (3H, d, J = 6.9 Hz, CH(CH;),), 0.90
(3H, d, J = 6.8 Hz, CH(CH;),).

(D) General procedure for the synthesis of bis-alkenyl units 10, 25,
26 and 27. A solution of the freshly obtained lactol (1 equiv.) in
anhydrous dichloromethane was treated with allyltrimethylsilane
(2.1 equiv.) and the resulting mixture was cooled to —78 °C. The
reaction mixture was then treated through the slow addition of
BF;-OEt, (3 equiv.) and the resulting solution stirred for 30 min
at —78 °C. The reaction was then allowed to warm to room
temperature and stirred for a further 2 h. Once the reaction
was complete, as determined by TLC analysis, the reaction
was quenched with saturated aqueous ammonium chloride and
extracted with dichloromethane. The combined organic extracts
were washed sequentially with sat. NaHCO; (1 x), water (2x) and
brine (1x). The combined organic extracts were dried over sodium
sulfate and the solvent removed under vacuum. The crude residue
was then purified by flash column chromatography (silica gel, 7%
diethyl ether in 40-60 petroleum spirits) to afford the desired bis-
alkenyl products.

6-Allyl-6-hex-5-enyl-2-isopropyl-6H-pyran-3-one, 10.v,,,(film)/
cm™': 2924 (s), 1709 (s), 1381 (s), 911 (s). m/z (EI) 249.17 (M +
H, 100%). HRMS calcd for C¢H,;0, (M* + H): 249.1855. Found
249.1849. 'H NMR (500 MHz, CDClL): ¢ 6.75 (1H, d, J =
10.4 Hz, CHCHCO), 5.96 (1H, d, J = 10.4 Hz, CHCHCO),
5.78-5.65 (2H, m, CH,CHCH,), 5.07-4.85 (4H, m, CH,CHCH,),
4.02 (1H, d, J = 2.6 Hz, COCH(O)CH), 2.52-2.50 (1H, ddt,
J = 8.0, 6.5, 1.0 Hz, C(O)CH,CHCH,), 2.34-2.40 (1H, m,
CH(CH,),), 2.32-2.30 (1H, m, C(O)CH,CHCH,), 2.00-2.01 (2H,
m, CH,CHCH,), 1.70-1.64 (1H, m, CH,CH,), 1.53-1.44 2H, m,
CH,CH,), 1.30-1.22 (1H, m, CH,CH,), 0.95 (3H, d, J = 7.0 Hz,
CH(CH,),), 0.79 (3H, d, J = 6.8 Hz, CH(CH,),). "C NMR
(125 MHz, CDCl;): § 196.7 (CHCHCO), 154.6 (CHCHCO),
138.4 (CH,CHCH,), 132.6 (CH,CHCH,), 126.6 (CHCHCO),
118.6 (CH,CHCH,), 114.7 (CH,CHCH,), 78.5 (COCH(O)CH),
75.7 (CHC(O)CH,), 39.7 (CH,CHCH,), 38.0 (CH,CHCH,),
33.8 (CH,C(0)), 29.1 (CH(CH;),), 22.7 (CH,CH,CH,), 19.2
(CH(CH,;),), 16.9 (CH(CH5;),).

6,6-Diallyl-2-isopropyl-6H-pyran-3-one, ~ 25. vy, (film)/cm™":
2964 (s), 2930 (s), 1690 (s), 1366 (s), 1060 (s). m/z (EI) 221.15
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M + H, 95%). HRMS calcd for C,,H,, 0, (M* + H): 221.1542.
Found 221.1536. '"H NMR (500 MHz, CDCL,): § 6.77 (1H, d,
J =10.4 Hz, CHCHCO), 5.95 (1H, d, J = 10.4 Hz, CHCHCO),
5.75 (2H, m, CH,CHCH,), 5.11-5.00 (4H, m, CH,CHCH,), 4.04
(1H, d, J = 2.6 Hz, COCH(O)CH), 2.51 (1H, ddt, J = 14.3, 6.3,
1.3 Hz, CH,CHCH,), 2.39 (2H, m, CH(CH,), and CH,CHCH,),
2.31-2.23 (2H, m, CH,CHCH,), 0.96 (3H, d, J = 7.0 Hz,
CH(CH,;),), 0.80 (3H, d, J = 6.8 Hz, CH(CH),). "C NMR
(125 MHz, CDCl;): ¢ 195.6 (CHCHCO), 153.0 (CHCHCO),
131.9 (CH,CHCH,), 131.3 (CH,CHCH,), 125.3 (CHCHCO),
117.9 (CH,CHCH,), 117.3 (CH,CHCH,), 75.7 (COCH(O)CH),
74.4 (CHC(O)CH,), 42.0 (CH,CHCH,), 37.9 (CH,CHCH,), 28.1
(CH(CHa;),), 18.1 (CH(CH,),), 14.9 (CH(CHs),).

6-Allyl-6-but-3-enyl-2-isopropyl-6H-pyran-3-one, 26.v,,,(film)/
cm': 2964 (s), 2930 (s), 1686 (s), 1061 (s), 910 (s). m/z (EI) 325.16
M + H, 90%). HRMS calcd for C;sH,;0, (M* + H): 235.1698.
Found 235.1693. "H NMR (500 MHz, CDCl;): 6 6.76 (1H, d, J =
10.4 Hz, CHCHCO), 5.98 (1H, d, J = 10.4 Hz, CHCHCO), 5.80—
5.68 (2H, m, CH,CHCH,), 5.09-5.02 (2H, m, CH,CHCH,), 4.94
(I1H, dq, J = 17.1, 1.7 Hz, CH,CHCH,), 4.88 (1H, dq, J = 10.2,
1.6 Hz, CH,CHCH,), 4.03 (1H, d, J = 2.5 Hz, COCH(O)CH),
2.51 (1H, ddm, J = 14.2, 6.4 Hz, CH,CHCH,), 2.39 (1H, qd,
J = 6.9, 2.5 Hz, CH(CH,),), 2.29 (1H, m, CH,CHCH,), 2.19
(1H, m, CH,CHCH,), 1.93 (1H, m, CH,CHCH,), 1.80 (1H, ddd,
J =13.6,11.9, 4.7 Hz, CH,CH,), 1.54 (1H, ddd, J = 13.6, 11.6,
4.7 Hz, CH,CH,), 0.96 (3H, d, J = 7.0 Hz, CH(CH;),), 0.80
(3H, d, J = 6.8 Hz, CH(CH;),). "C NMR (125 MHz, CDCl;):
0 196.7 (CHCHCO), 154.3 (CHCHCO), 138.4 (CH,CHCH,),
132.5 (CH,CHCH,), 126.7 (CHCHCO), 118.8 (CH,CHCH,),
114.6 (CH,CHCH,), 78.6 (COCH(O)CH), 75.5 (CHC(O)CH,),
39.8 (CH,CHCH,), 37.8 (CH,CHCH,), 29.1 (CH(CH,),), 27.9
(CH,CH,), 19.2 (CH(CH,;),), 16.0 (CH(CHy;),).

6-Allyl-6-hex-5-enyl-2-isopropyl-6H-pyran-3-one, 27.v,,(film)/
cm™': 3075 (s), 2928 (s), 1686 (s), 1640 (s), 1388 (s), 911 (s).
m/z (EI) 263.19 M + H, 100%). HRMS calcd for Cj;H,,0,
(M* + H): 263.2012. Found 263.2006. '"H NMR (500 MHz,
CDClL): ¢ 6.80 (1H, d, J = 10.4 Hz, CHCHCO), 6.02 (1H,
d, J = 104 Hz, CHCHCO), 5.75-5.73 (2H, m, CH,CHCH,),
5.13-5.07 (2H, m, CH,CHCH,), 4.97 (1H, dq, J = 17.1, 1.6 Hz,
CH,CHCH,), 491 (1H, dm, J = 10.2 Hz, CH,CHCH,), 4.04
(IH, d, J = 2.6 Hz, COCH(O)CH), 2.54 (1H, ddm, J = 14.2,
6.3 Hz, CH,CHCH,), 2.43 (1H, qd, J = 6.9, 2.6 Hz, CH(CHs),),
2.32 (1H, dd, J = 14.2, 8.2 Hz, CH,CHCH,), 2.02 (2H, qm,
J =6.9 Hz, CH,CHCH,), 1.71 (1H, m, CH,CH,CH,), 1.54-1.43
(2H, m, CH,CH,CH,), 1.41-1.33 (2H, m, CH,CH,CH,), 1.23
(1H, m, CH,CH,CH,), 1.00 (3H, d, / = 7.0 Hz, CH(CH,;),), 0.84
(3H, d, J = 6.8 Hz, CH(CH,;),). "C NMR (125 MHz, CDCl;):
0 196.9 (CHCHCO), 154.7 (CHCHCO), 138.8 (CH,CHCH,),
132.7 (CH,CHCH,), 126.6 (CHCHCO), 118.6 (CH,CHCH,),
114.5 (CH,CHCH,), 78.6 (COCH(O)CH), 75.8 (CHC(O)CH,),
39.7 (CH,CHCH,), 38.5 (CH,CHCH,), 33.6 (CH,CH,CH,),
29.2 (CH(CH,),), 29.1 (CH,CH,CH,), 22.9 (CH,CH,CH,), 19.2
(CH(CHs;),), 16.0 (CH(CH,),).

(E) General ring-closing metathesis procedure for the synthesis of
spiropyrans 14, 28, 29, and 30. A solution of bis-alkenyl pyrone
in dichloromethane in a darkened reaction vessel was treated with
5 mol% first generation Grubbs catalyst. The resulting mixture
was then stirred and heated to reflux for 4 h (for the longer alkenyl

chains, pentene and hexene, this time was increased to 6 and 7 h
respectively).

Upon reaction completion, as determined by TLC analysis, the
solvent was removed under vacuum and the crude residue obtained
purified by flash column chromatography (silica gel, 7% diethyl
ether in 40-60 petroleum spirits).

2-Isopropyl-1-oxaspiro[ 5.6 Jdodeca-4,8-dien-3-one, 14. v,(film)/
cm™': 2923 (s), 1648, (s), 1368, 912 (s). '"H NMR (500 MHz,
CDCly): 6 6.98 (1H, d, J = 10.4 Hz, CHCHCO), 5.94 (1H, m,
CHCHCO), 591 (1H, d, J = 10.3 Hz, CHCH), 5.50 (1H, m,
CHCH), 3.94 (1H, d, J = 2.8 Hz, COCH(O)CH), 2.53 (IH,
dd, J = 14.9, 5.9 Hz, CHCHCH,), 2.46 (1H, dd, J = 14.9,
7.1 Hz, CHCHCH,), 2.38 (1H, m, CH(CH,),), 2.23 (1H, m,
CHCHCH,), 2.16 (1H, m, CHCHCH,), 2.03 (1H, m, CH,CH,),
1.85 (1H, m, CH,CH,), 1.77 (1H, m, CH,CH,), 1.57 (1H, m,
CH,CH,), 0.99 (3H, d, J = 6.9 Hz, CH(CH;),), 0.83 (3H, d,
J = 6.8 Hz, CH(CH};),). "C NMR (125 MHz, CDCl,): 6 197.4
(CHCHCO), 155.5 (CHCHCO), 134.4 (CHCH), 125.0 (CHCH),
124.9 (CHCHCO), 78.4 (COCH(O)CH), 72.6 (CHC(O)CH,),
43.2 (CHCHCH,), 33.4 (CHCHCH,), 28.8 (CH(CH,),), 28.4
(CH,CH,), 21.3 (CH,CH,), 19.3 (CH(CH,),), 16.0 (CH(CH,),).

7-Isopropyl-6-oxaspiro[ 4.5 |deca-2,9-dien-8-one,  28.v,,,(film)/
cm™': 2928 (s), 1686 (s), 1476 (s), 1383 (s). m/z (EI) 193.12 (M
+ H, 90%). HRMS calcd for C,H,;O, (M* + H): 193.1229. Found
193.1223. "THNMR (500 MHz, CDCl;):6 6.88 (1H, d, /= 10.2 Hz,
CHCHCO), 5.89 (1H, d, J = 10.2 Hz, CHCHCO), 5.67 (1H,
m, CHCH), 5.62 (IH, m, CHCH), 3.90 (1H, d, J/ = 2.9 Hz,
COCH(O)CH), 2.78 (1H, dq, J = 16.9, 2.0 Hz, CHCHCH,),
2.65 (1H, dm, J = 17.1, 1.9 Hz, CHCHCH,), 2.58 (1H, dm,
J = 17.1, 2.1 Hz, CHCHCH,), 2.43 (IH, dm, J = 16.9 Hz,
CHCHCH,), 2.38 (1H, qd, J = 6.9, 2.9 Hz, CH(CH5;),), 0.93 (3H,
d, J = 7.0 Hz, CH(CH),), 0.81 (3H, d, J = 6.9 Hz, CH(CH,),).
BC NMR (125 MHz, CDCL): 6 1969 (CHCHCO), 154.6
(CHCHCO), 128.4 (CHCH), 127.7 (CHCHCO), 124.5 (CHCH),
82.1 (COCH(O)CH), 80.0 (CHC(O)CH,), 46.8 (CHCHCH,),
40.0 (CHCHCH,), 28.4 (CH(CH,),), 19.0 (CH(CH;),), 16.1
(CH(CHa),).

2-Isopropyl-1-oxaspiro[ 5.5 Jundeca-4,8-dien-3-one, 29. v,,(film)/
cm™': 2965 (s), 2926 (s), 1687 (s). m/z (EI) 207.13 (M + H,
100%). HRMS calcd for C;;H,,0, (M* + H): 207.1385. Found
207.1380. "HNMR (500 MHz, CDCl;):6 6.84 (1H, d, J = 10.3 Hz,
CHCHCO), 591 (1H, d, J = 10.3 Hz, CHCHCO), 5.70 (1H,
m, CHCH), 5.52 (1H, m, CHCH), 3.95 (1H, d, J = 2.9 Hz,
COCH(O)CH), 2.37-2.24 (3H, m, CHCHCH,, CHCHCH,, and
CH(CH,),),2.13 (1H, m, CHCHCH,), 2.03 (1H, m, CHCHCH,),
1.80 (1H, m, CH,CH,), 1.68 (1H, m, CH,CH,), 0.92 (3H, d,
J = 6.9 Hz, CH(CH,),), 0.80 (3H, d, J = 6.8 Hz, CH(CH,;),).
BC NMR (125 MHz, CDCL): 6 197.5 (CHCHCO), 154.2
(CHCHCO), 126.9 (CHCH), 125.6 (CHCHCO), 122.6 (CHCH),
78.4 (COCH(O)CH), 71.3 (CHC(O)CH,), 32.8 (CH,CH,),
30.4 (CHCHCH,), 28.8 (CH(CH,),), 21.9 (CHCHCH,), 19.1
(CH(CH,;),), 16.1 (CH(CH;),).

(Z)-2-Isopropyl-1-oxaspiro[ 5.7 | trideca-4,8-dien-3-one, 30.
Vax(film)/cm™": 3154 (s), 2932 (s), 1685 (s), 1383 (s), 908 (s).
HRMS caled for CsH,NaO, (M* + Na): 257.1517. Found
257.1512. '"H NMR (500 MHz, CDCl;): § 6.92 (1H, d, J =
10.4 Hz, CHCHCO), 5.94 (1H, d, J = 10.4 Hz, CHCHCO), 5.85
(1H, m, CHCH), 5.49 (1H, m, CHCH), 4.05 (1H, d, / = 2.9 Hz,
COCH(O)CH), 2.52 (1H, dd, J = 13.5, 8.1 Hz, CHCHCH,),
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2.442.37 (2H, m, CHCHCH,, CH(CH,),), 2.19-2.14 2H, m,
CHCHCH,), 1.88-1.76 (2H, m, CH,CH,CH.), 1.66 (1H, m,
CH,CH,CH,), 1.61-1.42 (3H, m, CH,CH,CH,, CH,CH,CH,),
1.02 3H, d, J = 6.9 Hz, CH(CH,),), 0.83 (3H, d, J = 6.8 Hz,
CH(CH.),). "C NMR (125 MHz, CDCL,): 6 197.3 (CHCHCO),
155.4 (CHCHCO), 133.4 (CHCH), 125.9 (CHCHCO), 125.3
(CHCH), 78.8 (COCH(O)CH), 65.9 (CHC(O)CH,), 37.3
(CHCHCH,), 29.8 (CH(CH.),), 28.9 (CHCHCH,), 268
(CH,CH,CH,), 19.3 (CH,CH,CH,), 15.9 (CH,CH,CH,), 15.3
(2 x CH(CH.,),).
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