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Abstract: The synthesis of a new
family of methoxy-substituted [2.7]-
and [2.8]paracyclophanes linked by 3-
oxapentamethylene-1,5-dioxy and hex-
amethylene-1,6-dioxy bridges has been
carried out by using the McMurry
methodology. Related indole com-
pounds were also synthesised. Olefin-
to-diol ratios depended on the bridge
length, the structure of the aromatic
ring and the reaction conditions. Mac-

clophanes -
tionships -
inhibition

Introduction

Stilbenes are widely studied substructures in organic chemis-
try owing to their presence in a large number of organic
compounds with applications in different fields. One point
of interest is the biological activity displayed by stilbene de-
rivatives, as in the case of the anticancer agents combreta-
statins® and resveratrol.”! Considerable efforts have been
invested in the preparation of analogues of these com-
pounds to unveil the structure-activity relationships and im-
prove the pharmacological profile by increasing the activity
and selectivity.!” In this sense, the prodrug combretastatin
A-4 phosphatel’! appears to be a good drug candidate,
owing to its vascular disrupting activity and adequate water
solubility. Currently, it is in phase II/III clinical trials for the
treatment of anaplastic thyroid cancer and solid tumours.!

Conformational restriction is a method for exploring the
influence of molecular geometry on physicochemical and
biological properties!’! that can be achieved by several ap-
proaches, including the macrocyclisation of open-chain
active models.®! This has been applied to diverse types of
compounds,”’ such as bisindole derivatives,'” and it has re-
cently been used as a tool for a systematic search for new
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rocyclisation, the methoxy substituents
and the presence of a rigid indole
moiety restricted the conformational
equilibria, as observed by NMR spec-
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troscopy and according to theoretical
calculations. The synthesised com-
pounds display micromolar tubulin
polymerisation inhibitory activity. The
conformational implications on the tu-
bulin polymerisation inhibitory activity
derived from the macrocyclisation
when compared with combretastatins,
closely related stilbenes, are also dis-
cussed.

active derivatives in different cell assays.""! Although it is a
very interesting approach for modulating the activity—selec-
tivity of analogues based on highly potent lead compounds,
it has not yet been applied to active stilbenes and we have
only recently published preliminary work addressing this
issue.'”” The compounds designed for this purpose are stil-
bene and dihydrostilbene derivatives conformationally
blocked by the formation of macrocyclic structures, which
can be classified as cyclophanes,™ in general, or stilbeno-
phanes, in particular.' Stilbenophanes have recently re-
ceived renewed interest by Rajakumar’s group,'”) who have
studied the potential applicability and that of related indolo-
phanes!™® in supramolecular chemistry.

The synthetic approach to these stilbene and dihydrostil-
bene cyclophanes can be planned through different ap-
proaches; intramolecular McMurry coupling is the preferred
tool to produce the macrocyclisation step. During our re-
search into new antimitotic agents based on natural prod-
ucts,'”! we described the application of the McMurry meth-
odology!'®! to the synthesis of a new family of doubly sym-
metric (two symmetric benzene rings) stilbenophanes based
on deoxycombretastatin A-4 (Scheme 1), the preparation
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Scheme 1. Comparison of the structures of previously described stilbeno-
phanes with deoxycombretastatin A-4.
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the linker structure. The use of
polymer-bound triphenylphos-
phine in the Mitsunobu reac-
tion is recommended to avoid
the presence of phosphine
oxides in the coupling step
mediated by titanium,?" be-
cause small amounts of phos-
phorous materials elicit a de-
crease in the yields or the ab-
sence of isolable reaction prod-
ucts.

The McMurry olefinations®

\/\z/\/

Macrocyclic analogues of combretastatin A-4 and
deoxycombretastatin A-4 (unsymmetrical rings)

J and pinacol couplings® pro-
duced olefins, diols or mixtures

Scheme 2. Comparison of the structures of synthesised stilbenophanes and related indolophanes with the
potent antimitotic agents combretastatin A-4 and deoxycombretastatin A-4.

of some dihydrodihydroxy members of this class of com-
pounds,®4 and we also reported the results of the biologi-
cal assays carried out on some of them.>!

Herein, we describe the results obtained upon applying
this chemistry to the preparation of macrocyclic analogues
of combretastatin A-4 (Scheme 2), differently substituted at
the A or B rings, and the conformational analysis of the pro-
duced olefins. The conformational equilibria for these com-
pounds are characterised by the coexistence of differently
preferred conformations in rapid or intermediate exchange.
The existence of favoured conformations and the dynamics
of the conformational equilibria of these compounds can
produce a noticeable effect on their interaction with their
targets and on their cytotoxic activity. A better knowledge
of the spatial arrangement adopted by these molecules can
facilitate the design of new analogues with improved poten-
cy in comparison with the stilbenophanes and indolophanes
already obtained.!'

The detailed description and conformational analysis of
diols and their derivatives will be published elsewhere. The
successful synthesis of unsymmetrical stilbenophanes and in-
dolophanes opens the possibility of studying the applicabili-
ty of these fascinating compounds (in terms of their confor-
mational mobility) in supramolecular and medicinal chemis-
try.

Results and Discussion

The synthesis of the designed molecules was carried out ac-
cording to the approaches described in Schemes 3 and 4:
two consecutive alkylations of suitable phenolic (indolic) al-
dehydes with the required reactive linker moiety produced
the intermediate dialdehydes (Scheme 3), which were sub-
jected to McMurry internal coupling at room temperature
or under reflux (Scheme 4). The alkylation processes were
performed by the Mitsunobu"! or catalysed phase-trans-
fer®™ methodologies, depending on the particular cases and
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of both types of compounds, de-
pending on the specific condi-
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Scheme 3. Synthesis of intermediate dialdehydes 1, 2 and 3.1'*!/ Reagents
and conditions: a) 1) PPh; resin, aldehyde, CH,Cl,, RT, 1-3 h; 2) di(tert-
butyl) azodicarboxylate (DBAD)/diisopropyl azodicarboxylate (DIAD),
RT, 48 h; b) NaOH, 1,6-dibromohexane, CH,Cl,/H,0O 1:1, Bu,NF, RT,
48 h; c) p-hydroxybenzaldehyde, K,CO;, dry DMF, 60°C, 48h, Ar;
d) NaOH, 1,6-dibromohexane, CH,Cl,, Bu,NSO,H, RT, 24 h; e) vanillin
or syringaldehyde, K,CO;, dry DMF, 70°C, 48 h, Ar.

tions and structures. Although the yields varied from moder-
ate to high, most of the olefins were isolated in sufficient
quantities to characterise and assay them (Scheme 4).

Under the employed conditions, no dimeric products (as
represented by the general
structure 12) were isolated in
any of the syntheses carried
out, but they were detected as 0
minor products from dialde- g
hyde 8. z 12

The product ratios (as esti- 2
mated by '"HNMR spectrosco- ©
py) for each crude reaction
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Scheme 4. Reagents and conditions: a) 1) TiCl,-THF (97 %), Zn, dry THF, 0°C, refluxed for 30 min; 2) dialde-
hyde, dry THF, 2-24 h, reflux; b) same as a) but 0°C or RT, 5-24 h. Products marked with * were not isolated

after chromatography.

Table 1. Results of McMurry cyclisation reactions in Scheme 4, produced under the conditions shown.

MeOOH MeOOR MeOOR

Complete resonance assign-
ments for all of the macrocycles
were achieved by 2D NMR
spectroscopy (COSY, HMQC,

oM
AN HMBC and ROESY). Diols
13c: Z=0; R=H and their acetates will be stud-

146" Z=(CHy),; R=H . . .
o 22(Cha)e ied in depth in forthcoming

HO,  OH papers.
MeO O O Conformational analysis:>!
Previously studied macrocyclic
O\/\Z/\/O olefins of this class with two
15¢: Z=0 symmetrically substituted
16¢: Z=(CHz) phenyl rings were seen to have
simple NMR spectra, with

signal averaging of the chemi-
cally equivalent pairs, both in
the '"H and the *C NMR spec-
tra.l'?*% In that case, the chemi-
cal exchange of these nuclei
took place readily through heli-
cal changes (double flip, see
Scheme 5)P that occur without
the passage of any of the ring
planes through the intra-annu-
lar space, represented by the

17¢c: X=R=H
18c: X=OMe; R=H

Entry Starting material Reaction conditions Crude yield [%]

Product (ratio) 1

double-bond plane.

lefi ield [%])™ A .
Olefin (yield [%]) Deeper insight into the con-

1 4 5 h; reflux 94 . B3b/13c (1/1) - formational equilibria in which
2 5 23 h; reflux complex mixture ! 14a (40) .

3 5 5 h: 0°C 100 14b/14c¢ (113) B these kinds of compounds are
4 6 24 h; reflux complex mixture 15a/15b/15¢ (1/1/2) 15a (15) involved can be obtained from
5 8 24 h; reflux complex mixture ! 16a (7) the compounds described
6 8 24h; RT complex mixture - herein, which have at least one
7 10 5 h; reflux 97 17a/17b/17¢ (1/2/2) 17a (10) non-svmmetricall substituted
8 10 2 h; reflux 70 17a17b/17¢ (1212) 17a (7) ymme y

9 11 5 h; reflux 100 18a/18b/18¢ (3/2/1) 18a (30) aromatic ring. In each case, a
[a] Product ratios of the crude mixture were estimated by integration of representative signals in the 'H NMR single set of signals is observed

spectra of the crude reaction products. [b] Yield obtained after isolation by flash chromatography. [c] Not es-

tablished by 'H NMR spectroscopy.

mixture and the isolated yields of the olefins are indicated
in Table 1. Olefins (a) were always produced under reflux
(Table 1, entries 2, 4, 5, 7, 8 and 9), except for compound 4
(Table 1, entry 1), but they were not detected in the crude
reaction products when the reactions were carried out at
lower temperatures (Table 1, entries 3 (0°C) and 6 (RT)).
Diols (b, ¢) were produced at lower temperatures (Table 1,
entries 3 and 6), whereas under reflux they were either not
detected (Table 1, entries 2 and 5) or were produced in dif-
ferent ratios (Table 1, entries 1, 4, 7, 8 and 9). The results of
the McMurry reaction were variable depending on the reac-
tion conditions and substrates employed,?!! as observed in
Table 1.

The structures of the olefins were readily established by
'H NMR spectroscopy, which showed the presence of the cis
double bond and the usual appearance of only one signal
for the chemically equivalent protons at room temperature.

www.chemeurj.org
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-)-helix

Tf H
N o

(+)-helix
one-ring "flip" two-ring "flip"
L-ring "flip" - R-ring rotation L-ring "flip" - R-ring "flip"
R-ring rotation double flip

Scheme 5. Definitions and schematic representations of the phenyl ring
motions for the stilbene and the associated helicity changes.’” Left: one-
ring flip and one-ring rotation, which is a disrotatory movement exempli-
fied herein from the (—)-helix (at the top) to the (+)-helix (at the
bottom). Right: the two-ring flip, referred to herein as a double flip, is a
conrotatory movement.
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for compounds with either two non-symmetrical rings (17 a)
or with one symmetrical ring (14a, 15a, 16a and 18a). In
the case of the latter group, signal averaging of the chemi-
cally equivalent nuclei of the symmetrical ring is usually ob-
served. This can only be explained by either the existence of
a single set of dominating conformations (see below) or by a
conformational exchange involving the passage of ring
planes through the intra-annular space.

The relevant conformational classes, as determined by
molecular mechanics calculations, are depicted in Scheme 6.
The combination of two helical dispositions (+ and —), with

FULL PAPER

ent surroundings in each case. The same applies for confor-
mations II and I'V.

As shown in Scheme 6, rotation of the aromatic rings can
interconvert the conformations. Ring rotations (L- for the
ring on the left and R- for that on the right) pass the corre-
sponding ring planes through the intra-annular space, while
flip movements pass them through the normal to the
double-bond plane. Usually, flipping or rotating one aromat-
ic ring causes the other ring to flip, in both cases resulting in
a change in helicity (see Scheme 5 for stilbene).’®*! One-
ring rotation accompanied by one-ring flip (Scheme 5, left;

produced by R-ring rotation
and L-ring flip) changes the ori-
RO 3 entation of the marked posi-

RO & H _ tions only for the rotating R-
(Hrhelix o @ @ Y=—= RO @ Crhelix ring, from above to below. A
RO-exo L-ring RO-exo R X X
® -cx0 Y o rotation Y b o-endo two-ring flip (Scheme 5, right)
bl\/ﬂ\ \/\ /\/ causes no change in their dispo-
ou e e’ [an] [ d°”b'ef sition, both still lying above the
\ 5 plane after the helix change. Si-
OR — multaneous rotation of both
(-)-helix R o YOR (+) -helix . e .
RO-ondo o} Y o rotation o o RO-endo rings (zero ring flip, pot drawn)
® _endo ® -cxo would require an improbable
H R-rlng R-ring R-ring R-ring H co-planar disposition of both
rotation rotation rotation rotation .
rings. In Scheme 6, the confor-
6 H mations are switched horizon-
0 @ @ L-ring RO tally by ro'tatlon of tl'le L—r.1ng
H d v rotation %\. (accompanied by R-ring flip);
RO ™~ , vertically by rotation of the R-
(+)-helix i double flip (-)-helix . . A
RO-ex0 N‘i“b'e fiip / RO-ex0 ring (accompanied by L-ring
® endo ® -cx0 flip), and on the external diago-
L—»‘_— @ @ nals by double flips. Fast rota-
orR @ rotation YOR o / ; tion of the R- and/or L-rings
(-)-helix )-helix through the macrocycle and/or
R.O'e"do RO endo double flips are required for
-exo ® -endo

Scheme 6. Conformational equilibria for olefins 14a (X=CH,CH,, R=H, Y=0Me), 15a (X=0, R=Me,
Y =H) and 16a (X=CH,CH,, R=Me, Y =H), with one symmetric ring. A schematic representation is also in-
cluded that shows the planes of the double bond (horizontal line) and both aromatic rings (vertical lines), to-
gether with an indication of the helicity (vertical lines angled from left to right indicate a (—)-helix and from
right to left indicate a (+)-helix). Marked positions (e) facilitate the visualisation of their location above or

below the double-bond plane.

two different situations for the marked position in each ring
(above and below the plane of the double bond), gives rise
to 2x2x2=8 conformational populations. Four populations
are mirror images of the other four and only differ in their
helical disposition, and they are indistinguishable from the
NMR spectroscopy point of view. Accordingly, the eight
conformations were labelled I to IV preceded by their heli-
cal sign to simplify the identification of the pairs of mirror
images.

Furthermore, for compounds with one symmetric and one
non-symmetric phenyl ring, such as 14a (X=CH,-CH,, R=
H, Y=0OMe), 15a (X=0, R=Me, Y=H) and 16a (X=
CH,-CH,, R=Me, Y =H), conformations I and III are indis-
tinguishable, but the marked positions are located in differ-
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the appearance of chemically
equivalent positions as a single
signal in NMR spectra (see
Tables 2 and 3).

As stated above, most of the
NMR spectra of these macro-
cyclic olefins display a single set
of signals. For 17a, with two
non-axially symmetric rings, the presence of only one set of
signals requires a fast exchange between four populations
(I-1IV), the presence of a single dominating conformational
population, or intermediate situations (e.g., two rapidly ex-
changing major conformations). For compounds with one
axially symmetric ring, such as 14a, 15a, 16a or 18a, there
are only two types of conformational populations that
would generate different NMR spectra, namely, +I/+1II
and +II/+1V. The presence of a single set of signals in the
NMR spectra requires either the prevalence of one of the
groups or a fast exchange between individual members of
the two groups, as occurs in stilbene. Theoretical calcula-
tions suggest that both groups of conformations are of simi-
lar stability. Furthermore, the signal averaging usually ob-

— 3409
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Table 2. Independent equilibria remaining if only two motions (as indicated
in the upper row) are fast on the NMR spectroscopy timescale. !

Fast L-ring rotation
Fast R-ring rotation
Slow double flip

Fast R-ring rotation
Fast double flip
Slow L-ring rotation

Fast L-ring rotation
Fast double flip
Slow R-ring rotation

@1 < () 11 )1 IV )1 (F I
RO-exo RO-exo RO-exo RO-endo  RO-exo RO-exo0
@®-endo @®-exo @-endo @-endo @-endo @-6x0
O-exo O-endo O-exo 0-exo 0-exo O-endo

(=) IV (&R HN —— @I N (CIBAY
RO-endo RO-endo RO-endo RO-exo RO-endo RO-endo
@-endo @-exo @®-cxo @-cx0 @-ex0 @-endo
O-exo O-endo 0-endo 0-endo O-endo O-exo

RO-endo / RO-exo: averaged
@/ O: averaged

RO-endo / RO-exo: averaged RO-endo/RO-exo: averaged
@/ O: averaged @/ O: averaged

one set of signals one set of signals one set of signals

[a] The horizontal equilibrium arrows indicate conversions caused by the
first fast motion and the vertical ones indicate conversions caused by the
second fast motion. The endo or exo dispositions of the substituent for the
trisubstituted L-rings are indicated by RO-endolexo just below the confor-
mation number (I-IV) and the corresponding disposition of chemically
equivalent positions (labelled (@) and unlabelled (0)) of the symmetrical
rings are indicated underneath. The lower row shows an indication of what
would be observed in the NMR spectra.

Table 3. Representation of the independent equilibria (separated by
dotted lines) remaining if only one motion (as indicated in the upper
row) is fast on the NMR timescale.!

Fast L-ring rotation
Slow R-ring rotation

Fast R-ring rotation
Slow L-ring rotation

Fast double flip
Slow R-ring rotation

Slow double flip Slow double flip Slow L-ring rotation
€3 () III )1 &1V (€30 (#1I
RO-exo RO-exo RO-ex0 RO-endo RO-exo RO-endo
@-endo @®-exo @®-endo @®-endo @®-endo @-exo
O-exo O-endo O-exo 0-ex0 O-exo O-endo

@-endo / @-exo: averaged
O-exo / O-endo: averaged

RO-endo | RO-exo: averaged 0-X0/ RO-endo: averaged

N HIV @I (&) 111 I =—— @) IV
RO-endo RO-endo  ro-endo RO-exo RO-exo RO-endo
®-cxo @®-endo ®-6x0 @-ex0 ®-ex0 @-endo
O-endo O-exo O-endo 0-endo O-endo O-exo

@-endo / @-exo: averaged
0O-exo / O-endo: averaged
two complete sets of
signals

RO-exo #RO-endo

RO-endo / RO-exo: averaged

one set of signals with
different exo and endo
signals for symmetric

RO-exo | RO-endo: averaged
one set of signals with

different signals for e
and o on the same or

e®-cxolendo # o-exo/ different side from RO

endo

D-ring (e and o)

[a] The endo or exo dispositions of the substituent for the trisubstituted
L-rings are indicated by RO-endo/exo immediately below the conforma-
tion number (I-IV) and the corresponding disposition of chemically
equivalent positions (labelled @ and unlabeled o) of the symmetrical
rings are indicated below. The lower row shows an indication of what
would be observed in the NMR spectra: @ and o averaged means that
chemically equivalent positions of the symmetric ring (R-ring in
Scheme 6) would be observed as a single signal and RO-endo #exo
means that different sets of signals would be observed for the conforma-
tions with the endo L-ring substituent and the exo L-ring substituent (fast
L ring rotation, left column). RO averaged means that the substituted L-
ring would lead to only one set of signals but a differentiation of chemi-
cally equivalent positions of R-ring would occur (center and right col-
umns)..
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served for the chemically equivalent pairs of nuclei requires
a fast exchange of their positions, thus introducing more re-
quirements into the kinematics of the system. It is interest-
ing to note that such requirements would not have been evi-
dent if we had only analysed the previously described sys-
tems with two axially symmetric rings. In the following dis-
cussion, the possible situations accounting for the observed
NMR spectra are first explored, followed by an analysis of
the NMR spectra at different temperatures, and finally, the
implications for the tubulin polymerisation inhibitory activi-
ties are discussed.

Regardless of the nature of the aromatic rings, if the three
types of ring motions shown in Scheme 6 occur rapidly on
the NMR timescale, an averaging of the signals for the four
relevant species (I-IV) and the chemically equivalent pro-
tons (in the particular case of axially symmetric rings) would
explain the simple NMR spectra observed. However, more
stringent situations could also account for the observed re-
sults.

If only two of the three motions were fast on the NMR
timescale, full agreement with the observed signal averaging
would also be produced (Table2) because the conforma-
tions (£I-+1V) rapidly exchange.

If only one of the three motions were fast on the NMR
timescale, we should observe either two different sets of sig-
nals or two different signals for chemically equivalent pairs
(Table 3 and Scheme 6). To observe a single set of signals
when unsymmetrical L-ring rotation is the only fast motion,
one of the equilibria should predominate over the other. For
the other two cases, the only explanation for a single signal
for chemically equivalent pairs of nuclei would be an acci-
dental degeneration of the signals, arising from similar
chemical environments. This explanation seems more likely
for the fast double flip because when the R-ring rotation is
the fast process the differences caused by the ring-current
effects seem to be too important to be neglected.

Similarly, eight conformational populations can be pro-
posed for the macrocyclic indole derivatives 17a (Y=H)
and 18a (Y=OMe). The eight conformations have also
been labelled I to IV preceded by their helical sign, as de-
picted in Scheme 7. Owing to the symmetry of the R-ring in
compound 18a, conformations I and III are indistinguisha-
ble, and so are Il and IV, but I-IV are different in com-
pound 17a. The same motions depicted in Scheme 5 are re-
sponsible for the conformational transitions. The same con-
siderations made for the appearance of the NMR spectra of
14a, 15a and 16a (see above) apply to 18a. For 17a, with its
two asymmetrically substituted rings, the predominating
conformational populations must exchange rapidly on the
NMR timescale to produce the observed NMR spectra.

This simplified vision of the conformational equilibria for
these compounds becomes more complex if the interactions
and movements of the bridge (3-oxapentamethylene and
hexamethylene) are taken into account. To gain deeper in-
sight into the conformational equilibria for 14a-18a and the
relative ease of the conformational exchanges involved in
the appearance of the NMR spectra, we studied these sys-

Chem. Eur. J. 2011, 17, 3406—3419
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(+)-helix Y )
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R-ring R-ring R-ring
rotation rotation rotation

I-ring
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Ind ;
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Indole-exo +HV
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o —

rotation

Indole-endo
@ -ex0

Scheme 7. Conformational equilibria for 17a (Y =H), lacking symmetric rings, and 18a (Y =OMe), with one
symmetric ring. Fast rotation of R- and/or I-rings through the macrocycle and/or double flip are required for
the appearance of chemically equivalent positions as a single signal in NMR spectra.

tems using molecular mechanics and molecular dynamics
simulations, and compared the results with those obtained
for related model systems and previously described com-
pounds.

Molecular mechanics: To establish the relevant conforma-
tions for compounds 14a-18a, Monte Carlo conformational
searches using molecular mechanics (MM3 force field with
chloroform as the solvent) were carried out.’ The confor-
mations found within 10 kJmol™' of the global minimum
were considered relevant for the conformational equilibria
studied, and automatically assigned to the conformational
classes +1 to +1V, based on the dihedral angles measured
between the ring planes and the double-bond plane (see the
Supporting Information, pp.7-8, for dihedral angles and
conformational classes definitions). Additional categories
were defined to include conformations representing states
close to transitions between two classes, such as those with
mismatched helical signs for the two aromatic rings, or those
in which the dihedral angles of one or both ring planes with
the double-bond plane are close to (+10°) the change of
quadrants (0, 90, and £ 180°).

The most stable conformations for compounds 14a and
15a belong to the +I/£III group, whereas for 16a they
belong to the £II/£IV class. The energy differences with
the alternative conformational groups are 7.3, 2.0 and
3.2 kJmol™, respectively. For 18a, despite the rigidity intro-
duced into the system by the indole ring, the situation is
similar to that of 14a and 15a, with the +1/+1II group pre-
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dominating over the +II/£IV
classes, which were 7.7 kImol™

(-+helix higher in energy. For 17a, the
'2%‘;'5;’“’ relative stabilities of I-IV were

1.1, 8.8, 0.0 and 1.7 kJmol ™, re-
spectively. For all of the com-
Ind pounds considered, conforma-
tions close to the double flip

N
(+)-helix were also frequently found.
Indole-endo .

®.ox0 Moreover, the conformations

close to ring rotations were
scarcely populated. According-
ly, we considered all of the con-
formational groups in the dis-
cussions of the conformational
equilibria (see the Supporting

R-ring
rotation

(-)-helix .
Indole-exo Information, p 9, for a summary
® -cx0 of the conformations found for

17a and 18a
Carlo searches).

in the Monte

(+)-helix The X-ray crystal structure
ndole-endo obtained for olefin  18a

(Figure 1) shows the —I/—III
conformation in the solid state,
in good agreement with the cal-

ol A
g Y
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Figure 1. Structure obtained by X-ray diffraction of crystals of olefin 18a.
Ellipsoids are shown at the 30 % probability level.®!

culations. These conformations also show dihedral angles
between the planes of both rings and a double bond similar
to that found in stilbene.**"

Molecular dynamics: The conformational behaviour of these
macrocyclic stilbenes was investigated by means of molecu-
lar dynamics (MD) simulations at virtual temperatures of
300, 400, 600, 1000, 1200 and 1500 K, with simulation times
of 3 ns (see the Supporting Information, pp. 12-17). The mo-
tions of the hexamethylene- and 3-oxapentamethylene
spacers and the aromatic rings in the resulting trajectories
were analysed in the same way as the results of the Monte
Carlo conformational searches. When the observed confor-
mational class changes were assignable to a single ring rota-
tion, as depicted in Schemes 6 and 7, the transitions were la-
belled accordingly (e.g., if along the trajectory for 18a, a
conformation belonging to class +III was followed by an-
other belonging to —I, such a transition was labelled as
indole-ring rotation, according to the upper row of
Scheme 7). When more than one transition had to be in-

— 3411

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

M. Medarde, R. Peléez et al.

A EUROPEAN JOURNAL

voked to explain the changes, no attempt was made to
assign the motions involved.

For comparative purposes, identical simulations were car-
ried out on XIX and XX, non-macrocyclic analogues of 17a
and 18a, in which the hexamethylene spacers had been re-
placed by two methyl groups (see the Supporting Informa-
tion, pp. 10-11, for the calculated simulations). The latter
analogue is a very potent inhibitor of tubulin polymeri-
sation, comparable with combretastatin A-4.171 At 300 K,
both non-macrocyclic analogues sample all of the conforma-
tional populations (+I to +IV); the I/III group is more
populated than the II/IV group for both compounds. These
preferences can be explained first in terms of the higher sta-
bility of endo rather than exo-methoxy groups (e.g., III is
more stable than I for XIX) and, second, by a disfavoured
simultaneous endo disposition of both the methoxy and
indole (pyrrole moiety) substituents (II less favoured). At
300 K, conformations close to transitions between I and 1V
are also observed; the commonest ones are those corre-
sponding to ring rotations. These conformations, stabilised
by conjugation of the rotating ring with the double bond,
were rarely observed for the macrocyclic analogues (see
below), probably due to unfavourable contacts with the
spacer. With the simulation lengths employed, it is already
apparent that the compound with two methoxy groups meta
to the olefinic bridge presents more difficulties for the rota-
tion of the other ring (indole). As expected, simulations at
higher temperatures led to more conformations apart from I
to IV and to more conformational transitions. However, the
relative populations of the conformational groups and tran-
sition frequencies were conserved.

/ /
r“ ) (0
l !

N o N —0 o
\ / /

XIX U xx

The molecular dynamics simulations at 300-600 K for the
macrocyclic compounds 14a-18a are very similar to one an-
other. For all of them, the only observed transitions were
double flips. For each compound, the relative stabilities of
the conformations determined their populations in the mo-
lecular dynamics trajectories. Unlike the non-macrocyclic
cases described above, the preferred conformations for 14a-
16a were those with an exo disposition of the substituent of
the trisubstituted ring, due to unfavourable interactions of
the endo ring substituents with the spacer. The situation is
also similar for indolic macrocycles 17a and 18a, with con-
formation I predominating over II. The preference for an
exo disposition of the methoxy groups explains the greater
energy difference for the two conformations found in the
former than in the latter. Intermediate conformations corre-
sponding to double flips were also frequently found along
the trajectories.

As expected, simulations carried out at higher tempera-
tures (1200 and 1500 K) revealed an increased frequency of
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the conformations corresponding to transitions among con-
formations I-IV. However, the conformations observed for
compounds 14a, 15a, 17a and 18a are the same as those at
300 K. The most remarkable difference was observed for
compound 16a at 1200 K (Figure 2). During the 3 ns simula-

-1V

Figure 2. Conformations found along the trajectories of the molecular dy-
namics simulations for olefins 15a (top) and 16a (bottom) at 1200 K. For
the latter, the trisubstituted ring rotation is evidenced by the upper to
lower half crossover.

tion, double flips were often observed within the III/—IV
conformational ensemble, followed by a transition from the
III/-1IV to the —I/II ensemble, and later by a reversal of the
process. Experimental support for this result was provided
by the ®C NMR spectra for compound 15a, which showed
two signals for each pair of equivalent carbon atoms of the
disubstituted phenyl ring (Figure 3, on the left), whereas
only one signal for each pair of equivalent carbon atoms of
the disubstituted phenyl ring was observed for 16a
(Figure 3, on the right), according to the ease of exchange
between conformational ensembles.

The situation described for the 15a and 16a pair is analo-
gous to the case of related macrocyclic diols, in which ring
flipping was observed for a para-disubstituted phenyl
ring."™ However, in the present case, the observed ring flip
was not for the disubstituted phenyl, but for the trisubstitut-
ed one (Figure 4). This observation suggests that in these
systems the interaction of the substituents on the phenyl
rings with the spacer can determine the ease of rotation of
the other ring. In good agreement with this observation,
shortening of the spacer from a hexamethylene to a 3-oxa-
pentamethylene hindered ring rotation for 15a; this is re-
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Figure 3. ®C NMR (50.3 MHz) spectra for compounds 15a (left) and 16a
(right). The chemically equivalent methines occurring as a single signal
for 16a and as two signals for 15a are indicated by arrows.
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Figure 4. Dihedral values between the ring planes and the double-bond
plane along the trajectories of the molecular dynamics simulations for
olefin 16a at 1200 K. The dihedral values for the trisubstituted phenyl
ring are shown on the top, whereas those for the disubstituted phenyl
ring are shown on the bottom, showing the rotation of the former during
the molecular dynamics trajectory.

sponsible for signal differentiation for equivalent carbon
atoms. The introduction of more substituents on the phenyl
rings, such as in 14a, or the more rigid indole ring of 17a
and 18a also prevented ring rotations.

Conformational behaviour at room temperature: All of the

macrocyclic olefins described herein (14a-18a) show NMR
spectra with a single set of signals where the exchangeable
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nuclei resonate isochronously, except for 15a and 18a,
which produced broadened signals (for 15a, duplicated sig-
nals are displayed in the C NMR for the disubstituted sym-
metric ring). As discussed above, this situation can be ex-
plained if rapid interconversion between conformations I-
IV occurs; rapid rotations are required for at least two of
the three movements taken into account during the confor-
mational analysis.

The observed spectra and the molecular mechanics and
dynamics results are summarised in Table 4, according to
the following rules:

1) Inspection of the molecular dynamics simulations of the
macrocycles suggests that the double flip is always the
fastest, whereas one ring rotations are preferred in open
stilbene-like compounds (XIX, XX and reference [26b]).
It also suggests how easy the other motions are (always
slower than the double flip).

2) The larger hexamethylene spacer allows faster ring rota-
tions (disubstituted or trisubstituted) passing hydrogen
atoms through the intra-anular space. This is the case for
olefin 16a, with two fast motions (double flip and L-ring
rotation).

3) The shorter 3-oxapentamethylene spacer reduces the
intra-anular space and hinders ring rotations of passing
hydrogen atoms through it. Only the double flip is fast
on the NMR spectroscopy timescale and broadened sig-
nals (duplicated in the C NMR spectra) are observed
for olefin 15a.

4) The rigidity introduced by the indole N—C bond slows
down motions and causes the line broadening observed
for the signals of the other (symmetric) ring in com-
pound 18a.

5) The appearance of only one set of signals in the case of
17a must be explained by a slowed down motion and the
predominance of one conformation (on the contrary, line
broadening of two sets of signals would be observed).
Conformation —I is the most populated one in the mo-
lecular dynamics.

Variable-temperature (VT) 'HNMR spectroscopy: Al-
though the room temperature NMR spectra for all the ole-
fins are simple, the molecular mechanics models and the
molecular dynamics simulations suggest that, at least, one-
ring flips should be activated processes. VT '"H NMR spec-
troscopic studies of olefins 14a-16a in CD;OD between 223
and 323 K in 10 K steps revealed complex kinematics. In all
the cases, the observed coalescence processes are consistent
with the freezing of one-ring rotations at lower tempera-
tures.®™” These observations agree with the MD simulations,
which pinpoint this motion as the slower of the fast ones on
the NMR spectroscopy timescale. The effects of this freezing
are most diagnostic for the signals of the other aromatic
ring.

Olefins 15a and 16a, differing only in the spacer (3-oxa-
pentamethylene and hexamethylene, respectively), behaved

— 3413

www.chemeurj.org


www.chemeurj.org

CHEMISTRY

M. Medarde, R. Peléez et al.

A EUROPEAN JOURNAL

Table 4. Summary of ease of rotations: double flips and ring rotations for olefins 14a-18a compared with the
observed NMR spectra and explained according to molecular dynamics calculations.

conformers in a ratio of about
7:3 ratio. The most affected sig-

nals were those corresponding
to the aromatic protons and the

Double L-ring rota-  R-ring rota- NMR spec-  Origin Explanation
flip tion tion tra
14a +++ + no one set averaged, fast exchange two fast mo-
tions
15a +++ +/— no one set!?! intermediate exchange shorter spacer
16a +++ + + one set averaged, fast exchange two or three
motions
17a +++ +/— +/— one set slow exchange, rigid indole
one conformation predomi-
nates
18a +++ +/— no one setl! intermediate exchange rigid indole

methoxy group of the monome-
thoxylated phenyl ring. Again,
the magnitude of the chemical
fast shift differences for the residual
conformers could be assigned
to the anisotropic field effect of
the indole ring. In the minor
conformer (belonging to confor-

[a] Signals are broadened.

in accordance with their expected different difficulty in let-
ting the ring planes pass through the intra-annular cavity.
Olefin 15a, with the smaller cavity, already showed a sub-
stantial broadening of the signals integrating two protons of
the axially symmetric ring (R ring in Scheme 6, Y=H) at
room temperature. At lower temperatures, each broadened
signal gave rise to two new ones that integrated to one
proton each, in agreement with slower L-ring rotation. The
chemical shift difference between each one of the pair of
newly generated signals (ca. 0.3 ppm) could be assigned to
the anisotropic field effect of the methoxy group on the op-
posite phenyl ring because the field effect due to the ring
current should still have been averaged by the double flip.
For 16a, the larger intra-annular space gave rise to narrow,
averaged signals at room temperature. A decrease in tem-
perature resulted in substantial line broadening of the sig-
nals of the axially symmetric ring, which were no longer ob-
served below 233 K. Similar behaviour was observed for
14a.

Olefin 18a followed the guidelines indicated for 15a, with
a similar temperature dependency. The aromatic and me-
thoxy protons of the dimethoxy-substituted phenyl ring
were broadened and signal averaged at room temperature
and they were not observable at 273 K. They reappeared
and progressively sharpened up as two new pairs of signals
from 263 down to 213 K. In this case, the chemical shift dis-
persion of about 1 ppm between the chemically equivalent
proton pairs could be assigned to the anisotropic field effect
of the indole ring, whose frozen rotation reveals the pre-
dominance of the endo (I and III) versus exo (II and IV)
conformations, connected by fast double flips.

Olefin 17a does not have an axially symmetric ring, which
precludes the observation of mutual exchange behaviour as
described above. On the contrary, it shows a non-mutual ex-
change, resulting from the freezing of the same processes as
before. The observed temperature dependency is in between
that of 15a and that of 16a. Signal averaging was observed
at room temperature and a single residual conformer was
seen, the signals of which became substantially line broad-
ened between 273 and 253 K. They were unobservable down
to 233 K and reappeared as two new pairs of broadened sig-
nals at 213 K, which corresponded to two different residual
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mation-type III in Scheme 7,
Y =H), the methoxy group and
its ortho proton were upfield
shifted with respect to those of
the major conformer, which corresponded to conformation I
in Scheme 7. The large chemical shift difference suggested a
minor, if any, contribution of conformations II and IV to the
overall equilibrium. These results are in full agreement with
the results of the molecular mechanics for 17a and the non-
macrocyclic analogue XIX, previously discussed.

Tubulin polymerisation inhibition: These macrocyclic stil-
benes are the first of their class to show tubulin polymeri-
sation inhibition (TPT) (Table 5).") Comparison of the ac-

Table 5. Tubulin polymerisation inhibitory activity of the macrocyclic
olefins 14a-18a.1"!

Compound TPI [%] (¢ [uM])
XXI'12! 60 (40)
14a 0 (40)
15a 44 (20)
16a 48 (20)
17a 19 (20)
18a 44 (20)

[a] XXI =stilbenophane (Z=CH,-CH,) in Scheme 1.

cessible conformations for the macrocyclic ligands 14a-18a
with the X-ray crystal structures of podophyllotoxin and
DAMA-colchicine complexed with tubulin® revealed that
the relevant ones are +1 and/or +III (Figure 5). The TPI
assays were carried out at 37 °C with incubation times of mi-
nutes or more. By taking into account the dynamic behav-
iour shown by the olefins, conformational equilibration
should not then be an issue. Therefore, the similar confor-
mations adopted by 15a and 16a lead to similar TPI poten-
cies, despite their different dynamic behaviour. Further-
more, for all of the studied olefins, conformational classes 1/
IIT are the more stable ones. Accordingly, the observed dif-
ferences in potency should be explained by considering the
structures of the favoured conformations.

The great structural similarity observed among the macro-
cyclic stilbenes indicates differences in the substituents to
explain the differences in potency. First of all, the similar be-
haviour of 15a, 16a and XXI, the olefin with one more me-
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Figure 5. Superposition of podophyllotoxin (carbon atoms shown in
green), XX (carbon atoms shown in grey) and 18a (carbon atoms shown
in pink). The structure of podophyllotoxin was obtained by X-ray crystal
structure analysis.”? The structures of XX and 18a were generated by
docking with Autodock 4.0, following a described procedure.’? Com-
pounds 18a and XX belong to the conformational class +1/41II.

thoxy group (the macrocyclic equivalent of deoxyCA-4),
should not pass unnoticed. This is the first case of the re-
placement of the trimethoxyphenyl ring of combretastatin
analogues (the central methoxy group of the dimethoxylated
ring of the macrocyclic olefins is represented by the spacer)
by a moiety with one less methoxy group without severe re-
ductions in potency. This observation suggests a favourable
replacement of such a moiety by the spacer, as we had pre-
viously anticipated.['>*

On the other hand, for the indolic analogues, the macro-
cycle with a single methoxy group (17a) is less potent than
the dimethoxylated counterpart (18a). The rigidity of the
indole forces the spacer of the +I/III conformations of the
indolic olefins towards the opposite side of the methoxy
group that lies under the phenyl ring of the indole in the
complex with tubulin (Figure 5). In the more flexible phe-
nylic olefins it can go more along the double-bond plane,
thus replacing the aforementioned methoxy group. This sug-
gestion is supported by the X-ray crystal structure of E7030
complexed with tubulin, which shows that the inner me-
thoxy group can be replaced by a hydrogen atom in pyri-
dine-based colchicine site ligands.”™® This observation is im-
portant for the establishment of consistent structure—activity
relationships for colchicine site ligands because the tri-
methoxyphenyl ring has often been seen as a requirement in
some families of analogues and is absent in other families.

The lack of activity observed for 14a, which had higher
structural resemblance to combretastatin A-4 than 15a and
16a, could also be explained by a preferential binding of
conformational classes +1 and/or +III. If the spacer, as
stated above for the indolic macrocycles, fills the concave
side of the molecule, the hydroxyl group must point towards
the convex side of the molecule. The lack of activity ob-
served for 14a, thus arises again from the departure of the
spacer from the plane of double bond, as previously indicat-
ed for indoles.
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These compounds were tested against HelLa, HT-29, A-
549 and HL-60 cell lines, but they were not cytotoxic at the
concentrations of <1 um assayed (higher concentrations
were not used owing to solubility problems).

Conclusion

The synthesis of new stilbenophanes has been accomplished
by using the McMurry methodology to produce analogues
of antimitotic combretastatins. The presence of a bridge be-
tween para—para positions modifies the dynamics of these
molecules in comparison with those of non-macrocyclic stil-
bene analogues. Conformational analysis of these com-
pounds was carried out by taking into account ring flips,
ring rotations and the effect of the bridge; these results
were in agreement with the molecular calculations and
NMR spectra. These macrocyclic analogues are the first of
their class to inhibit tubulin polymerisation, giving a further
insight into the structural requirements of the colchicines
site of tubulin. The activity results for these macrocycles
have been rationalised in terms of mobility and steric hin-
drance.

Experimental Section

General: Reagents were used as purchased without further purification.
Solvents (THF, DMF, CH,Cl,, and toluene) were dried and freshly dis-
tilled before use according to procedures described in the literature.
Chromatographic separations were performed on silica-gel columns by
flash (Kieselgel 40, 0.040-0.063; Merck) or gravity (Kieselgel 60, 0.063—
0.200 mm; Merck) chromatography. TLC was performed on precoated
silica-gel polyester plates (0.25 mm thickness) with a UV fluorescence in-
dicator 254 (Polychrom SI F,s,). Melting points were determined on a
Buchi 510 apparatus and are uncorrected. "H and *C NMR spectra were
recorded in CDCl; at 25°C on a Bruker WP 200-SY spectrometer at 200/
S50 MHz or on a Bruker SY spectrometer at 400/100 MHz. Chemical
shifts (0) are given in ppm downfield from tetramethylsilane as the inter-
nal standard and coupling constants (J values) are in hertz. IR spectra
were run on a Nicolet Impact 410 spectrophotometer. GC-MS analyses
were carried out with a Hewlett—-Packard 5890 Series II apparatus
(70 eV). For FAB HRMS analyses, a VG-TS250 apparatus (70 eV) was
used. HPLC separations were run on at least three different columns
(5 mm, 4.6x150 mm): Waters X-Terra MS C;, Waters X-Terra MS Cg
and Waters X-Terra MS Cr on an Agilent HP series 1100 with at least
two different solvent gradients (typically acetonitrile/water or methanol/
water). Elemental analyses were run on a Perkin—Elmer 2400 CHN appa-
ratus.

Compounds 1-3 were obtained as previously described,'” whereas inter-
mediates 4--11 were produced by the Mitsunobu method, phase transfer
or direct alkylations, by following the procedures described below.

General procedure for the Mitsunobu reactions producing dialdehydes
4--6: A mixture of the hydroxy aldehyde (1--3), the PPh; resin (0.76—
1.01 mol/mol of aldehyde, except for the synthesis of 4, 2.32 mol/mol of
1), and the phenolic aldehyde (0.96-1.50 mol/mol of aldehyde, except for
the synthesis of 4, because a large excess of 3.42 mol of 3,4-dihydroxy-
benzldehyde/mol of 1 was used to avoid dialkylations) in dry CH,Cl, (8-
19 mL/mmol of aldehyde) was stirred for 1-3 h before the slow addition
of DBAD or DIAD (0.76-1.01 mol/mol of aldehyde; in the synthesis of
4, 2.31 mol of DBAD/mol of 1 were used) at RT. After 48 h the reactions
were filtered and the resin was washed with EtOAc. The combined or-
ganic layers were evaporated, dissolved in EtOAc and washed with
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NaOH (4%) and brine until the pH of the solution was neutral. Once
dried and evaporated, the crude reaction products were purified by flash
chromatography (hexane/EtOAc mixtures).

Compound 4: '"HNMR (400 MHz): 0 =3.86-3.88 (m, 2H; CH,), 3.91 (s,
6H; 2x CHy), 3.97-3.99 (m, 2H; CH,), 430-4.32 (m, 4H; 2x CH,), 6.99
(d, J=79 Hz, 1H; Ar-H), 7.37 (d, /=18 Hz, 1H; Ar-H), 7.41-7.43 (m,
1H; Ar-H), 7.42 (s, 2H; Ar-H), 9.84 (s, 1H; CHO), 9.86 ppm (s, 1H;
CHO); BCNMR (100.6 MHz): 6=56.5 (2xCH,), 69.5 (2xCH,), 71.0
(CH,), 72.6 (CH,), 107.0 (CH), 113.3 (CH), 1153 (CH), 1242 (CH),
1313 (C), 13222 (C), 142.7 (C), 147.5 (C), 151.6 (C), 154.0 2x C), 191.4
(CH), 191.4 ppm (CH); FTIR: 7=3341, 1689, 1607, 1507, 1127 cm™".
Compound 5: '"HNMR (400 MHz): 6 =1.59-1.61 (m, 4H; 2x CH,), 1.79-
1.81 (m, 4H; 2xCH,), 3.91 (s, 6H; 2x CHy), 3.99-4.01 (m, 2H; CH,),
4.09-4.10 (m, 2H; CH,), 6.95 (d, /=83 Hz, 1H; Ar-H), 7.12 (s, 2H; 2x
CH), 740 (d, J=8.3 Hz, 1H; Ar-H), 7.43 (brs, 1H; Ar-H), 9.82 (s, 1H;
CHO), 9.86 ppm (s, 1H; CHO); *CNMR (100.6 MHz): =255 (2x
CH,), 28.8 (CH,), 30.0 (CH,), 56.1 (2xCH,), 69.5 (CH,), 732 (CH,),
106.7 (2x CH), 111.1 (CH), 114.0 (CH), 124.6 (CH), 130.1 (C), 131.5 (C),
142.8 (C), 1428 (C), 151.9 (2xC), 153.3 (C), 171.2 (C), 191.1 (CH),
191.1 ppm (CH); FTIR: ¥ =3309, 2276, 1688, 1508, 1127 cm ™.

Compound 6: '"HNMR (400 MHz): 6=3.65 (s, 3H; CH;), 3.73-3.77 (m,
4H; 2x CH,), 3.98-4.06 (m, 4H; 2x CH,), 6.78 (d, /=8.8 Hz, 2H; 2x
CH), 7.16-7.20 (m, 3H; Ar-H), 7.59 (d, J=8.8 Hz, 2H; 2x CH), 9.61 (s,
1H; CHO), 9.64 ppm (s, 1H; CHO); "CNMR (100.6 MHz): 6=55.7
(CHs;), 67.7 (CH,), 68.4 (CH,), 69.5 (2xCH,), 109.3 (CH), 111.8 (CH),
114.8 (2xCH), 126.4 (CH), 129.9 (C), 130.1 (C), 131.8 (2xCH), 149.7
(©), 153.7 (C), 163.7 (C), 190.7 (CH), 190.9 ppm (CH); FTIR: v=1683,
1595, 1511, 1268, 1132 cm™".

Phase-transfer synthesis of 7: Vanillin (5.52 g, 36.3 mmol), NaOH (2.27 g,
56.8 mmol), 1,6-dibromohexane (12.0 mL, 19.0 g, 78.0 mmol) and tetrabu-
tylammonium bromide (1.90 g, 5.89 mmol) were added to a heterogene-
ous mixture of CH,Cl, (190 mL) and water (190 mL). The reaction was
stirred for 48 h., separated and the aqueous layer extracted with CH,Cl,.
The combined organic layers were successively washed with NaOH (4 %)
and brine, dried (Na,SO,) and evaporated. After column chromatography
(SiO,) with hexanes and CH,Cl,, bromoaldehyde 7 (8.13 g, 25.8 mmol,
71%) was obtained as a brown solid, which was crystallised in CH,Cl,/
hexane. M.p. 45°C; '"H NMR (400 MHz): 6 =1.55-1.57 (m, 4H; 2x CH,),
1.86-1.93 (m, 4H; 2xCH,), 3.40 (t, J=6.6 Hz, 2H; CH,), 3.89 (s, 3H;
CH,); 4.08 (t, J=6.6 Hz, 2H; CH,), 6.94 (d, /=8.0Hz, 1H; Ar-H), 7.38
(d, J=1.8Hz, 1H; Ar-H), 7.41 (dd, /=1.8, 8.0 Hz, 1H; Ar-H), 9.81 ppm
(s, 1H; CHO); “"C NMR (100.6 MHz): 6=25.1 (CH,), 27.8 (CH,), 28.7
(CH,), 32.6 (CH,), 33.8 (CH,), 55.9 (CH,), 68.8 (CH,), 109.2 (CH), 111.4
(CH), 126.6 (CH), 129.8 (C), 149.7 (C), 154.0 (C), 190.7 ppm (CHO);
FTIR: 7=1684, 1589, 1511, 1269, 1134 cm™'; MS: m/z (%): 314 (4), 316
(4) [M™], 152 (100).

Direct alkylation synthesis of 8: A solution of p-hydroxybenzaldehyde
(1.22 g, 10.0 mmol), K,CO; (4.84 g, 35.0 mmol) and bromoaldehyde 7
(2.07 g, 6.57 mmol) in dry DMF (30 mL) was maintained for 48 h at 60°C
under argon. The solvent was evaporated in vacuo and the crude reaction
mixture was extracted with CH,Cl, and 2N HCI, and the organic layer
was washed with brine and dried. By column chromatography (SiO,)
using CH,Cl,/AcOEt (10:1) and 1% of triethylamine (TEA), dialdehyde
8 (1.08 g, 3.03 mmol; 46 %) was obtained as a white solid, which was re-
crystallised in CH,Cl,/hexane. M.p. 78°C; '"H NMR (400 MHz): 0 =1.48—
1.51 (m, 4H; 2xCH,), 1.77-1.80 (m, 4H; 2xCH,), 3.86 (s, 3H; CHs),
3.96-4.07 (m, 4H; 2xCH,), 6.92 (d, J=8.0Hz, 1H; Ar-H), 6.93 (d, /=
8.8Hz, 2H; 2x Ar-H), 7.35 (d, /=18 Hz, 1H; Ar-H), 7.38 (dd, /=1.8,
8.0Hz, 1H; Ar-H), 7.76 (d, J=88Hz, 2H; 2x Ar-H), 9.78 (s, 1H;
CHO), 9.81 ppm (s, 1H; CHO); "CNMR (100.6 MHz): 6=25.8 (2x
CH,), 289 (2xCH,), 56.0 (CH,), 68.2 (CH,), 68.9 (CH,), 109.3 (CH),
1114 (CH), 114.8 (2xCH), 126.8 (CH), 129.8 (C), 130.0 (C), 132.0 (2x
CH), 149.8 (C), 154.1 (C), 161.2 (C), 190.8 (CHO), 190.9 ppm (CHO);
FTIR: 7=1683, 1596, 1511, 1267, 1160, 1135, 1012 cm™"; MS: m/z (%):
356 (65) [M*], 152 (100).

Phase-transfer synthesis of 9: By following the procedure described
above, 1H-indole-5-carbaldehyde (2.00 g, 13.80 mmol), NaOH (1.10 g,
27.60 mmol) and tetrabutylammonium hydrogen sulfate (200 mg,
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0.59 mmol) in CH,Cl, (40 mL) were stirred for 1 h, after which 1,6-dibro-
mohexane (4.25 mL, 6.74 g, 27.60 mmol) was added and the mixture was
maintained for 48 h at RT The crude product was extracted from a SiO,
column with hexane and CH,Cl, to yield bromoaldehyde 9 (3.04 g,
9.90 mmol, 71.7%). '"HNMR (200 MHz): 6=1.28-1.32 (m, 2H; CH,),
1.36-1.38 (m, 2H; CH,), 1.76-1.78 (m, 2H; CH,), 1.80-1.82 (m, 2H;
CH,), 3.32 (t, J=6.6 Hz, 2H; CH,), 4.09 (t, /=7.0 Hz, 2H; CH,); 6.62 (d,
J=33Hz, 1H; Ar-H); 7.15 (d, J=3.3 Hz, 1H; Ar-H), 7.37 (d, /=8.4 Hz,
1H; Ar-H), 7.74 (dd, /=84, 1.5 Hz, 1H; Ar-H), 8.10 (d, J=1.5Hz, 1H;
Ar-H), 9.99 ppm (s, 1H; CHO); *CNMR (50.3 MHz): 6=26.1 (CH,),
27.7 (CH,), 30.1 (CH,), 32.6 (CH,), 33.8 (CH,), 46.5 (CH,), 103.4 (CH),
110.0 (CH), 121.7 (CH), 126.5 (CH), 1284 (C), 129.3 (C), 129.9 (CH),
139.3 (C), 192.4 ppm (CH).

Direct alkylation synthesis of 10: A solution of vanillin (1.72 g,
11.30 mmol) and K,CO; (10.00 g, 7.25 mmol) in dry DMF (40 mL) was
stirred for 0.5 h. Then, bromoaldehyde 9 (2.90 g, 9.44 mmol) in DMF
(10 mL) was added and the reaction was maintained for 48 h at 70°C
under argon. The mixture was poured into hexane (150 mL), filtered, and
the solvent was evaporated in vacuo. The crude reaction mixture was re-
dissolved in CH,Cl,, washed with NaOH (4 %) and brine, and evaporated
to yield dialdehyde 10 (3.41 g, 9.34 mmol; 98%). '"H NMR (400 MHz):
0=1.35-1.43 (m, 2H; CH,), 1.45-1.47 (m, 2H; CH,), 1.82-1.84 (m, 2H;
CH,), 1.85-1.87 (m, 2H; CH,), 3.89 (s, 3H; CHj;), 4.05 (t, /=6.6 Hz, 2H;
CH,), 4.17 (t, J=7.0 Hz, 2H; CH,), 6.62 (d, /=33 Hz, 1H; Ar-H), 6.91
(d, /=84 Hz, 1H; Ar-H), 7.18 (d, /=33 Hz, 1H; Ar-H), 7.39-7.43 (m,
3H; Ar-H), 7.70 (dd, /=8.4, 1.4 Hz, 1H; Ar-H), 813 (d, /=1.4, 1H; Ar-
H), 9.83 (s, 1H; CHO), 10.00 ppm (s, 1 H; CHO); *C NMR (100.6 MHz):
0=254 (CH,), 26.4 (CH,), 28.7 (CH,), 30.0 (CH,), 46.3 (CH,), 55.8
(CH;), 68.7 (CH,), 103.2 (CH), 109.3 (CH), 110.0 (CH), 111.4 (CH),
121.5 (CH), 126.4 (CH), 126.6 (CH), 128.3 (C), 129.2 (C), 129.8 (CH),
129.8 (C), 139.2 (C), 149.7 (C), 154.0 (C), 190.7 (CH), 192.2 ppm (CH);
FTIR: ¥=1693, 1596, 808, cm .

Direct alkylation synthesis of 11: A solution of syringaldehyde (2.16 g,
11.87 mmol) and K,CO; (10.00 g, 7.25 mmol) in dry DMF (40 mL) was
stirred for 0.5 h. Then, bromoaldehyde 9 (3.05¢g, 9.89 mmol) in DMF
(10 mL) was added and the mixture was maintained for 48 h at 70°C
under argon. The mixture was poured into hexane (150 mL), filtered and
the solvent was evaporated in vacuo. The crude reaction mixture was re-
dissolved in CH,Cl,, washed with NaOH (4 %) and brine, and evaporated
to yield dialdehyde 11 (3.30 g, 8.35 mmol; 85%). '"H NMR (400 MHz):
0=1.20-1.22 (m, 2H; CH,), 1.40-1.43 (m, 2H; CH,), 1.64-1.67 (m, 2H;
CH,), 1.71-1.74 (m, 2H; CH,), 3.71 (s, 6H; 2x CH3;), 3.91-3.95 (m, 2H;
CH,), 3.98-4.01 (m, 2H; CH,), 6.48 (d, /=33 Hz, 1H; Ar-H), 6.97 (s,
2H; 2x Ar-H), 7.07 (d; J=3.3 Hz, 1H; Ar-H), 7.26 (d, J=84 Hz, 1H;
Ar-H), 761 (d, J=8.4Hz, 1H; Ar-H), 7.96 (s, 1H; Ar-H), 9.70 (s, 1H;
CHO), 9.85 ppm (s, 1H; CHO); "CNMR (100.6 MHz): 6 =25.4 (CH,),
26.5 (CH,), 29.9 (CH,), 30.2 (CH,), 46.5 (CH,), 56.1 (2xCHs), 73.2
(CH,), 103.2 (CH), 106.6 (2xCH), 110.0 (CH), 121.4 (CH), 126.4 (CH),
1282 (C), 129.1 (C), 129.9 (CH), 131.6 (C), 139.2 (C), 142.7 (C), 153.8
(2xC), 191.1 (CH), 192.3 ppm (CH).

General procedure for McMurry reactions: Mixtures of TiCl, 98% (5-
10 mol/mol of dialdehyde) and Zn (10-20 mol/mol of dialdehyde) in dry
THF (20-100 mL/mmol of dialdehyde) were prepared at 0°C and heated
at reflux for 30 min. Then, solutions of dialdehydes (4, 5, 6, 8, 10 or 11)
in dry THF (20-40 mL/mmol of dialdehyde) were added and maintained
at either room temperature or under reflux conditions. The reactions
were poured into mixtures of EtOAc and 2m HCI; the aqueous layer was
extracted and the combined organic layers were worked up. Olefins were
separated by chromatography (SiO,, hexane/EtOAc mixtures with 0.1 %
triethylamine). For details about temperature, time, crude product and
isolated yields, see Table 1.

Reaction of dialdehyde 4 (Table 1, entry 1): By treatment of dialdehyde 4
(260 mg, 0.6 mmol) with a mixture of Zn (430 mg, 6.6 mmol) and TiCl,
(0.4 mL, 3.5 mmol) in THF (25 mL) under reflux for 5 h, the crude reac-
tion product (245 mg) was obtained after the described workup. Olefin
13a was not detected in the crude reaction mixture, which contained a
mixture of diols 13b and 13c.
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Reaction of dialdehyde 5: Synthesis of olefin 14a (Table 1, entry 2): By
treatment of dialdehyde 5 (800 mg, 2.0 mmol) with a mixture of Zn
(1300 mg, 20.0 mmol) and TiCl, (1.1 mL, 9.7 mmol) in THF (130 mL)
under reflux for 24 h, the crude reaction product (785 mg) was obtained
after the described workup. Chromatographic separation afforded 14a
(290 mg, 0.80 mmol, 40%). '"H NMR (400 MHz): § =1.1-1.6 (m, 8H; 4x
CH,), 3.65 (s, 6H; 2x CHj;), 4.11-4.08 (m, 4H; 2x CH,), 6.13 (s, 2H; 2x
Ar-H), 6.20 (dd, /=1.9, 8.4 Hz, 1H; Ar-H), 6.51 (d, /=84 Hz, 1H; Ar-
H), 6.70 (d, /=19Hz, 1H; Ar-H), 6.88 ppm (brs, 2H; 2xOlef-H);
BCNMR (100.6 MHz): 6=26.5 (CH,), 27.0 (CH,), 29.6 (CH,), 30.0
(CH,), 55.8 (2x CH3), 69.8 (CH,), 71.6 (CH,), 106.8 (2x CH), 114.3 (CH),
1154 (CH), 121.8 (CH), 133.1 (C), 133.3 (CH), 133.7 (CH), 134.0 (C),
132.8 (C), 142.1 (C), 142.5 (C), 152.6 ppm (2xC); FTIR: ¥=3420, 1580,
1503, 1123 cm ™.

Reaction of dialdehyde 5 (Table 1, entry 3): By treatment of dialdehyde 5
(315 mg, 0.8 mmol) with a mixture of Zn (523 mg, 8.0 mmol) and TiCl,
(0.5 mL, 4.4 mmol) in THF (25mL) at 0°C for 5h, the crude reaction
product (370 mg) was obtained after the described workup. Olefin 14a
was not detected in the crude reaction mixture and the mixture (14b/14¢
1/3) could not be separated by chromatography.

Reaction of dialdehyde 6: Synthesis of olefin 15a (Table 1, entry 4). By
treatment of dialdehyde 6 (640 mg, 1.86 mmol) with a mixture of Zn
(3820 mg, 58.4 mmol) and TiCl, (2.0 mL, 18.2 mmol) in THF (300 mL) at
reflux for 24 h, the crude reaction product (580 mg) was obtained after
the described workup. Chromatographic separation afforded 15a (87 mg,
0.28 mmol, 15%) and diols 15b and 15¢. 15a: '"H NMR (400 MHz): 6 =
3.55-3.58 (m, 4H; 2xCH,), 3.66 (s, 3H; CH;), 4.23-4.26 (m, 4H; 2x
CH,), 6.26 (dd, J=8.5, 1.8 Hz, 1H; Ar-H), 6.27 (d, /=18 Hz, 1H; Ar-
H), 6.5-6.7 (m, 4H; Ar-H), 6.69 (d, J=8.5Hz, 1H; Ar-H), 6.97 (d, /=
10.0 Hz, 1H; Olef-H), 7.00 ppm (d, J=10.0, 1H; Olef-H); *C NMR
(100.6 MHz): 0=55.5 (CH;), 68.0 (CH,), 72.0 (CH,), 72.4 (CH,), 72.5
(CH,), 113.9 (CH), 115.0 (CH), 115.7 (CH), 118.5 (CH), 122.6 (CH),
130.0 (CH), 130.8 (CH), 131.7 (C), 1342 (C), 1344 (2xCH), 146.9
(C),150.3 (C), 157.1ppm (C); FTIR: v=1609, 1505, 1262, 1228,
1118 cm ™.

Reaction of dialdehyde 8: Synthesis of olefin 16a (Table 1, entry 5): By
treatment of dialdehyde 8 (850 mg, 2.39 mmol) with a mixture of Zn
(4600 mg, 70.3 mmol) and TiCl, (2.7 mL, 24.6 mmol) in THF (300 mL)
under reflux for 24 h, the crude reaction product (670 mg) was obtained
after the described workup. Chromatographic separation afforded 16a
(52 mg, 0.16 mmol, 7%). '"H NMR (400 MHz): 6 =1.29-1.21 (m, 4H; 2x
CH,), 1.46-1.39 (m, 4H; 2x CH,), 3.71 (s, 3H; CHj), 4.05 (t, /=7.8 Hz,
2H; CH,), 4.11 (t,J=7.5Hz, 2H; CH,), 6.25 (dd, /=8.2, 1.9 Hz, 1 H; Ar-
H), 6.52 (d, J=1.9Hz, 1H; Ar-H), 6.56 (d, J=82Hz, 1H; Ar-H), 6.62
(d, /=8.6 Hz, 2H; 2x Ar-H), 6.77 (d, J=8.6 Hz, 2H; 2x Ar-H), 6.84 (d,
J=10.8Hz, 1H; Olef-H), 6.87ppm (d, J=10.8Hz, 1H; Olef-H);
BCNMR (100.6 MHz): 6=23.6 (2xCH,), 25.6 (CH,), 26.0 (CH,), 55.6
(CHs;), 68.1 (CH,), 69.7 (CH,), 113.3 (CH), 116.1 (2xCH), 116.9 (CH),
122.5 (CH), 1304 (2xCH), 131.4 (C), 132.7 (C), 132.8 (2xCH), 144.5
(), 1503 (C), 1559ppm (C); FTIR: v=1601, 1505, 1257, 1233,
1131 cm ™.

Reaction of dialdehyde 8 (Table 1, entry 6): By treatment of dialdehyde 8
(62 mg, 0.17 mmol) with a mixture of Zn (343 mg, 5.25 mmol) and TiCl,
(020 mL, 1.77 mmol) in THF (100 mL) at room temperature for 24 h,
the crude reaction product (57 mg; 35/65 mixture of 16b+16¢) was ob-
tained after the described workup.

Reaction of dialdehyde 10: Synthesis of olefin 17a (Table 1, entries 7 and
8): By treatment of dialdehyde 10 (1660 mg, 4.54 mmol) with a mixture
of Zn (6430 mg, 96.8 mmol) and TiCl, (5.3 mL, 47.1 mmol) in THF
(300 mL) at reflux for 5 h, the crude reaction product (1610 mg) was ob-
tained after the described workup. Chromatographic separation afforded
17a (158 mg, 0.46 mmol, 10.1%) and diols 17b and 17¢. 17a: '"H NMR
(400 MHz): 6=0.92-0.95 (m, 2H; CH,), 1.17-1.19 (m, 2H; CH,), 1.32—
1.35 (m, 2H; CH,), 1.61-1.64 (m, 2H; CH,), 3.55 (s, 3H; CHj), 3.98 (t,
J=7.7Hz, 2H; CH,), 405 (t, J=6.2Hz, 2H; CH,), 6.25 (dd, J=8.1,
1.8Hz, 1H; Ar-H), 638 (dd, /=79, 1.8 Hz, 1H; Ar-H), 6.40 (d, /=
2.7Hz, 1H; Ar-H), 6.44 (brs, 1H; Ar-H), 6.47 (d, J=8.1 Hz, 1H; Ar-H),
6.83 (d, /=79 Hz, 1H; Ar-H), 6.92 (d, /=10.2 Hz, 1H; Olef-H), 6.96 (d,
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J=2.7Hz, 1H; Ar-H) 7.14 (d, J=10.2 Hz, 1 H; Olef-H), 7.40 ppm (s, 1 H;
Ar-H); "CNMR (100.6 MHz): 6=23.2 (CH,), 25.9 (CH,), 27.2 (CH,),
29.5 (CH,), 46.1 (CH,), 55.4 (CH,), 70.3 (CH,), 101.0 (CH), 109.2 (CH),
113.9 (CH), 117.9 (CH), 120.5 (CH), 122.5 (CH), 124.6 (CH), 128.2 (C),
128.2 (CH), 129.8 (C), 132.9 (CH), 133.6 (C), 134.8 (CH), 135.0 (C),
144.9 (C), 150.3 ppm (C); FTIR: #=1509, 1262 cm"".

Reaction of dialdehyde 11: Synthesis of olefin 18a (Table 1, entry 9): By
treatment of dialdehyde 11 (570 mg, 1.44 mmol) with a mixture of Zn
(2040 mg, 30.7 mmol) and TiCl, (1.8 mL, 16.3 mmol) in THF (300 mL)
under reflux for 5h, the crude reaction product (680 mg) was obtained
after the described workup. Chromatographic separation afforded 18a
(150 mg, 0.43 mmol, 26.7%) and diols 18b and 18c. 18a: 'H NMR
(400 MHz): 0=0.90-0.94 (m, 2H; CH,), 1.23-1.26 (m, 4H; 2xCH,),
1.61-1.64 (m, 2H; CH,), 3.45 (brs, 6H; 2x CHj;), 3.98 (t, J=6.4 Hz, 2H,
CH,), 4.06 (t, J=5.9 Hz, 2H; CH,), 6.05 (brs, 2H; 2x Ar-H), 6.39 (d, J=
3.1Hz, 1H; Ar-H), 645 (dd, /=82, 1.4Hz, 1H; Ar-H), 6.87 (d, J=
8.2 Hz, 1H; Ar-H), 6.92 (d, /=10.1 Hz, 1H; Olef-H), 6.97 (d, /=3.1 Hz,
1H; Ar-H), 7.16 (d, /=10.1 Hz, 1H; Olef-H), 7.40 ppm (s, 1H; Ar-H);
BCNMR (100.6 MHz): 6=23.4 (CH,), 26.0 (CH,), 27.8 (CH,), 29.9
(CH,), 45.7 (CH,), 55.6 (2x CH3;), 71.8 (CH,), 101.0 (CH), 107.2 (2x CH),
109.3 (CH), 120.4 (CH), 124.2 (CH), 128.0 (C), 128.1 (CH), 129.8 (C),
133.4 (CH), 133.9 (C), 134.5 (C), 134.9 (CH), 135.1 (C), 152.4 ppm (2x
C); FTIR: v=1577, 1126 cm ™.

Tubulin isolation: Calf brain microtubule protein (MTP) was purified by
two cycles of temperature-dependent assembly/disassembly, according to
the method of Shelanski et al.*l modified as described in the litera-
ture.” The solution of MTP was stored at —80°C. Protein concentrations
were determined by the method of Bradford®™ by using bovine serum al-
bumin (BSA) as standard. Four different MTP preparations were used in
the tubulin assembly assays.

Tubulin assembly: In vitro tubulin self-assembly was monitored turbidi-
metrically at 450 nm by using a thermostated Thermospectronic Helios o
spectrophotometer fitted with a Peltier temperature controller and a cir-
culating water carrousel system. The ligands were dissolved in DMSO
and stored at —20°C. The amount of DMSO in the assays was 4%,
which has been reported not to interfere with the assembly process.””
The increase in turbidity was followed simultaneously in a batch of six
cuvettes (containing 1.0 mgmL~' MTP in 0.1 MES buffer, 1 mm ethyl-
ene glycol tetraacetic acid (EGTA), 1 mm MgCl,, 1 mm, B-ME, 1.5 mm
guanosine triphosphate (GTP), pH 6.7, and the measured ligand concen-
tration), with a control (i.e., with no ligand) always being included. The
samples were preincubated for 30 min at 20°C to allow binding of the
ligand, and were cooled on ice for 10 min. The cuvettes were then placed
in the spectrophotometer at 4°C. The assembly process was initiated by a
shift in the temperature to 37°C.
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