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Abstract

The design and synthesis of a-helix peptidomimetics using inverse electron demand Diels-Alder
reactions is described. The potency of the resulting pyridazine-based library to disrupt the Bak/Bcl-
X interaction was tested using an in vitro Fluorescence Polarization Assay.

Protein-protein interactions are involved in the regulation of a wide variety of biological
processes. Since the sequencing of the human genome, some research groups have put forward
the challenge of developing a small molecule inhibitor for every protein-protein interaction.
1 This is unlikely for many protein—protein complexes: large surface areas with ~1600 A2 or
170 atoms are involved,zl and their relatively flat shapes do not offer purchase for small
molecules. Two exceptions are possible. Allosteric sites, particularly those deep within the
core of a protein can modify protein-protein interactions such as those well known in the
association of hemoglobin subunits.#2 A second favorable situation arises when one of the
interacting surfaces features a deep, narrow invagination. An appropriate small molecule can
be more or less surrounded in this environment, with the consequence of high binding affinity
through the molecular recognition elements on offer. The natural complement for the cleft may
be a strand or loop structure, 4P but o-helices are often involved.4¢ Moreover, only a few side
chains of the helices typically occupy the binding site on complexation, and we are concerned
with these cases here.

The helices present their i, i+3/i+4 and i+7 residues to make crucial contacts with the target
protein that constitute the majority of binding energy (Figure 1a).5 These residues project from
one face of the helix with well-known distance and angular relationships as shown in Figure
la.

The development of non-peptide based scaffolds capable of displaying functionality in a
fashion imitating the relevant binding residues of an a-helix was pioneered by Hamilton.6-9
Many of these compounds have shown relatively high affinity for a-helix binding sites, as well
asinvitro, and invivo activity. Terphenyl derivatives functionalized at the 3, 2’, and 2" positions
such as 1 can achieve a staggered conformation where the substituents are displayed in a way
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that closely resembles the i, i+3, and i+7 residues of an a-helix (Scheme 1). A series of these
molecules were synthesized in a modular fashion by Hamilton and co-workers, allowing for
the incorporation of multiple components.10

Inspired by the success of the Hamilton terphenyl scaffolds, we set out to devise synthetic
methods for access to structurally similar molecules that feature more hydrophilic components
via an easier synthetic route. Our major alteration was the incorporation of a pyridazine
heterocycle as the center ring of our scaffolds. These heterocycles are readily accessible
through an inverse electron demand Diels-Alder reaction between an electron deficient 1,2,4,5-
tetrazine and an electron rich dienophile. This type of chemistq has been extensively studied
over the past two decades by the Boger and Snyder groups.13' 6

An overlay of an a-helix with a general depiction of one of our target molecules (4, Figure 1b)
is shown in Figure 1a. The i, i+3 and i+7 residues of the a-helix as well as their counterparts
on the synthetic scaffold are highlighted as small spheres. It is clear that the presentation of
functionality by scaffold 4 is close to that of a natural a-helix. The new scaffolds are intended
to present both a hydrophobic surface for recognition and a “wet edge” that is rich in hydrogen
bond donors and acceptors. This was intended to enhance solubility and to ensure that during
complexation with its target, the wet edge remains directed toward the solvent; in other words,
no entropic penalty (or advantage) should occur by solvation at the wet edge as it is not altered
during docking of the helix mimetic. We also hoped that these molecules would exhibit an
increased solubility in water through protonation of the basic piperazine ring at physiological
pH. These scaffolds may be thought of as synthetic counterparts of amphiphilic a-helices.

The general retrosynthetic approach to these molecules is laid out in Figure 1b. The major
disconnections from the final oxazole-pyridazine-piperazine compound 4 are made at the
amide bonds to give a pyridazine diester (7), an amino alcohol (6) and a piperazine (8). This
synthesis is modular, as each piece can be synthesized separately and attached in sequence.
Many amino-alcohols are commercially available bearing either natural amino acid side chains
or some of the common homologs. The central pyridazine ring is readily available from the
inverse electron demand Diels-Alder reaction of known dimethyl-1,2,4,5-tetrazine-
dicarboxylate 913 and a suitable dienophile. Any piperazine (bearing a variety of protecting
groups) can be easily prepared from the corresponding dipeptide. This synthesis also allows
for the attachment of the piperazine module (or amino-alcohol) to either position of the
pyridazine ring.

A small variety of mono-protected 2-substituted piperazines are commercially available. These
compounds present standard, hydrophobic side chains (i.e. benzyl, isobutyl, etc.) and are
available as the 2-Boc or 4-benzyl derivatives. As an alternative, these structures can be
prepared containing any of the desired amino acid residues following the procedure of Hartman
et al.

Since some of our desired piperazines were not commercially available, we synthesized a series
of 2-N-methyl piperazines containing a variety of substituents. 18 A representative example is
shown in Scheme 2, (S)-2-sec-butyl-1-methylpiperazine. Coupling of amino acid derivative
10 and Boc-protected glycine using standard coupling reagents provided the dipeptide 11 in
good yield. Removal of the Boc group with TFA followed by thermal cyclization in the
presence of a hydrogen bonding solvent!® gave the crystalline diketopiperazine 12. Reduction
with lithium aluminum hydride proceeded smoothly with mild heating to give the
enantiomerically pure piperazine 13.

For construction of the central pyridazine ring, the electron deficient 3,6-dimethyl-1,2,4,5-
tetrazine dicarboxylate 9 was synthesized following the procedure of Boger and co-workers.
13 Tetrazine 9 was reacted with 4-methylpentyne 14 to give pyridazine 15 in good yield
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(Scheme 3). The two heterocycles can then be connected by preparation of the aluminum
amide20-22 of piperazine 13. Exposure of this intermediate to a solution of pyridazine diester
15 with gentle heating (41°C) results in smooth conversion to the mono-amide 16.23 Itis clear
from the TH NMR spectrum of product 16 that only one methyl ester is present, as the two
esters in the starting material are not magnetically equivalent. An HMBC NMR spectrum of
the mono-ester 16 shows coupling between the protons of the piperazine ring and the pyridazine
aryl proton to the same carbonyl carbon; the carbonyl at the less hindered 6-position.

Exposure of mono-ester 16 to protected-valinol in the presence of AlMejs also resulted in the
aminolysis of the remaining methyl ester function, however the yield of this reaction was quite
low (20%). To increase the yield, the Curtius coupling procedure was used.24 The methyl ester
was transformed into the acyl hydrazide 17, diazotized to give the acyl-azide 18 and displaced
with (S)-valinol to give the di-amide 19 in 64% overall yield.

To increase the rigidity of the final a-helix mimetics molecule and decrease loss of entropy
upon binding, we pursued methods to close the B-hydroxy amide to an oxazole. Our first attempt
to form an oxazole ring from the B-hydroxy amide moiety required oxidation of the alcohol to
the aldehyde 20, and this proceeded as exgected using the Dess-Martin periodinane. Exposure
of the amide-aldehyde to PPh3/1,/DMAP, S was not effective in the conversion of this function
to an oxazole. A slight modification of the reaction conditions to PPh3, 2,6-di-tert-butyl
pyridine, dibromo-tetrachloroethane and DBU,26 resulted in the transformation of amide-
aldehyde 20 to the oxazole 21 in good yield.

We were also interested in preparing substituted pyridazines where the groups at the 3- and 6-
positions are equivalent. As discussed above, while AlMej is a very reactive reagent, the yields
obtained for aminolysis at the 3-position of substituted pyridazine rings are quite low.
Magnesium chloride is another effective Lewis Acid capable of carrying out the aminolysis of
pyridazine methyl esters.2’ Exposure of iso-butyl substituted diester 15 to an excess of
MgCl, and (S)-valinol proceeds smoothly to give the diamide 22 in 63% yield (Scheme 4).
Oxidation to the dialdehyde followed by oxazole formation as described above gives the
dioxazole-pyridazine compound 23. While these bis-oxazole compounds do not display
functionality in exactly the same orientation as the oxazole-pyridazine-piperazine scaffold 4,
their synthesis is straightforward and is a potential theme for preparation of a small library for
structure-activity correlations.

The synthetic sequences described above were applied to combine a series of piperazines,
piperidines, pyridazines, and amino alcohols bearing hydrophobic groups to prepare a library
of twenty four compounds shown in Figure 2b.

To evaluate the activity of our a-helix mimetics we tested their ability to disrupt the Bak/Bcl-
X interaction. Bak and Bcl-X_are two proteins involved in apoptosis and thus have become
targets as new therapeutic approaches for the treatment of cancer and other diseases.? It is
known that when the domain of interaction of Bak (termed “BH3”) interacts with Bcl-Xy, it
adopts an a-helix conformation that lies in a hydrophobic cleft at the surface of Bcl-X| . Key
contacts are made between the hydrophobic residues Val74, Leu78, 11e81 and 11e85 of Bak and
hydrophobic residues lining the pocket of Bcl-X,_.5b

The binding affinity of our molecules for Bcl-X | was determined by a fluorescence polarization
assay (FPA)28 using fluorescently labeled Bak-BH3 peptide.29 The polarization amount (mP)
is plotted on the y-axis in the graph in Figure 2. It provides a rough estimate of the affinity for
the small molecules 22-44 for Bcl-X . The dark blue bar in the column on the far left of the

graph represents the amount of polarization observed when the fluorescein-labeled Bak peptide
is bound to Bcl-X| .. The green bar in the column on the far right is the fluorescein-labeled Bak
peptide alone in solution. Terphenyl 130 has been previously shown to bind to Bcl-X| with
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nanomolar affinity10 and acts as a positive control (red bar, far right). Values from ca. 100-140
mP represents a “target area” for polarization values. Since this was a preliminary screening
assay, we sought compounds having high enough affinity for Bcl-X|_ to generate a polarization
value within this range.

The left part of Figure 2a lists the results from compounds shown in Figure 2b that appear to
have little to no affinity for Bcl-X . This group of compounds is composed of molecules
containing B-hydroxyamides (compounds 22 and 24 to 33) and/or unsubstituted piperazines
(compounds 34 to 37). It is not surprising that this series of molecules have low affinity for
Bcl-X| . Those compounds presenting three R-groups also contain -hydroxy amide functions
that possess six freely rotating bonds each. The entropic cost for “freezing” out these rotations
on receptor binding is high. However, the compounds containing the more rigid oxazole
function in place of the B-hydroxy amide (three freely rotating bonds) only present two R-
groups. It is likely these structures are not involved in enough interactions with the receptor to
induce binding. Also, most of the compounds in this set contain basic piperazine functions that
are protonated under the assay conditions. While we included this feature in these molecules
for ease of synthesis and to increase water-solubility, the cationic ammonium group may be
causing unfavorable interactions on binding to the receptor. It may be involved in repulsive
electrostatic contacts with residues near the hydrophobic cleft on Bcl-X|_or the large enthalpic
costs for desolvation of this ammonium center upon binding. The second set of data shown in
Figure 2a contains compounds belonging to the oxazole-pyridazine-piperazine and bis-oxazole
scaffold classes. Of this group, four compounds approximate our desired mP values: 23, 41,
43 and 44. Three of these compounds (23, 43 and 44) are neutral while the fourth (41) presents
a hydrophobic phenyl ring. These compounds represent the strongest binders for Bcl-X_ of the
small library depicted in Figure 2b, however they do not approach the affinity demonstrated
by terphenyl 1 (red bar on the far right).

Some insight can be gleaned from these results that suggest a strategy for second-generation
structures. We see that neutral compounds have a higher affinity for Bcl-X| than those
containing a positive charge, except in the case of 41. The cationic ammonium may cause
unfavorable electrostatic interactions while in the hydrophobic binding pocket and/or the
penalty for desolvation of this ionic center is too high. Compound 1 possesses two carboxylate
functions thought to be involved in favorable electrostatic interactions with Bcl-X_ along the
upper ridge of the binding site.10 The extra favorable interaction(s) experienced by compound
1 may be enough to bring its binding affinity into the nanomolar range.
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Figure 1.
a) Overlay of energy minimized 4 with a generic a-helix (Minimization carried out using
Macromodel (AMBER)); b) General retrosynthetic approach of the target molecule 4.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2009 June 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Biros et al.

a) 200
180
160
140
120
100

80
60
40

b)

- ol R L Ly Bl v ] bl -
- I NN Ly e Ry vl mmnn
-
. 1
R o
HO 8 HO/\\r
0, NH Q. MNH

Z=F
W
E=L
N

0% N ’\T"R}

24 R'= iPr, RZ= iBu, R= H 30
25 R'= iBu, R*= iBu,R*=H

26 R'= iBu, R?= iBu, R*= sacBu
27 R'= iBu, R?= Bn, R7= secBu
28 R'= Bn, RZ= Bn, RI=H

29 R'= iPt, R*= IBu, R*= Bn

]
O
e
m
3

Figure 2.

Ctri-2 ]
ctrl-3

22 R'= iPr_RZ=iBu, R®= iPr
31 R'= IPr. R?= CHzCgHyy R*=Bn
32 R'= Bn, R?= Bn, R*=Bn
33 R'= IPr, R%= CHy-CygHy4, R°=Bn

Page 7

0N ON
RZ
=
N7 M
M__= N =~
o r._IJ\/j_,\l.‘J'Elrl o N
43 R
R! 23R'= IPr, R%=iBu, R*= iPr

_,::(: 44 R'= iPr, R%= CH,-C4H . R¥=iPr
o._N

2
NS
1]
N =

R:]
N
I\\JN“‘R-']
34R'= iPr, R?=iBu, R®=H, R'= Me
35R'= Bu, R’= IBu. R*= H, R*= Me
36 R'= iBu, R%= Bn, R*=H, R'= Me
37 R'= Bn, R?=Bn, R%= H, R*= Me
38 R'= iPr, R2=iBu, R¥=iPr, R= H
38 R'= IPr, R*=iBu, R®=iBu, R'=H
21 R'= iPr, R%=iBu, R®= secBu, R'= Me
40R'= Bu. R*= Bu. R*= secBu, R'= Me
41 R'= Bu, R?= Bn, R*= sacBu, R*= Ma
42R'= iPr, R%*=iBuy, R%=Bn, R'= Me

o

a) FPA for the disruption of the Bak-BH3 peptide and Bcl-X|_interaction; pale yellow bars:
10 uM of assayed compound, pale blue bars: 50 uM of assayed compound. Ctrl-1 (dark blue
bar): measured polarization for Bak-BH3 and Bcl-X_ alone, Ctrl-2 (red bar): terphenyl 1
positive control, Ctrl-3 (green bar): measured polarization for Bak-BH3 peptide alone; b)

Library tested in the FPA.
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Modular synthesis of the oxazole-pyridazine-piperazine scaffold 21 bearing hydrophobic

substituents.
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