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Surfing the piperazine core of tricyclic farnesyltransferase inhibitors
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Abstract—In order to fully explore structure–activity relationships at the 1- and 2-positions of the piperazine core of tricyclic farne-
syltransferase inhibitors, an 11,718-member ECLiPS� library was synthesized and screened in a farnesyltransferase scintillation
proximity assay. A detailed description of the library and analyses of the screening data will be provided.
� 2005 Elsevier Ltd. All rights reserved.
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Figure 1. SCH 66336, Sarasar�.
Farnesyltransferase (FTase) is a heterodimeric protein
that transfers the isoprenoid moiety of farnesyl pyro-
phosphate (FPP) to C-terminal CAAX box sequences.1

Since CAAX prenylation is required for activation of
oncogenic Ras proteins,2 it had long been thought that
Ras activity could be tempered through FTase inhibi-
tion. However, numerous studies show that FTase
inhibitors (FTIs) can suppress the growth of trans-
formed cells and tumors regardless of Ras activation
status.3 Despite these ambiguities, FTIs promote clinical
regression of a number of solid tumor types and hema-
tological malignancies with a modest toxicity profile
when used as single agents or in combination with cyto-
toxic agents.3d,4

SCH 66336 (lonafarnib, Sarasar�, Fig. 1) is a FTI
from the Schering-Plough Research Institute (SPRI)
currently in phase III clinical trials.3d,4g This
compound, (+)-4-[2-[4-(8-chloro-3,10-dibromo-6,11-
dihydro-5H-benzo[5,6]cyclohepta[1,2-b]pyridin-11 (R)-
yl)-1-piperidinyl]-2-oxo-ethyl]-1-piperidinecarboxamide,
is derived from the SPRI compound collection.5 Since
its discovery SPRI has continued to develop analogs
with an improved therapeutic index.6 Structure–activi-
ty relationships (SARs) targeting the N-1 position of
the piperidine core of SCH 66336 have been vigorous-
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ly explored.7 A large proportion of the reported ana-
logs, however, produce IC50s in the micromolar range.
Several studies have established that piperazine is a
suitable replacement for the piperidine core, producing
compounds with comparable potency and pharmaco-
kinetic (PK) profiles.5a,7c X-ray crystallographic analy-
ses of inhibited complexes show that the two
substructures are superimposible.7d Chemical develop-
ment of tricyclic FTIs containing a piperazine core
has been largely limited to substitution with either
pyridine or piperidine functionalities. In order to more
thoroughly define the SAR at the piperazine core, we
chose to evaluate 63 distinctly different substituents at
N-1 (R3) in conjunction with 31 substituents at the C-
2 (R1) position, a site that had never previously been
modified. In this paper, we describe the synthesis of
an 11,718-member ECLiPS� (Encoded Combinatorial
Library on Polymeric Support) library and the results
of the ensuing screen.
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Scheme 1. Solid phase synthesis of ECLiPS� FT-1. Reagents: (a)

R1NH2 (31), THF; (b) R2CO2H (2), HATU, DIEA, CH2Cl2; (c) i—

piperidine, DMF; ii—R3CO2H (63), HATU, DIEA; (d) i—TFA,

CH2Cl2; ii—Et3N, MeOH; iii—R4Cl (2), 1,2,2,6,6-pentamethylpiperi-

dine, DMA or R4CO2H (1), HATU, DIEA.
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The library, FT-1 (Scheme 1), is based on a piperazine
core containing a 3-bromo-8-chloro-substituted tricy-
clic- (sublibrary 1), an 8-chloro-substituted tricyclic-
(sublibrary 2) or a novel phenylbenzyl-top piece (subli-
brary 3). The library was prepared on TentaGelTM resin
derivatized with 4-bromomethyl-3-nitrobenzamide, a
photolabile linker. As shown in Scheme 1, the resin 1
was reacted with 31 primary amines R1NH2 to generate
the resin bound secondary amine 2. After a pool and
split step, 2 was coupled with two different R2, either
piperazine carboxylic acid or piperazine acetic acid to
produce amide 3. Amide 3 was pooled, split, and treated
with piperidine in DMF to remove the Fmoc group. The
resulting amine was coupled with 63 different R3 pieces,
Table 1. FT-1 screening summary

Sub

Sublibrary definition

Br

Number of bead eluates screened (equivalents) 17,

Number of wells submitted for re-array

Number of beads decodeda

Percentage of compounds decoded two or more times

Number of unique structures decoded

a The cut-off for decode submission was set at 70% of control which corresp
including 56 carboxylic acids and 7 sulfonyl chlorides to
produce 4. After a third pool and split step, the resin 4
was divided into three parts. For each part, the Boc
group on R2 was removed, and the corresponding amine
was derivatized with a different R4 chloride or acid to
produce 5. The 31 R1, 2 R2, and 63 R3 synthons were
encoded, prior to each pool and split step, by haloaro-
matic alcohol tags that can be decrypted using electron
spray gas chromatography.8 R4 was not encoded. In-
stead, resin 5 was kept as three separate sublibraries
(as defined above), each containing 3906 compounds.
Thus, a focused ECLiPS library containing 11,718 com-
pounds was prepared. It should be noted that the tricy-
clic compounds were not resolved at the carbon center
attached to the piperazine nitrogen (N-4) since the ste-
reochemistry at this position, for compounds in the
mono- and dihalogenated series, does not have a signif-
icant impact on FTase activity.7d The average com-
pound yield, as quantified by LC–MS of a random set
of library beads, was 100 pmol.

FT-1 was screened using a scintillation proximity assay
(SPA) as described.9,10 The library beads were partially
eluted and screened initially at an approximate density
of ten compounds per well. Each sublibrary was
screened separately at a final concentration of 500 nM
per bead eluate. The cut-off for decode submission was
set at 70% of control (30% inhibition). The beads from
the active wells were then re-arrayed, eluted in a second
step, and tested at a screening density of one compound
per well. Four-and-one-half or more equivalents11 of
each sublibrary produced a total of 507 wells that were
re-arrayed, which subsequently produced 405 decoded
structures (Table 1). Since the sublibraries are arrayed
in a random fashion, statistics assume that if three or
more equivalents of each sublibrary are screened then
at least 95% of the library will be assayed once and at
least 80% will be assayed two or more times. Conse-
quently, many compounds are decoded multiple times.
Greater than 50% of the decodes from sublibraries 1
and 2 were observed two or more times, producing
188 and 41 unique structures, respectively. Far fewer de-
codes were retrieved from sublibrary 3, despite survey-
ing a greater percentage of that sublibrary, and just
one compound was decoded two times. The decode rep-
etition observed from sublibraries 1 and 2 is evidence of
a preferred SAR. The distinct lack of decode repetition
from sublibrary 3 suggests that the compounds decoded
library 1 Sublibrary 2 Sublibrary 3

N

Cl

N

Cl

O

600 (4.5) 22,880 (5.9) 33,440 (8.6)

294 116 97

302 64 39

57 53 5

188 41 38

onds to 30% inhibition.
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from this sublibrary are either very weak or are false
positives. This is consistent with the findings of Mallams
et al.7c which acknowledged the importance of the tricy-
clic moiety in binding to a hydrophobic cavity in the
FTase active site. The data in Table 1 also show that
each re-arrayed well from sublibrary 1 produced at least
one decoded structure (294 re-arrays and 302 decodes).
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Figure 2. FTase activity (percentage of control) of the FT-1 decodes.

All compounds were screened at a final concentration of 500 nM.
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Figure 3. Frequency of decoded synthons from FT-1. The x-axis represents th

represents how frequently each synthon was decoded.
This correlation drops to approximately 2:1 for subli-
brary 2 (116 re-arrays and 64 decodes) and to nearly
3:1 for sublibrary 3 (97 re-arrays and 39 decodes). We
hypothesize that this result may be due to the additive
effects of multiple weak actives in the sublibraries 2
and 3 primary screens. The screening activity of the
decoded structures from each sublibrary is shown in
Figure 2. The activity of the decoded compounds ranged
from 10% of control (90% inhibition) to 70% of control
(30% inhibition) with the largest percentage spanning
40–60% of control.

Synthon frequency plots (Fig. 3) are used to depict the
SAR of the decoded structures at positions N-1 (R3)
and C-2 (R1) of the piperazine core. Distinct SAR pat-
terns (Table 2) were readily apparent among the subli-
braries 1 and 2 decodes. No pattern could be seen for
the sublibrary 3 decodes (data not shown). The synthon
plots show that the structures decoded from sublibrary 1
have a preference for (cf. Table 2) alkyl amides (s2–s10,
s17, s18) and 3-pyridylmethylamide (s25) at R1, while all
other aromatic substituents, including 2-pyridylmethyla-
mide (R1s20) and 4-pyridylmethylamide (R1s24), were
not frequently tolerated. 4-Pyridylacetamide (s37) and
40 43 46 49 52 55 58 61
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T e 2. Preferred synthons of the FT-1 decodes
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4-chlorophenylacetamide (s57) predominate at R3. The
structures decoded from sublibrary 2 (Fig. 3 and Table
2) show a strict preference for 3-pyridylmethylamide
(s25) at R1 and a modest preference for 2-(4-(pyrroli-
din-1-ylmethyl)phenyl)acetamide (s6), 3-phenylpropan-
amide (s12), 3-pyridylacetamide (s36), and 4-
chlorophenylacetamide (s57) at R3. Both the subli-
braries 1 and 2 decodes clearly show that piperazine car-
boxamide is preferred over piperazine acetamide
(Scheme 1 and Table 2) at R2. The preferred synthons
are a prominent feature of the replicate decodes and
are used to guide the selection of compounds chosen
for re-synthesis. The screening activity and the number
of times decoded are considered as well.

Four replicate decodes from sublibrary 1 were resynthe-
sized in order to confirm the level of activity seen in the
screen (Table 3). These compounds indeed confirmed
the expected activity with enzyme IC50s of 0.03–
0.10 lM. To test for cell-based activity, these com-
pounds were also evaluated in a COS cell Ha-Ras pro-
cessing assay.12 The cellular IC50s ranged from 0.10 to
0.20 lM. This level of enzyme and cell-based activity
is consistent with that of the most potent dihalogenated
tricyclic FTIs containing a piperazine core.7c Com-
pound 6, which contains 3-pyridylmethylamide at R1

and phenylpropanamide at R3, was the most potent
Table 3. FTase activity of FT-1 re-synthesized compounds
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N Decode analog
re-synthesized decode. Addition of a methylene unit be-
tween the piperazine core and the R1 substituent, to
produce 7 (IC50 = 0.96 ± 0.04 lM), reduced the potency
by more than 30-fold. Compound 7 was contained in
the library but was not decoded. Given the theoretical
screening concentration (500 nM), the weak potency
confirms that it should not have been decoded. This
finding is also consistent with the fact that far fewer
compounds containing the piperazine acetamide core
were decoded compared to those containing the pipera-
zine carboxamide core (cf. Table 2). Nonetheless, the
piperazine acetamide core is well tolerated when R1 is
a small aliphatic substituent and R3 is 4-pyridylaceta-
mide, as in 8 (IC50 = 0.07 ± 0.00 lM). The 4-pyridylac-
etamide was also a preferred R3 substructure reported
by Mallams et al.7c Converting 4-pyridylacetamide at
R3 to 4-chlorophenylacetamide and removal of the
cyclopropyl unit at R1 of 9 (IC50 = 0.05 ± 0.00 lM) to
produce 10 (IC50 = 0.10 ± 0.01 lM) reduced the poten-
cy twofold.

3-Pyridylmethylamide (s25) is a R1 substituent that was
frequently decoded from sublibraries 1 and 2. Prior to
this work, substitution at the 2-position had not been
explored. In order to assess the importance of this mod-
ification in an unhindered environment, a 3-pyridylm-
ethylamide derivative without any substitution at R3
Cl

ctivity (% of control) FTase IC50 (lM) ± SD COS IC50 (lM)

32 ± 9 0.03 ± 0.01 0.15, 0.20

0.96 ± 0.04 2.0, 2.0

33 ± 5 0.07 ± 0.00 0.10, 0.20

23 ± 5 0.05 ± 0.00 0.10, 0.20

28 ± 13 0.10 ± 0.01 0.15, 0.20

0.12 ± 0.02 2.0, 2.0
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was synthesized. This decode analog, 11, generated an
enzyme IC50 of 0.12 ± 0.03 lM, which is just fourfold
less potent than the most potent re-synthesized com-
pound 6. The COS assay IC50 was much higher
(2.0 lM), suggesting that the R3 substituent facilitates
cell penetration.

No decoded structures from sublibrary 2 were re-synthe-
sized since the screening results suggested that the com-
pounds from this sublibrary would be considerably
weaker than those from sublibrary 1. This finding is con-
sistent with data showing that the addition of bromine
at the 3-position of the tricycle makes a tangible contri-
bution in potency when paired with chlorine at the 8-
position.7c,13

These data produced 229 unique inhibitors from subli-
braries 1 and 2 with screening activities of greater than
30% inhibition at 500 nM. In addition, we showed for
the first time that substitution at R1 was tolerated and
that 16 of the 31 synthons paneled at this position were
frequently decoded in the dihalogenated series. This
finding is remarkable since it identifies a new site that
can be exploited to incorporate additional, pharmaceu-
tically important properties. As a result, these data en-
abled the identification of the potent (IC50 = pM)
imidazole-tethered compounds discovered in our labo-
ratory and subsequently described by Taveras et al.6b

The screening data were also used to develop the zinc-li-
ganded structures reported by Njoroge et al.6d The li-
brary synthesis and screening campaign thus also
provide an important historical perspective of how a
number of previously published FTIs were originally
developed.
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