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This Letter describes the synthesis and structure-activity relationships (SAR) of isoform-selective PLD
inhibitors. By virtue of the installation of a 1,3,8-triazaspiro[4,5]decan-4-one privileged structure, PLD
inhibitors with nanomolar potency and an unprecedented 40-fold selectivity for PLD2 over PLD1 were
developed. Interestingly, SAR for this diverged from our earlier efforts, and dual PLD1/2 inhibitors were

also discovered within this series.
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There are two mammalian isoforms of Phospholipase D (PLD),
referred to as PLD1 and PLD2. Despite conserved regulatory and
catalytic domains between PLD1 and PLD2, studies indicate dis-
tinct modes of activation and distinct functional roles for PLD1
and PLD2.! From a therapeutic perspective, PLD signaling has been
implicated in a variety of human cancers (breast, renal, gastric and
colorectal), and PLD signaling is thought to regulate actin cytoskel-
eton reorganization and cell motility.2~® Thus, small molecules that
selectively inhibit PLD1 or PLD2 are potentially a novel approach
for the treatment of cancer. However, the PLD field has been hin-
dered for decades by a lack of isoform selective direct-acting small
molecule inhibitors.

In recent reports,”™'” we have disclosed the discovery and devel-
opment of dual PLD1/2 inhibitors, such as 1, and a PLD1 inhibitor 2
with unprecedented selectivity (1700-fold) over PLD2 in a cell
based assay (Fig. 1). Moreover, these compounds represent a new
class of antimetastatic agents, and data suggest they may be inhib-
iting PLD by an allosteric mechanism.®"!3 After synthesizing ~500
compounds within the (1-(piperidin-4-yl)-1H-benzo[d]imidazol-
2(3H)-one privileged structure scaffold represented by 1 and 2,
PLD2 selective inhibitors remained elusive until a limited diver-
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sity-oriented synthesis campaign identified the 1,3,8-triazaspi-
ro[4,5]decan-4-one scaffold as a PLD2-preferring moiety.® Indeed,
compound 3 represents the only known PLD2 preferring (~nine-
fold versus PLD1) inhibitor. Monovich and co-workers reported
on a series of PLD2 inhibitors in 2007, but the compounds proved
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Figure 1. Our recently reported isoform-selective PLD inhibitors: dual PLD1/2
inhibitor 1, PLD1-selective (>1700-fold) inhibitor 2, and PLD2 selective (~ninefold)
inhibitor 3.
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Figure 2. Library strategy to refine PLD inhibitors to improve potency and PLD2
isoform selectivity.
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Scheme 1. Reagents and conditions: (a) MP-B(OAc)3, DCE, rt, 16 h (72-95%); (b) 4 N
HCl/dioxane, MeOH (98%); (c) R,COCI, DCM, DIEA, rt (60-94%) or (i) R,COH, PS-DCC,
HOBt, DCM, DIEA; (ii) MP-C0O,2- (55-90%).

to be dual PLD1/2 or modestly PLD1 preferring inhibitors.>'%14 In
this Letter, we describe an iterative analog library synthesis ap-
proach based on 3,'° coupled with biochemical assays and mass
spectrometric lipid profiling of cellular responses,®!° for the dis-
covery of PLD2 inhibitors with improved potency and PLD2 iso-
form selectivity.

In order to optimize 3 and evaluate if the 1,3,8-triazaspi-
ro[4,5]decan-4-one scaffold would maintain PLD2 selectivity, we
employed our iterative parallel synthesis approach,'®> and synthe-
sized libraries to address the potential SAR depicted in Figure 2.

The requisite building blocks were all commercially available
and the libraries were prepared according to the general route de-
picted in Scheme 1. Synthesis begins with a reductive amination
with either N-Boc glycinal, a functionalized alinal 5 or a homolo-
gated/cyclic constrained N-Boc amino aldehyde 6 and 1,3,8-triaza-
spiro[4,5]decan-4-one 4 to provide 7 in yields ranging from 72% to
95%. Subsequent removal of the Boc group with 4 N HCl and stan-
dard acylation chemistry provides analogs 8. All compounds were
then purified to >98% purity by mass-directed preparative HPLC.!®

All library members were evaluated for their ability to inhibit
PLD1 and PLD2 in a cellular assay (Calu-1 and HEK293-gfpPLD2,
respectively) as well as a biochemical assay with purified PLD1
and PLD2 enzymes.® The cellular assays were the ‘workhorse’ as-
says which drove the SAR, with routine confirmation in the
in vitro biochemical assay. As observed in the previous series of
PLD1 selective inhibitors, represented by 2, the ethyl diamino lin-
ker was essential—homologation to the corresponding 3- and 4-
carbon tethers were inactive, as were cyclic constraints. Table 1
highlights unsubstituted ethyl diamine linker congeners 9 without
the (S)-methyl group and examines only alternative amides. Com-
pound 3 was the lead PLD2-preferring compound previously iden-
tified in a diversity-oriented synthesis campaign, with a PLD2 ICsg
of 110 nM and ~ninefold selectivity versus PLD1 (ICsq = 1000 nM).
In general, analogs 9 with PLD inhibitory activity were PLD2-pre-
ferring (1.3- to 21.1-fold). Incorporation of the PLD1 preferring
trans-phenyl cyclopropane amide moiety of 2, provides 9a, and a
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complete loss of PLD inhibition. A 4-amino, 5-methoxybenzamide
analog 9f (PLD2 ICso = 550 nM) displayed over 10-fold selectivity
for PLD2 over PLD1. The most potent analog in the series, 9d
(PLD2 ICs¢ = 30 nM), incorporated a 2-benzothiophene amide, but
displayed only fivefold PLD2 selectivity. A 2-quinoline amide con-
gener, 9b, displayed comparable PLD2 potency (PLD2 ICsq = 90 nM)
to the lead 3, but selectivity versus PLD1 (PLD1 ICso = 1900 nM)
was improved (>20-fold). Incorporation of a second nitrogen atom
to provide the corresponding quinoxaline derivative, 9g, results in
a complete loss of PLD inhibitory activity.

The concentration-response-curves (CRCs) for inhibition in
PLD1 and PLD2 cellular assay (Calu-1 and 293-PLD2, respectively)
for 9f (10.7-fold PLD2 selective) and 9b (21.1-fold PLD2 selective)
are shown in Figure 3. In an in vitro biochemical assay using puri-
fied PLD1 and PLD2 enzymes, 9b possessed a PLD1 ICsq of >20 uM
and a PLD2 ICsq of 500 nM, or >40-fold PLD2 selective. While not at
the level of isoform selectivity as the PLD1 inhibitor 2 (1700-fold
selective),!® compound 9b represents the most potent and selec-
tive PLD2 inhibitor ever described.!”

While this data was very exciting, the results from a directed li-
brary exploring the impact of incorporation of the (S)-methyl
group (PLD1-preferring)®'° on the diamino ethyl linker with the
1,3,8-triazaspiro[4,5]decan-4-one scaffold (PLD2-preferring) were
completely unexpected. Incorporation of the (S)-methyl group into
analogs 10 had significant impact. While affording a series with
shallow SAR and few PLD inhibitors, PLD1 inhibitory activity was
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Table 2
Structures and activities of analogs 10
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@ Cellular PLD1 assay with Calu-1 cells.
b Cellular assay with HEK293-gfpPLD2 cells. Each ICsq is avg of three determi-
nations. For details see Ref. 9.

dramatically increased with the previously PLD2-preferring 1,3,8-
triazaspiro[4,5]decan-4-one privileged structure (Table 2). For
example, compound 10a, the (S)-methyl analog of the ~ninefold
PLD2 selective 3, displayed comparable PLD2 inhibitory activity
(PLD2 ICsg = 140 nM), but PLD1 inhibitory activity increased 40-
fold (PLD1 ICso = 25 nM), relative to 3. Thus, 10a is considered a
PLD1/2 dual inhibitor, and the in vitro biochemical assay verified
this result (PLD1 ICs5¢ = 299 nM, PLD2 ICso = 235 nM). Another clas-
sical PLD1-preferring moiety, the trans-phenyl cyclopropane moi-
ety of 2, was inactive on both PLD isoforms in analogs such as
9a, but in combination with the (S)-methyl group, congener 10b
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Figure 3. CRCs for cellular PLD1 W (Calu-1) assay and PLD2 A (HEK293-gfpPLD2)
assay, highlighting the unprecedented PLD2 versus PLD1 selectivity for: (A) 9f
(10.7-fold) and (B) 9b (21.1-fold).
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Figure 4. Alternative privileged structures evaluated 11-16.

now possessed measureable PLD1 inhibitory activity (PLD1
IC50 = 2.6 uM) with no effect, relative to 9a, on PLD2 inhibition. A
3,4-difluorobenzamide analog, 10c, also displayed dual PLD1/2
inhibition (PLD1 ICsg = 150 nM, PLD2 ICs0 = 200 nM).

The ability of different GPCR privileged structures'® to engender
either PLD1- or PLD2-preferring inhibition, and the ability of a sin-
gle chiral (S)-methyl group to override PLD2-preferring scaffolds to
serve as a ‘molecular switch’ to dial-in PLD1 inhibition, led us to
evaluate additional GPCR privileged structures (Fig. 4). This effort
was disappointing, as 10 new scaffolds were surveyed, but with lit-
tle success. With the exception of two heteroaryl piperazines 15
and 16 (PLD1 ICsgs in the 3.6- to 18 uM range), none of these ana-
logs displayed PLD inhibition.

In summary, the discovery of these potent and selective PLD2
inhibitors highlights the power of an iterative analog library synthe-
sis approach for lead optimization, coupled with biochemical assays
and mass spectrometric lipid profiling of cellular responses. PLD
inhibitor 9b (cellular assay: PLD ICsg = 1900 nM, PLD2 ICs = 90 nM,
21-fold selective; in vitro biochemical assay: PLD ICsq = >20,000 nM,
PLD2 ICsq = 500 nM, >40-fold selective) represents the most potent
and selective PLD2 small molecule inhibitor described to date.
PLD2 selective inhibitor 9b and the PLD1 selective inhibitor 2 will
serve as invaluable tools to study and dissect the role of PLD1 and
PLD2 in blocking invasiveness in metastatic beast cancer models
and other signaling pathways in which PLD is thought to play key
regulatory roles. Work in this field, and additional experiments to
confirm an allosteric mode of inhibition are in progress and will be
reported in due course.
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