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Autotaxin (ATX, NPP2) has recently been shown to be the lysophospholipase D responsible for
synthesis of the bioactive lipid lysophosphatidic acid (LPA). LPA has a well-established role in cancer,
and the production of LPA is consistent with the cancer-promoting actions ofATX. IncreasedATXand
LPA receptor expression have been found in numerous cancer cell types. The current study has
combined ligand-based computational approaches (binary quantitative structure-activity relation-
ship), medicinal chemistry, and experimental enzymatic assays to optimize a previously identified small
molecule ATX inhibitor, H2L 7905958 (1). Seventy prospective analogs were analyzed via computa-
tional screening, from which 30 promising compounds were synthesized and screened to assess efficacy,
potency, and mechanism of inhibition. This approach has identified four analogs as potent as or more
potent than the lead. The most potent analog displayed an IC50 of 900 nM with respect to ATX-
mediated FS-3 hydrolysis with a Ki of 700 nM, making this compound approximately 3-fold more
potent than the previously described lead.

Introduction

Autotaxin (ATX, NPP2)a was originally identified as an
autocrine motility factor in the conditioned media of A2058
melanoma cells.1 Subsequently, ATX was shown to be the
lysophospholipase D enzyme responsible for synthesis of the
bioactive lipid lysophosphatidic acid (LPA) in vivo.2,3 Recent
work has shown that ATX plays critical roles in normal
human development4-7 and disease. ATX has been linked
to cancer progression,8-20 multiple sclerosis,21 obesity,22-26

diabetes,22 Alzheimer’s disease,27 and chronic pain28-30

through the production of LPA. Specific, potent inhibitors
of ATX are therefore desirable as novel therapeutic
leads.

Examples of metal chelators, lipid analogs, and nonlipid
small molecules have all been identified as autotaxin inhibi-
tors. Metal chelators such as EDTA,31 phenanthroline,31 and
L-histidine32 have been shown to inhibit ATX activity, pre-
sumably via interactions with active site divalent metal ions
required for function. Lipid analogs represent the largest
group of reported ATX inhibitors (see Figure 1 for struc-
tures). LPA and the related bioactive lipid sphingosine 1-
phosphate (S1P) were previously shown to function as feed-
back inhibitors ofATX.33 This discovery led to the analysis of
several LPA and S1P analogs as ATX inhibitors. Reported
LPA analogs include fatty alcohol phosphates,34 Darmstoff
analogs,35 cyclic phosphatidic acid analogs,36 and phos-
phonates.37-39 One reported S1P analog, FTY720-phosphate
(32), has also been examined as an ATX inhibitor.40 While
many of these lipid analogs are potent ATX inhibitors, they
lack many characteristics seen in 90% of orally bioavailable

drugs,41,42 and collectively they lack significant structural
diversity. Finally, the third category of reported ATX inhibi-
tors consists of nonlipid small molecules that collectively
extend structural diversity and in general possess physico-
chemical characteristics more closely related to orally bioa-
vailable drugs. Our group was the first to report the identi-
ficationof smallmoleculeATX inhibitorsusing virtual screen-
ing (binary QSAR and homology modeling) approaches.43

The most efficacious structures identified from that work are
shown in Figure 2A.43 H2L 7905958 (1) was the most effica-
cious compound from that initial single concentration screen
(at 10 μM, compound 1 fully inhibitedATX-catalyzed hydro-
lysis of 1 μM FS-3).43 Recently, Saunders and colleagues
identified additional small molecule inhibitors of ATX
(Figure 2B,C) as metastasis blockers.44 One compound
showed essentially 100% inhibition of melanoma metastasis
at micromolar concentrations.44

In this study, we investigated the structure-activity rela-
tionships of our most efficacious previously published small
molecule ATX inhibitor, compound 1 (Figure 3A, Chem-
Bridge, San Diego, CA).43 Using a combination of binary
QSAR modeling and synthetic optimization, we prepared 30
analogs of compound 1 and subjected them to pharmacolo-
gical characterization using the FRET-based, synthetic ATX
substrate FS-3.45 Four of these 30 compounds exhibited IC50

values less than or equal to the lead. Despite their structural
similarity, three of four reversible classesof inhibition (compe-
titive, mixed-mode, and noncompetitive) were observed with-
in this series. Inhibitors in these three classes share the ability
to bind to the enzyme in the absence of substrate, reflected by
Ki. Mixed-mode and noncompetitive inhibitors additionally
have the ability to bind to the enzyme-substrate complex,
reflected by Ki

0. The Ki values, due to their independence of
substrate identity, suggest that the inhibition observed will
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transfer to inhibition of ATX-catalyzed inhibition of its
natural substrate, lysophosphatidylcholine (LPC).

Results

In 2008, we identified compound 1 (Figure 3A) as a potent
ATX inhibitor.43This compound (10μM)completely blocked
ATX-mediated hydrolysis of the synthetic FRET reagent
FS-3 (1 μM). Following this initial report, we determined that
compound 1 inhibited ATX with an IC50 of 1.6 ( 0.4 μM
(Figure 3B). Simultaneous nonlinear regression of the inhi-
bition kinetics data shown in Figure 3C, using an averageKm

value of 3.7 ( 1.9 μM (n=22) produced the best fit to a
competitive inhibitionmechanism,with aKi of 1.9μM.With a
low micromolar inhibitor lead in hand, we next sought a
convenient diversification strategy to generate structure-
-activity relationship (SAR) data in hopes of better under-
standing ATX inhibitor recognition and identifying more
potent analogs. Here, the derivatization of pipemidic acid
with commercially available isothiocyanate building blocks
was identified as a facile route to a range of analogs of
compound 1 bearing various substituents on the phe-
nylthiourea motif (Figure 4).

Using this diversification approach, 70 proposed synthetic
analogs of compound 1 (Figure 5 and Supplemental Figure 1,
Supporting Information)were evaluated andprioritized using
a general binary QSAR model43 (model A) before they were
synthesized. This general model was trained on a diverse set of
compounds (298 total compounds) including both lipid and
nonlipid analogs. Of these, 238 lacked ATX inhibition

(inactive) and 60 showed ATX inhibition g50% at 10 μM
(active). An initial set of nine compounds, containing either
ortho or para substituents (Figure 5B), was synthesized based
on these predicted activities. Experimental assays using a
single dose of 10 μM demonstrated that all nine compounds
were less efficacious than the parent (Table 1) and only two
showed g50% inhibition. This data suggests that model A,
based on a diverse training set, was unable to accurately
predict activity within this narrow structural series.

A more class-specific binary QSAR model (model B) was
constructed for use in lead optimization. This refined model
was trained on 248 compounds ofwhich 204were inactive and
44were active. The training set for model B differed from that
used for model A in three ways. First, it lacked lipid-like ATX
inhibitors (Figure 2). Second, the nine initial analogs utilized
as the test set for model A were added (Figure 5B). Third, it
was augmented with an additional 12 analogs of compound 1

(Figure 5C) synthesized to better represent diversity within
this SAR series. The total internal accuracy of the model was
86%, with 59% accuracy for actives and 91% accuracy for
inactives.

The predictive accuracy of models A and B were examined
using an additional nine compound test set (Figure 5D). Both
models predicted four of the nine compounds (with only one
of the four being the same analog) to be active. Screening
results showed that model A was 67% accurate in predicting
active compounds and 33% accurate on both inactive com-
pounds and total accuracy. These predictions fell short of
expectations based on the training set results. Overall, model

Figure 1. Structures of published lipid-like ATX inhibitors.33-38,40,54,55



1058 Journal of Medicinal Chemistry, 2010, Vol. 53, No. 3 Hoeglund et al.

A failed to be predictive for this closely related SAR series.
Model B was shown to be 75% accurate in predicting active
compounds and 40%accurate on inactive compounds, with a
total accuracy of 56%. These predictions were consistent with
expectations based on the training set results.

Of the original 70 proposed analogs (Figure 5 and Supple-
mental Figure S1, Supporting Information), 30 compounds
were synthesized (Figure 5) based on computational results.
These analogs provided diverse substituent types and substi-
tution patterns (Table 1) to serve as a training set suitable for
specific activity prediction within this SAR series. The result-
ing analogs were examined for their ability to inhibit ATX-
mediated hydrolysis of FS-3 at 10 μM. Likewise, each analog
was tested in the presence of carboxyfluorescein (the product
ofATX-mediated hydrolysis of FS-3) to identify false positive
or negative results. None of the analogs tested signifi-
cantly altered carboxyfluorescein fluorescence. Compounds

containingmeta substituents demonstratedATX inhibition in
the range of 60-100%. Compound 11 (Figure 5C), with a
trifluoromethyl group in the meta position, yielded 100%
inhibition. A comparative assay of the 15 analogs showing
>50% inhibition was performed against both CCM and
purified ATX (8.3 nM enzyme concentration) to confirm that
relative potencies were independent of enzyme source. The
results showed that the potency rank of the inhibitors was
unchanged and that the results were within (5% (data not
shown).

The selectivities ofATX inhibitors 3, 7, 11, 13, 14, 18, 19, 20,
22, 23, 25, 27, 28, 29, and 31, all of which inhibited ATX-
mediated hydrolysis of FS-3 by g50% at single doses of
10 μM, were examined against NPP6 and NPP7, the only
other known lipid preferring NPP isoforms. None of the 15
compounds effected the activity of NPP6 or NPP7 (Supple-
mental Figure S2, Supporting Information). Likewise, each

Figure 2. Structures of published nonlipidATX inhibitors: (A)H2L compounds;43 (B) structures of hexachlorophene,merbromine, bithionol,
and their analogs;44 (C) ATX inhibitors identified from the NCI database.44
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analog was tested in the presence of p-nitrophenol (the
product of ATX-mediated hydrolysis of p-nitrophenylpho-
sphorylcholine (pNPPC)) to eliminate the chance of false
positive or false negative results. None of the analogs tested
had a significant effect on the p-nitrophenol absorbance.

Dose-response curves were determined for all 15 analogs
that inhibited ATX-mediated hydrolysis of FS-3 byg50% at
10 μM. IC50 values in a range of 900 nM to 17.7 μM were
observed (Figure 6 and Table 1). Compounds demonstrating
an IC50 less than 15 μM were further examined to determine
their mechanism of inhibition by simultaneous nonlinear
regression of kinetic data to competitive, uncompetitive,
mixed, and noncompetitive kinetic inhibition equations. The
mechanism giving the lowest average percent residual errors
was selected. Ki (competitive, mixed, or noncompetitive) and
Ki

0 (mixed, noncompetitive, or uncompetitive) values, repre-
senting affinity for the enzyme or the enzyme-substrate
complex, respectively, were obtained from the simultaneous
nonlinear regression (Table 1). None of the inhibitors proved
to act by uncompetitive inhibition; therefore eachwas capable
of binding to the enzyme in the absence of substrate. Com-
pounds 7, 11, 13, 18, 22, and 28 were competitive ATX
inhibitors with Ki values ranging from 700 to 7100 nM.
Analog 11 has 3 times greater affinity for the enzyme than
the lead. Compounds 3, 14, 20, and 29weremixed-modeATX

inhibitors with Ki values ranging from 2.6 to 13.2 μM. These
compounds showed reduced affinity for the enzyme-sub-
strate complex compared with their affinity for the enzyme as
reflected in higher Ki

0 values ranging from 11.0 to 47.3 μM.
Compound31 showednoncompetitive inhibitionwith aKi/Ki

0

valueof 13.2μM.Themixedandnoncompetitive inhibitors,3,
14, 20, 29, and 31, have the ability to bind to the enzyme-sub-
strate complex as well as the enzyme. The noncompetitive
inhibitor, 31, binds with identical affinity to both the enzyme
and enzyme-substrate complex.

Table 2 provides a summary of single-dose data that
provides SAR insights. These data clearly demonstrate that
inhibition is greatest when substituents appear at the meta
position, followed by para with the weakest inhibition at the
ortho position. This trend is consistent for all substituents
examined.

Discussion

Interest in ATX as a therapeutic target is growing due to its
association with a number of human diseases including
various cancers.8-30 This interest is reflected in a rising
number of reported ATX inhibitors with potencies in the
nanomolar range (Figure 1). Carbacyclic analogs of cyclic
phosphatidic acid (3ccPA) were demonstrated to be potent

Figure 3. Structure (panel A) and pharmacology of 1: (B) dose-response determined using 1 μMFS-3 gives IC50= 1.6 μM (IC50 values were
within(3%, determination was based on average of two runs); (C) inhibitor effect on kinetics of FS-3 hydrolysis by ATX best fits competitive
inhibition (Ki = 1900 nM).

Figure 4. Synthetic scheme for the synthesis of analogs of 1 using commercially available pipemidic acid and isothiocyanates.
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inhibitors of ATX that failed to activate LPAGPCR.36 ATX
inhibition by 3ccPA translated to reduced cancer cell invasion
in vitro and reduction of cancer cell metastasis in vivo.36 The
LPA analog, fluoromethylene phosphonate, was shown to be
an effective ATX inhibitor, while also a modest LPA1/3

antagonist.39 Darmstoff analogs of LPA were examined for
their potential as LPA GPCR agonists and were shown to
inhibit ATX in the nanomolar range.35 Compound 32, a
phosphorylated immunomodulator, was shown to inhibit
ATX-mediated production of LPA in vivo.40 Another lipid
phosphonate analog, S32826 (Figure 1), was reported to have
potency in the nanomolar range.38 β-hydroxy and β-keto
phosphonate derivatives of LPA were studied as potential
ATX inhibitors. VPC8a202 (Figure 1), a β-hydroxy deriva-
tive, was identified as a potent ATX inhibitor.37 A common

structural theme among these potent ATX inhibitors is their
overall lipidnature,withpolar headgroups andnonpolar tails.

The development of highly potent nonlipid inhibitors has
beenhamperedby limited information about the three-dimen-
sional structure of ATX. Nevertheless, several groups have
reported nonlipid inhibitors,44,46 albeit with much poorer
potencies than the current lipid-like inhibitors. The current
work focused on elaborating the SAR for compound 1, a
previously identified, nonlipidATX inhibitor, in our efforts to
better understand the structure of the binding pocket, as well
as to improve the potency of a known nonlipid inhibitor.43

For this study, 70 potential analogs of 1 were designed based
on a one-step synthetic scheme benefiting from commercially
available pipemidic acid and substituted phenyl isothiocya-
nates. In total, 30 compoundswere synthesized and evaluated.

Figure 5. Structures of the 30 synthetic analogs of compound 1: (A) common structural corewhere R represents the components seen in panels
B-D; (B) compounds synthesized based on initial predictions using binary QSAR model A; (C) compounds synthesized to augment binary
QSAR training set for model B; (D) compounds synthesized to serve as the binary QSAR test set for model B.
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Table 2 summarizes two important trends that we observed
with these analogs. First, inhibition improves going from
ortho to para to meta substituent positions regardless of the
substituent type. This suggests that meta substituents are
preferred for steric or conformational, rather than electronic
reasons. Second, in the meta-substituted series inhibition
improves in the order of methoxy, fluoro, chloro, iodo, and
trifluoromethyl. This order reflects neither size nor electronic
trends among these substituents. Four compounds (11, 20, 29,

Table 1. SAR Elaboration and Optimization of Lead Compound 1
a

substitution on D ring % response at 10 μM (FS-3) IC50 (μM) inhibition mechanism Ki (μM) Ki
0 (μM)

lead - dichloro (R2, R4) (1) 0.0( 4.0 1.6( 0.4 competitive 1.9

trifluoromethyl (meta - R2) (11) 0.3 ( 0.6 0.9 ( 0.3 competitive 0.70

dichloro (R1, R4) (20) 5.4 ( 0.4 1.3 ( 0.2 mixed 3.4 22.0

iodo (meta - R
2) (29) 8.6 ( 0.9 1.6 mixed 7.4 11.0

chloro (meta - R2) (14) 9.7( 0.9 2.5( 0.2 mixed 2.6 47.3

thiadiazole (R2,R3) (7) 28.6 ( 2.0 12.1( 2.4 competitive 7.1

dimethyl (R2, R4) (22) 30.4( 1.3 9.0 competitive 4.2

iodo (para - R3) (3) 32.7( 1.3 5.6( 0.2 mixed 13.2 34.1

ditrifluoromethyl (R2, R4) (18) 34.1( 3.0 4.4 ( 1.5 competitive 4.0

trifluoromethyl (para - R
3) (31) 36.2 ( 0.9 1.5 ( 0.1 noncompetitive 13.2 13.2

fluoro (meta - R2) (25) 40.5( 1.0 16.1( 4.5

methoxy (meta - R2) (19) 40.9( 1.3 17.7( 0.3

methyl (meta - R2) (13) 41.9( 0.8 13.5( 1.3 competitive 4.5

chloro (para - R3) (28) 42.4( 0.9 10.7 competitive 5.7

fluoro (para - R3) (23) 48.9( 1.1 17.7

methyl (para - R3) (27) 49.9( 1.5 16.1( 4

o-methyl ester (5) 51.2( 1.3

trimethyl (R1, R3, R5) (8) 53.5( 1.6

H (16) 56.4( 1.0

4-dimethylaminonapthyl (2) 59.9( 1.5

thiadiazole (R1,R2) (10) 63.2 ( 2.8

sulfonylmorpholine (para - R3) (6) 64.1( 2.8

iodo (ortho - R1) (26) 68.4( 1.3

pyrazole (para - R3) (9) 68.6( 1.1

dichloro (R1, R2) (15) 72.3 ( 0.4

p-carboxyl (4) 72.7( 2.2

fluoro (ortho - R1) (30) 77.3( 1.6

methoxy (para - R3) (24) 79.7( 0.9

chloro (ortho - R1) (17) 83.5( 8.2

Methoxy (ortho - R1) (21) 97.6 ( 1.8

trifluoromethyl (ortho - R1) (12) 100.8( 1.9
aCompounds showing equal or improved IC50 (bold) or Ki (italic) values over the lead are emphasized. Values shown in parentheses refer to the

compound numbers (Figure 5). Errors where indicated are standard deviations of at least three independent experiments. IC50 values lacking standard
deviations are averages of two independent experiments that were less than 3% different in value.

Figure 6. Dose-response plots of the four compounds (11, 20, 29,
and 31) equivalent to or more potent than the lead compound.

Table 2. Single-Dose Response Comparison by Aromatic Substituent
and Positiona

meta-R2 para-R3 ortho-R1

trifluoromethyl 0.3( 0.6 (11) 36.2( 0.9 (31) 100.8( 1.9 (12)

iodo 8.6( 0.9 (29) 32.7( 1.3 (3) 68.4( 1.3 (26)

chloro 9.7( 0.9 (14) 42.4( 0.9 (28) 83.5( 8.2 (17)

fluoro 40.5( 1.0 (25) 48.9( 1.1 (23) 77.3( 1.6 (30)

methoxy 40.9( 1.3 (19) 79.7( 0.9 (24) 97.6( 1.8 (21)
aValues shown in parentheses refer to the compound numbers

(Figure 5).
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and 31) were at least as potent as the lead compound (1). A
single meta-trifluoromethyl (11, Ki=0.70 μM) was preferred
over two (18, Ki=4.0 μM), Table 1. In fact, meta-trifluoro-
methyl (11) showed three times higher affinity for the enzyme
than the lead compound, while the disubstituted trifluoro-
methyl (18) exhibited 2-fold less enzyme affinity than the lead.
This suggests that one of the two meta substituents is located
in a substantially larger pocket than the other.

These SAR trends inform the development of computa-
tional tools aimed toward the identification and optimization
of ATX inhibitors such as our previously reported binary
QSAR model.43 An updated binary QSAR model was deve-
loped for thiswork by the additionofmore nonlipid and lipid-
like compounds (published since our initial report) in an
attempt to improve the accuracy of prediction (model A).
We found this model unable to accurately predict activity
differences due to the very small structural changes examined
in this work. This is in large part due to its originally intended
use to screen diverse chemical collections for leads with varied
structures. To circumvent this issue, a more class-specific
model for lead optimization was designed (model B). When
predicted against the training set, model B showed an 11%
improvement over model A in predicting active compounds,
18% in inactive prediction, and an overall 41% improvement
in total prediction. Further improvements are expected, how-
ever, when training sets can be segregated on the basis of
mechanism of inhibition.

Previously published research defines inhibition mechan-
isms for a relatively small proportion of the known inhibitors.
Inhibitors with reported mechanism of inhibition include
L-histidine,32 LPA and S1P,33 32,40 and nonlipid small mole-
cules.44 L-Histidine demonstrates noncompetitive inhibition.
LPAand S1Pdemonstratedmixed-mode inhibitionwithLPA
having a Ki of ∼0.1 μM.33 van Meeteren and colleagues also
reported that 32 inhibited ATX in the low micromolar range
by a competitive mechanism with a Ki of 0.2 μM.40 Finally,
Saunders and colleagues demonstrated nanomolar potency
for a nonlipid small molecule competitive ATX inhibitor
(Figure 2C).44 Within the series of analogs synthesized here,
we observed competitive, mixed mode, and noncompetitive
inhibition mechanisms. All inhibitors tested showed affinity
for the enzyme in the absence of substrate, so the results
suggest that these inhibitors will be effective in assays reflect-
ing inhibition of LPC hydrolysis. Future computational tools
to be developed using the Ki values reported here include
traditional QSAR models, which not only will be able to
predict likelihood that candidates will exhibit inhibition better
than a threshold value but will actually be able to predict the
affinity for the enzyme.

Inhibitor specificity in the NPP family has previously not
been examined. Three members of the NPP enzyme family,
NPP2 (ATX),NPP6, andNPP7, share the ability tohydrolyze
lysophospholipids47 and therefore might be expected to have
some overlap in their recognition of inhibitors. Supplemental
Figure 2, Supporting Information, illustrates the selectivity of
compounds inhibiting at least 50% of ATX activity (Table 1)
over NPP6 and NPP7. These analogs clearly do not inhibit
NPP6 or NPP7 at a single 10 μM dose. These inhibitors are
therefore selective for ATX among the NPP isoforms with
demonstrated preference for phospholipid substrates.

Conclusions

Thirty out of 70 potential analogs of compound 1 were
synthesized based on binary QSAR predictions. These 30

analogs were characterized as ATX inhibitors using single-
dose screening, analysis of selectivity against other lipid
preferring NPP isoforms, dose-response determinations,
and mechanism of inhibition analysis (Ki determination).
The 15 analogs that inhibited ATX activity g50% at 10 μM
were shown to beATX selective. Eight analogs exhibited IC50

for ATX-mediated FS-3 hydrolysis less than 10 μM. Six of
these analogs exhibited competitive ATX inhibition with Ki

values ranging from 700 nM to 7.1 μM. The best of these
compounds has a potency (Ki=700 nM) approaching that
reported for some of the most active published nonlipid ATX
inhibitors.

Experimental Section

Binary QSAR Model Development. Binary QSAR model A
was developed from the expansion ofmodel 1 in ref 43.Model A
was trained on a diverse set of 298 compounds (60 active and 238
inactive) consisting of both lipid-like analogs and nonlipids.
Model B was trained on 248 compounds of which 204 were
inactive and 44 were active. This training set did not contain the
lipid-like compounds present in model A. The compounds in
models A and B were not corrected for explicit hydrogen atoms
or charges on ionizable groups. Compounds were classified
active if at least 50% inhibition was observed at a concentration
of 10 μM. Over 220 structural descriptors, available in the
current version of the MOE software, were calculated for each
compound (both models). Descriptors that were dependent
upon the orientation of the compound in a coordinate system
and those involving semiempirical quantummechanics were not
included in the analysis. The individual descriptors were reduced
to a set of orthogonal principal components. The binary models
were fitted using seven principal components.

Determination of ATX Inhibition. ATX inhibition was deter-
mined using the synthetic FRET-based substrate FS-3 (Echelon
Biosciences, Inc., Salt Lake City, UT). Concentrated (∼10�)
conditionedmedium (CCM) fromMDA-MB-435 cells was used
as the source of ATX. The final volume (60 μL) included 20 μL
of CCM, 20 μL of inhibitor (10 μM for single point experiments
or 30 nM to 30 μM for dose-response experiments, including
1% DMSO) in assay buffer (1 mM each CaCl2 and MgCl2,
5 mM KCl, 140 mM NaCl, 50 mM Tris, pH 8.0), and 20 μL of
FS-3, 1 μM in assay buffer containing charcoal-stripped,48 fatty
acid free BSA (30 μM) (Sigma Aldrich, St. Louis, MO). All
assays were performed in 96-well, half-area plates (Corning Inc.,
Lowell,MA) at 37 �Cwith data collected at 2min intervals using
a Synergy2 fluorescence plate reader (BioTek, Winooski, VT).
Fluorescence resulting from the hydrolysis of FS-3 was mon-
itored using excitation at 485 nm and emission at 528 nm.45

Results were derived from the 1 h time point, where all fluore-
scence changes were linear as a function of time. All readings
were normalized to vehicle control after subtraction of fluores-
cence in the absence of CCM. Carboxyfluoroscein (Sigma-
Aldrich, St. Louis, MO) in the absence of ATX was used as an
analog of the FS-3 hydrolytic fluorophore in experiments to
confirm that the analogs did not provide false positive (signal
quenching) or false negative (signal enhancing) results, respec-
tively. Final volumes (60 μL) consisted of 20 μL of carboxy-
fluoroscein (200 nM) with 20 μL of each analog (10 μM), and
20 μL of charcoal-stripped BSA (30 μM) in assay buffer as
described. Data were collected in a single point analysis using
excitation at 485 nm and emission at 528 nm. Data are shown as
the mean ( SD of at least three wells. All experiments were
repeated at least twice, and representative results are shown.

Mechanism of Inhibition.ATXkinetics assayswere performed
using substrate concentrations from 300 nM to 20 μMand three
different concentrations of inhibitor (corresponding to 0, 0.5,
and 2 times the IC50 for each analog). Normalized fluorescence
results were plotted as a function of time to determine initial
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rates. These initial rates for the zero inhibitor concentra-
tion were plotted against the substrate concentration and a
rectangular hyperbolic curve was fitted to the data using
KaleidaGraph (version 4.03, Synergy Software, Reading, PA)
to determine Km. Data for all three inhibitor concentra-
tions were simultaneously fitted in the Michealis-Menton
equations for competitive, uncompetitive, mixed-mode, and
noncompetitive inhibition (shown below) using simultaneous
nonlinear regression for each model using WinNonLin 6.1
(Pharsight, Mountain View, CA). Mechanism of inhibition
was assigned to the model giving the lowest averaged percent
residuals. Ki and Ki

0 values represent compound affinity for
free enzyme and the enzyme-substrate complex, respectively.

For competitive inhibition : V0 ¼ Vmax½S�
RKm þ ½S� , where R ¼ 1þ ½I�

Ki

For uncompetitive inhibition : V0 ¼ Vmax½S�
Km þR0 ½S� , where R0 ¼ 1þ ½I�

Ki
0

For mixed-mode inhibition : V0 ¼ Vmax ½S�
RKm þR0 ½S�

For noncompetitive inhibition; R ¼ R0; therefore : V0 ¼ Vmax ½S�
RðKm þ ½S�Þ

ATX Expression. MDA-MB-435 cells were cultured at 37 �C
under a humidified atmosphere containing 5% CO2 in Dulbec-
co’s modified Eagle medium (DMEM) (MediaTech, Herndon,
VA) containing 100 U/mL penicillin, 100 μg/mL streptomycin
(Hyclone, Logan, UT), 5% fetal bovine serum (FBS) (Hyclone,
Logan, UT), and 2 mM L-glutamine (Hyclone, Logan, UT).
Upon reaching 80-95% confluency, the cells were washed twice
with sterile phosphate-buffered saline. Serum-free DMEM con-
taining L-glutamine and antibiotics was then added to the cells.
Conditioned media was collected after 36-48 h of incubation
with serum-free DMEM. The media was concentrated, ∼10�,
and buffer-exchanged into Tris (50 mM, pH 7.4) containing
20%ethylene glycol using 30 kDamolecularweight cutoff filters
(Millipore, Beverly, MA) in an Amicon pressure cell (Millipore,
Beverly, MA). Aliquots of 10� conditioned media were stored
at 4 �C.

Determination of NPP6 and NPP7 Inhibition. Inhibitor selecti-
vity was assayed using p-nitrophenylphosphoryl-choline (pNPPC)
(Sigma-Aldrich, St. Louis,MO) as substrate forNPP6 andNPP7.
The final volume (60 μL) included 20 μL of CM, NPP6, or CCM,
NPP7, 20 μL of inhibitor (10 μM including 1% DMSO) in assay
buffer, and 20μLof pNPPC (10mMforNPP6or 1μMforNPP7)
in assay buffer. NPP6 assay buffer contained 500 mM NaCl,
0.05% Triton X-100, and 100 mM Tris-HCl (pH 9.0),49 whereas
NPP7 assay buffer consisted of 50mMTrisHCl, pH 8.5, 150mM
NaCl, and 10 mM taurocholic acid.50-53 However, unlike the
published methods, EDTA was not added to the NPP7 assay
buffer. All assays were performed in 96-well, half-area plates
(Corning Inc., Lowell, MA) at 37 �C with data collected at
2 min intervals using a Synergy2 absorbance plate reader
(BioTek, Winooski, VT). Results are shown at the 1 h time point,
when all absorbance changes as a function of time were linear.
Readings were normalized to vehicle control after subtraction of
absorbance in the absence of CMor CCM.Data are shown as the
mean ( SD of at least three wells. All experiments were repeated
twice, and representative results are shown.

Assays were performedwith CMorCCM fromHEK293 cells
transiently transfected with NPP6 and -7 expression plasmids,
respectively. HEK293 cells were seeded in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine serum,
100U/mLpenicillin, 100 μg/mL streptomycin (Hyclone, Logan,
UT), and 2 mM L-glutamine. HEK293 cells were grown over-
night at 37 �C under 5%CO2 to 80% confluence. The cells were
then transfected with human NPP6ex49 or human NPP7ex52,53

expression plasmids in the pcDNA3.1(þ) mammalian vector in
the presence of Polyfect transfection reagent (Hyclone, Logan,
UT). Six hours after transfection, the culture medium was
changed to serum-free DMEM containing L-glutamine, and
cells were incubated for 48 h. Expressed protein was collected

(NPP6 and NPP7) and concentrated, ∼10� (NPP7), using
10 kDa molecular weight cutoff filters (Millipore, Beverly,
MA) in an Amicon pressure cell (Millipore, Beverly, MA).

General Procedure for the Synthesis of Prospective Inhibitors

Shown in Figure 4. To a solution of pipemidic acid in N,N-
dimethylformamide (1 mL) was added the corresponding sub-
stituted phenyl isothiocyanate. In some cases, triethylamine was
added to speed the reaction, while in others, the addition of this
base led to the formation of byproducts and was thus avoided.
Themixture was then allowed to stir at room temperature under
nitrogen overnight. The solvent was then removed in vacuo, and
the residue was extracted twice with methylene chloride from
aqueous saturated ammonium chloride. The organic layers were
combined, dried with magnesium sulfate, filtered, and concen-
trated. The resulting crude product was then purified by flash
chromatography on silica gel eluting with methanol in methy-
lene chloride (0-20%) to yield the corresponding thiourea
products. All synthetic compounds were determined to be
>95% pure by HPLC.

2-(4-{[(4-Dimethylaminonapthylphenyl)amino]carbonothioyl}-
1-piperazinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-

6-carboxylic Acid (2). Pipemidic acid (25 mg, 0.0824 mmol),
4-dimethylamino-1-napthylisothiocyanate (18.8 mg, 0.0824
mmol), and triethylamine (23 μL, 0.165 mmol) were used.
Purification on silica yielded 2 (23 mg, 53%). 1H NMR (300
MHz, CDCl3) δ 9.29 (s, 1H), 8.63 (s, 1H), 8.32-8.24 (m, 1H),
8.02-7.93 (m, 1H), 7.62-7.46 (m, 3H), 7.02 (d, J = 7.95 Hz,
1H), 4.29 (q, J= 6.90 Hz, 2H), 4.16-3.85 (m, 8H), 2.90 (s, 6H),
1.45 (t, J = 7.08 Hz, 3H) ppm.

2-(4-{[(4-Iodophenyl)amino]carbonothioyl}-1-piperazinyl)-8-
ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (3). Pipemidic acid (25 mg, 0.0824 mmol), 4-iodophenyl
isothiocyanate (21.5 mg, 0.0824 mmol), and triethylamine
(23 μL, 0.165 mmol) were used. Purification on silica yielded 3
(36 mg, 77%). 1H NMR (300 MHz, CDCl3) δ 9.32 (s, 1H), 8.66
(s, 1H), 7.66 (d, J=6.94 Hz, 1H), 7.37 (s, 1H), 7.27 (s, 1H), 7.00
(d,J=7.44Hz, 1H), 4.33 (q,J= 6.90Hz, 2H), 4.21-3.99 (m, 8H),
1.49 (t, J = 7.14 Hz, 3H) ppm.

2-(4-{[(4-Carboxylphenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (4). Pipemidic acid (25 mg, 0.0824 mmol), 4-isothiocyana-
tobenzoic acid (14.8mg, 0.0824mmol), and triethylamine (23μL,
0.165 mmol) were used. Purification on silica yielded 4 (23 mg,
58%). 1H NMR (300 MHz, DMSO) δ 9.71 (s, 1H), 9.24 (s, 1H),
8.98 (s, 1H), 7.87 (d, J= 8.53Hz, 2H), 7.49 (d, J= 8.43Hz, 2H),
4.45-4.39 (m, 2H), 4.10-4.03 (m, 8H), 1.38 (t, J= 6.94 Hz, 3H)
ppm.

2-(4-{[(2-Methylesterphenyl)amino]carbonothioyl}-1-pipera-
zinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-car-
boxylic Acid (5). Pipemidic acid (25 mg, 0.0824 mmol), methyl
2-isothiocyanatobenzoate (16 mg, 0.0824 mmol), and triethyla-
mine (23 μL, 0.165 mmol) were used. Purification on silica
yielded 5 (24 mg, 59%). 1H NMR (300 MHz, CDCl3) δ 11.14
(s, 1H), 9.35 (d, J= 3.14Hz, 1H), 8.77 (d, J= 7.80Hz, 1H), 8.69
(d, J= 2.99Hz, 1H), 8.01 (d, J= 6.95Hz, 1H), 7.55 (t, J= 7.72
Hz, 1H), 7.12 (t, J= 7.99 Hz, 1H), 4.38-4.12 (m, 10H), 3.92 (s,
3H), 1.51 (m, 3H) ppm.

2-(4-{[(4-Morpholinosulfonylphenyl)amino]carbonothioyl}-1-
piperazinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-

6-carboxylic Acid (6). Pipemidic acid (14.2 mg, 0.0468 mmol),
4-(morpholinosulfonyl)phenyl isothiocyanate (14 mg, 0.0468
mmol), and triethylamine (13 μL, 0.0935 mmol) were used.
Purification on silica yielded 6 (24 mg, 85%). 1H NMR (300
MHz, CDCl3) δ 9.28 (s, 1H), 8.65 (s, 1H), 8.09 (s, 1H), 7.64 (d,
J = 8.71 Hz, 2H), 7.51 (d, J = 8.61 Hz, 2H), 4.43-4.01 (m,
10H), 3.80-3.70 (m, 4H), 3.04-2.98 (m, 4H), 1.49 (t, J = 7.17
Hz, 3H) ppm.

2-(4-{[(3-Benzothiadiazolphenyl)amino]carbonothioyl}-1-pipe-
razinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-car-

boxylic Acid (7). Pipemidic acid (25 mg, 0.0824 mmol),
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2,1,3-benzothiadiazol-5-yl isothiocyanate (15.8 mg, 0.0824
mmol), and triethylamine (23 μL, 0.165 mmol) were used.
Purification on silica yielded 7 (24 mg, 58%). 1H NMR (300
MHz, DMSO) δ 9.26 (s, 1H), 8.98 (s, 1H), 7.98-7.82 (m, 3H),
4.51-4.33 (m, 2H), 4.24-3.99 (m, 8H), 1.42-1.32 (m, 3H) ppm.

2-(4-{[(2,4,6-Mesitylphenyl)amino]carbonothioyl}-1-piperazi-
nyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carbo-

xylic Acid (8). Pipemidic acid (25 mg, 0.0824 mmol), mesityl
isothiocyanate (14.6 mg, 0.0824 mmol), and triethylamine
(23 μL, 0.165 mmol) were used. Purification on silica yielded 8

(36.6mg, 92%). 1HNMR(300MHz,CDCl3) δ 9.32 (s, 1H), 8.64
(s, 1H), 7.05 (s, 1H), 6.92 (s, 2H), 4.41-3.93 (m, 10H), 2.28 (s,
3H), 2.23 (s, 6H), 1.50 (t, J = 6.96 Hz, 3H) ppm.

2-(4-{[(4-pyrazolephenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (9). Pipemidic acid (27 mg, 0.0894 mmol) and 4-(1H-
pyrazol-1-yl)phenyl isothiocyanate (15 mg, 0.0745 mmol) were
used. Purification on silica yielded 9 (35.5 mg, 94%). 1H NMR
(250 MHz, CDCl3) δ 9.30 (s, 1H), 8.69 (s, 1H), 7.91 (s, 1H),
7.72-7.56 (m, 3H), 7.46-7.30 (m, 2H), 6.46 (s, 1H), 4.36 (q, J=
7.25Hz, 2H), 4.28-3.96 (m, 8H), 1.48 (t, J= 7.04Hz, 3H) ppm.

2-(4-{[(2-Benzothiadiazolphenyl)amino]carbonothioyl}-1-pipe-
razinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-car-
boxylic Acid (10). Pipemidic acid (25 mg, 0.0824 mmol), 2,1,3-
benzothiadiazol-4-yl isothiocyanate (16 mg, 0.0824 mmol), and
triethylamine (23 μL, 0.165 mmol) were used. Purification on
silica yielded 10 (10.8 mg, 26%). 1HNMR (300MHz,DMSO) δ
9.81 (s, 1H), 9.27 (s, 1H), 9.00 (s, 1H), 7.93 (d, J= 8.40 Hz, 1H),
7.77-7.68 (m, 1H), 7.63 (d, J = 7.23 Hz, 1H), 4.48-4.41 (m,
2H), 4.24-3.99 (m, 8H), 1.39 (t, J = 6.52 3H) ppm.

2-(4-{[(3-Trifluoromethylphenyl)amino]carbonothioyl}-1-pipe-
razinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-car-

boxylic Acid (11). Pipemidic acid (25 mg, 0.0824 mmol), 3-(tri-
fluoromethyl)phenyl isothiocyanate (12.5 μL, 0.0824 mmol),
and triethylamine (23 μL, 0.165 mmol) were used. Purification
on silica yielded 11 (31mg, 75%). 1HNMR(300MHz,CDCl3)δ
9.32 (s, 1H), 8.72 (s, 1H), 7.41-7.35 (m, 1H), 7.29-7.21 (m, 2H),
7.21-7.16 (m, 1H), 4.37 (q, J = 7.10 Hz, 2H), 4.27-3.93 (m,
8H), 1.50 (t, J = 7.04 Hz, 3H) ppm.

2-(4-{[(2-Trifluoromethylphenyl)amino]carbonothioyl}-1-pipe-
razinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-car-

boxylic Acid (12). Pipemidic acid (48 mg, 0.159 mmol) and
2-(trifluoromethyl)phenyl isothiocyanate (20 μL, 0.132 mmol)
were used. Purification on silica yielded 12 (55 mg, 82%). 1H
NMR (300MHz, CDCl3) δ 9.32 (s, 1H), 8.69 (s, 1H), 7.74-7.64
(m, 1H), 7.63-7.51 (m, 2H), 7.43-7.33 (m, 1H), 4.47-3.90 (m,
10H), 1.50 (t, J = 6.86 Hz, 3H) ppm.

2-(4-{[(3-Methylphenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic
Acid (13). Pipemidic acid (54 mg, 0.177 mmol) and m-tolyli-
sothiocyanate (20 μL, 0.148 mmol) were used. Purification on
silica yielded 13 (67 mg, 100%).1H NMR (300 MHz, CDCl3) δ
9.32 (s, 1H), 8.68 (s, 1H), 7.34-7.32 (m, 1H), 7.05-6.94 (m, 3H),
4.33 (q, J= 7.10 Hz, 2H), 4.24-3.87 (m, 8H), 2.35 (s, 3H), 1.49
(t, J = 7.19 Hz, 3H) ppm.

2-(4-{[(3-Chlorophenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (14). Pipemidic acid (25 mg, 0.0824 mmol), 3-chlorophenyl
isothiocyanate (11 μL, 0.0824 mmol), and triethylamine (23 μL,
0.165mmol) were used. Purification on silica yielded 14 (8.2 mg,
21%). 1H NMR (300 MHz, CDCl3) δ 9.03 (s, 1H), 8.51 (s, 1H),
7.10 (s, 1H), 7.04-6.93 (m, 2H), 6.90-6.84 (m, 1H), 4.14 (q, J=
6.90Hz, 2H), 4.00-3.74 (m, 8H), 1.23 (t, J= 7.01Hz, 3H) ppm.

2-(4-{[(2,3-Dichlorophenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (15). Pipemidic acid (51 mg, 0.168 mmol) and 2,3-dichlor-
ophenyl isothiocyanate (20 μL, 0.141 mmol) were used. Purifica-
tion on silica yielded 15 (15.5 mg, 22%). 1H NMR (300 MHz,
DMSO) δ 9.03 (s, 1H), 8.78 (s, 1H), 7.53 (d, J = 7.43 Hz, 1H),
7.41-7.26 (m, 2H), 4.51-3.90 (m, 10H), 1.43-1.27 (m, 3H) ppm.

2-(4-{[(Phenyl)amino]carbonothioyl}-1-piperazinyl)-8-ethyl-
5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic Acid phenyl

(16). Pipemidic acid (25 mg, 0.0824 mmol), phenyl isothiocya-
nate (9.8 μL, 0.0824 mmol), and triethylamine (23 μL, 0.165
mmol) were used. Purification on silica yielded 16 (16mg, 43%).
1H NMR (300 MHz, CDCl3) δ 9.33 (s, 1H), 8.68 (s, 1H),
7.41-7.33 (m, 3H), 7.22-7.15 (m, 2H), 4.38-4.28 (m, 2H),
4.24-3.89 (m, 8H), 1.49 (t, J = 7.57 Hz, 3H) ppm.

2-(4-{[(2-Chlorophenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (17). Pipemidic acid (56 mg, 0.184 mmol) and 2-chloro-
phenylisothiocyanate (20 μL, 0.153 mmol) were used. Purifica-
tion on silica yielded 17 (72 mg, 99%). 1H NMR (300 MHz,
CDCl3) δ 9.34 (s, 1H), 8.68 (s, 1H), 7.75 (d, J = 8.10 Hz, 1H),
7.44 (d, J = 8.00 Hz, 1H), 7.37-7.27 (m, 2H), 7.15 (t, J = 7.67
Hz, 1H), 4.35 (q, J = 7.15 Hz, 2H), 4.29-4.01 (m, 8H), 1.50 (t,
J = 7.20 Hz, 3H) ppm.

2-(4-{[(3,5-Bis(trifluoromethyl)phenyl)amino]carbonothioyl}-
1-piperazinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-

6-carboxylic Acid (18). Pipemidic acid (40 mg, 0.132 mmol) and
3,5-bis(trifluoromethyl)phenyl isothiocyanate (20 μL, 0.110
mmol) were used. Purification on silica yielded 18 (61 mg,
97%). 1H NMR (300 MHz, CDCl3) δ 9.30 (s, 1H), 8.68 (s,
1H), 8.62 (s, 1H), 7.94 (s, 2H), 7.62 (s, 1H), 4.42-4.05 (m, 10H),
1.51 (t, J = 7.07 Hz, 3H) ppm.

2-(4-{[(3-Methoxyphenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic
Acid (19). Pipemidic acid (25 mg, 0.0824 mmol), 3-methoxyphe-
nyl isothiocyanate (11.6 μL, 0.0824 mmol), and triethylamine
(23 μL, 0.165 mmol) were used. Purification on silica yielded 19

(21.4mg, 55%). 1HNMR(300MHz,CDCl3) δ 9.31 (s, 1H), 8.67
(s, 1H), 7.47 (s, 1H), 7.30-7.21 (m, 1H), 6.80-6.68 (m, 3H), 4.32
(q, J = 6.90 Hz, 2H), 4.23-3.89 (m, 8H), 3.79 (s, 3H), 1.48 (t,
J = 7.16 Hz, 3H) ppm.

2-(4-{[(2,5-Dichlorophenyl)amino]carbonothioyl}-1-piperazi-
nyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carbo-

xylic Acid (20). Pipemidic acid (51 mg, 0.168 mmol) and 2,5-
dichlorophenyl isothiocyanate (20 μL, 0.140 mmol) were used.
Purification on silica yielded 20 (42.7 mg, 60%). 1H NMR (300
MHz, CDCl3) δ 9.39 (s, 1H), 9.06 (s, 1H), 7.57 (d, J = 2.39 Hz,
1H), 7.42-7.36 (m, 1H), 7.20 (d, J = 7.35 Hz, 1H), 4.55-4.39
(m, 2H), 4.31-4.02 (m, 8H), 1.52 (t, J = 6.88 Hz, 3H) ppm.

2-(4-{[(2-Methoxyphenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic
Acid (21). Pipemidic acid (53 mg, 0.175 mmol) and 2-methox-
yphenyl isothiocyanate (20 μL, 0.145 mmol) were used. Purifi-
cation on silica yielded 21 (36 mg, 53%). 1H NMR (250 MHz,
CDCl3) δ 9.33 (s, 1H), 8.68 (s, 1H), 7.84 (d, J = 7.30 Hz, 1H),
7.54 (s, 1H), 7.20-7.04 (m, 1H), 7.03-6.85 (m, 2H), 4.44-3.73
(m, 13H), 1.49 (t, J = 6.60 Hz, 3H) ppm.

2-(4-{[(3,5-Dimethylphenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic Acid

(22). Pipemidic acid (45 mg, 0.148 mmol), 3,5-dimethylphenyl
isothiocyanate (24 mg, 0.148 mmol), and triethylamine (41 μL,
0.296 mmol) were used. Purification on silica yielded 22 (41.6
mg, 67%). 1H NMR (300 MHz, CDCl3) δ 9.30 (s, 1H), 8.66 (s,
1H), 7.48 (s, 1H), 6.86-6.75 (m, 3H), 4.33 (q, J= 7.10 Hz, 2H),
4.22-3.91 (m, 8H), 2.30 (s, 6H), 1.48 (t, J = 7.11 Hz, 3H) ppm.

2-(4-{[(4-Fluorophenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (23). Pipemidic acid (35 mg, 0.1154 mmol) and 4-fluor-
ophenyl isothiocyanate (17.7 mg, 0.1154 mmol) were used.
Purification on silica yielded 23 (30 mg, 57%). 1H NMR (300
MHz,CDCl3)δ 9.34 (s, 1H), 8.69 (s, 1H), 7.33 (s, 1H), 7.25-7.16
(m, 2H), 7.13-7.03 (m, 2H), 4.34 (q, J = 7.00 Hz, 2H),
4.28-3.96 (m, 8H), 1.50 (t, J = 7.36 Hz, 3H) ppm.

2-(4-{[(4-Methoxyphenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (24). Pipemidic acid (30 mg, 0.0989 mmol) and 4-methoxy-
phenyl isothiocyanate (13.7 μL, 0.0989 mmol) were used.
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Purification on silica yielded 24 (37 mg, 80%). 1H NMR (300
MHz, CDCl3) δ 9.33 (s, 1H), 8.67 (s, 1H), 7.30 (s, 1H), 7.15 (d,
J = 8.76 Hz, 2H), 6.90 (d, J = 8.82 Hz, 2H), 4.34 (q, J = 7.10
Hz, 2H), 4.25-3.92 (m, 8H), 3.81 (s, 3H), 1.49 (t, J = 7.12 Hz,
3H) ppm.

2-(4-{[(3-Fluorophenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (25). Pipemidic acid (25 mg, 0.0824 mmol) and 3-fluor-
ophenyl isothiocyanate (9.9 μL, 0.0824 mmol) were used.
Purification on silica yielded 25 (22 mg, 59%). 1H NMR
(300 MHz, CDCl3) δ 9.32 (s, 1H), 8.66 (s, 1H), 7.41 (s, 1H),
7.37-7.27 (m, 1H), 6.96 (t, J=7.39, 2H), 6.88 (t, J=7.67 Hz,
1H), 4.38-4.27 (m, 2H), 4.27-3.91 (m, 8H), 1.54-1.43
(m, 3H) ppm.

2-(4-{[(2-Iodophenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic
Acid (26). Pipemidic acid (25 mg, 0.0824 mmol) and 2-iodophe-
nyl isothiocyanate (21.5 mg, 0.0824 mmol) were used. Purifica-
tion on silica yielded 26 (35 mg, 75%). 1H NMR (300 MHz,
CDCl3) δ 9.36-9.30 (m, 1H), 8.69-8.65 (m, 1H), 7.89-7.82 (m,
1H), 7.62-7.55 (m, 1H), 7.41-7.32 (m, 1H), 7.00-6.92 (m, 1H),
4.40-4.01 (m, 10H), 1.53-1.44 (m, 3H) ppm.

2-(4-{[(4-Methylphenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (27). Pipemidic acid (89 mg, 0.293 mmol) and p-tolyl
isothiocyanate (40 mg, 0.268 mmol) were used. Purification on
silica yielded 27 (82 mg, 68%). 1H NMR (300 MHz, CDCl3) δ
9.32 (s, 1H), 8.67 (s, 1H), 7.40 (s, 1H), 7.17 (d, J= 7.60 Hz, 2H),
7.09 (d, J= 7.44 Hz, 2H), 4.33 (q, J= 6.40 Hz, 2H), 4.23-3.91
(m, 8H), 2.34 (s, 3H), 1.49 (t, J = 7.03 Hz, 3H) ppm.

2-(4-{[(4-Chlorophenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (28). Pipemidic acid (58 mg, 0.191 mmol) and 4-chloro-
phenyl isothiocyanate (27 mg, 0.159 mmol) were used. Purifica-
tion on silica yielded 28 (50 mg, 67%). 1H NMR (300 MHz,
CDCl3) δ 9.34 (s, 1H), 8.68 (s, 1H), 7.36-7.34 (m, 2H), 7.17 (d,
J = 8.70 Hz, 2H), 4.39-4.28 (m, 2H), 4.28-3.93 (m, 8H), 1.49
(t, J = 6.68 Hz, 3H) ppm.

2-(4-{[(3-Iodophenyl)amino]carbonothioyl}-1-piperazinyl)-8-
ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (29).Pipemidic acid (40mg, 0.133mmol) and 3-iodophenyl
isothiocyanate (29 mg, 0.111 mmol) were used. Purification on
silica yielded 29 (57 mg, 90%). 1H NMR (250 MHz, CDCl3) δ
9.33 (s, 1H), 8.73 (s, 1H), 7.66-7.64 (m, 1H), 7.54-7.51 (m, 1H),
7.40-7.24 (m, 1H), 7.12-7.06 (m, 1H), 4.48-4.31 (m, 2H),
4.27-3.93 (m, 8H), 1.34-1.17 (m, 3H) ppm.

2-(4-{[(2-Fluorophenyl)amino]carbonothioyl}-1-piperazinyl)-
8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-carboxylic

Acid (30). Pipemidic acid (25 mg, 0.0824 mmol) and 2-fluor-
ophenyl isothiocyanate (10 μL, 0.0824 mmol) were used. Pur-
ification on silica yielded 30 (24 mg, 64%). 1HNMR (300MHz,
CDCl3) δ 9.35 (s, 1H), 8.69 (s, 1H), 7.64 (t, J = 7.34 Hz, 1H),
7.21-7.12 (m, 3H), 4.35 (q, J = 6.90 Hz, 2H), 4.28-4.02 (m,
8H), 1.50 (t, J = 7.09 Hz, 3H) ppm.

2-(4-{[(4-Trifluoromethylphenyl)amino]carbonothioyl}-1-pipe-
razinyl)-8-ethyl-5-oxo-5,8-dihydropyrido[2,3-d]pyrimidine-6-car-

boxylic Acid (31). Pipemidic acid (30 mg, 0.0989 mmol) and
4-trifluoromethylphenyl isothiocyanate (16.7 mg, 0.0824mmol)
were used. Purification on silica yielded 31 (31 mg, 77%).
1H NMR (300 MHz, CDCl3) δ 9.34 (s, 1H), 8.69 (s, 1H),
7.65-7.57 (m, 2H), 7.51 (s, 1H), 7.37-7.31 (m, 2H), 4.34 (q,
J= 6.80Hz, 2H), 4.27-3.97 (m, 8H), 1.49 (t, J= 7.25, 7.25 Hz,
3H) ppm.
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