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A B S T R A C T

The proteins Orai1 and STIM1 control store-operated Ca2+ entry (SOCE) into cells. SOCE is important for mi-
gration, invasion and metastasis of MDA-MB-231 human triple negative breast cancer (TNBC) cells and has been
proposed as a target for cancer drug discovery. Two hit compounds from a medium throughput screen, displayed
encouraging inhibition of SOCE in MDA-MB-231 cells, as measured by a Fluorescence Imaging Plate Reader
(FLIPR) Ca2+ assay. Following NMR spectroscopic analysis of these hits and reassignment of their structures as
5-hydroxy-5-trifluoromethylpyrazolines, a series of analogues was prepared via thermal condensation reactions
between substituted acylhydrazones and trifluoromethyl 1,3-dicarbonyl arenes. Structure-activity relationship
(SAR) studies showed that small lipophilic substituents at the 2- and 3-positions of the RHS and 2-, 3- and 4-
postions of the LHS terminal benzene rings improved activity, resulting in a novel class of potent and selective
inhibitors of SOCE.

1. Introduction

The Orai family (Orai1, Orai2 and Orai3) of proteins, first identified
in 2006,1–5 are plasma membrane proteins which share no homology
with any other known calcium channel family. The Orai1 isoform is the
key protein of the pore which forms the Ca2+ release-activated Ca2+

(CRAC) channel, which is activated upon depletion of endoplasmic
reticulum (ER) Ca2+ stores. Reduced levels of ER Ca2+ are sensed by
stromal interaction molecule 1 (STIM1 and its homologue STIM2), and
prompt STIM1 to relocate and form puncta6 near the plasma mem-
brane. Protein-protein interactions with Orai1 then promote Ca2+ in-
flux via the pathway referred to as store-operated Ca2+ entry (SOCE).7

Elevation of intracellular Ca2+ rapidly induces dissociation of the
Orai1/STIM1 complex, preventing Ca2+ overloading and may represent
a SOCE gating mechanism.8,9 Orai1 is involved in a number of

physiological functions. Orai1-mediated Ca2+ influx plays a key role in
the activation, differentiation and proliferation of T lymphocytes,1,10

lactation,11,12 cardiovascular/respiratory processes13 and pancreatic
cell function/dysfunction.14 However, Orai1, its homologue Orai3 and
activators STIM1 and STIM2 have also been implicated in tumor cell
proliferation, invasion, survival, migration and therapy resistance in
such cancers as prostrate, colorectal, melanoma, ovarian, cervical,
leukemia, nasopharyngeal, pancreatic, lung, renal, glioblastoma, neu-
roblastoma, epidermoid, hepatoma and pertinent to the current study -
breast cancer.15–19 Elevated levels of Orai1 and alterations in the re-
lative levels of STIM1/STIM2 are a feature of the poor prognosis of the
basal breast cancer subtype.12 It has been shown that blockage or
knockdown of Orai1 or STIM1 reduces enolase-1 dependent migration
of highly metastatic MDA-MB-231 triple negative basal-type breast
cancer (TNBC)20 cells, indicating a crucial role of SOCE in the
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modulation of cancer cell migratory and invasion properties.21

Orai1siRNA and STIM1 siRNA treatments or blockage of SOCE by a
small molecule inhibitor (SFK-96365, Fig. 1) in a xenograft mouse
model with MDA-MB-231 cells produced a significant antimetastatic
effect indicating the potential for SOCE as a therapeutic target in breast
cancer.22 Whilst Orai1 and STIM1 are widely expressed, CRAC channel
disorders appear to be limited with effects primarily in the immune
system, skeletal muscle and ectodermal- derived tissue, providing a
possible window of high selectivity and low toxicity for SOCE in-
hibitors.23 With emerging evidence of SOCE implicated in a variety of
diseases, the search and discovery of SOCE inhibitors is increasing and a
variety of small molecule inhibitors have now been reported19,24–26

opening the door for new therapeutic opportunities. Several small
molecule SOCE inhibitors have shown promise in both in vitro and in
vivo disease models (Fig. 1).

Although the aforementioned SFK-96365 is not selective for CRAC
channels with potential to block other Ca2+ channels,27 it does block
SOCE in mast,26 rat basophilic leukemia,28 Jurkat29 and cervical cancer
cells.30 2-APB (Fig. 1), although also nonselective, inhibits the pro-
liferation or migration of hepatoma,31 cervical,30 gastric32 and color-
ectal cells.33 YM-58483 (Fig. 1) in one study appears to be relatively
selective as it specifically inhibits SOCE and not other Ca2+ pathways in
T lymphocytes with an IC50 of 10 nM against SOCE in Jurkat T cells.34 It
has also been shown to inhibit cytokine secretion in mast cells.35 RO-
2959 (Fig. 1) is also thought to be relatively selective and has an IC50 of
400 nM against SOCE in rat basophilic leukemia-2H3 cells.36 5D (Fig. 1)
has been shown to inhibit CRAC channel activity by blocking ion per-
meation and diminishing the severity of experimental autoimmune
encephalomyelitis in mice by inhibition of differentiation of in-
flammatory T cells.37 The CRAC channel blocker Synta-66 (Fig. 1)
produced an IC50 of 1.4 μM in rat basophilic leukemia cells and Jurket T
cells, with demonstrated good selectivity and an absence of activity
against a range of other enzyme, receptor and ion channel targets.38

It has been demonstrated that Ca2+ is involved in a variety of cancer
cell signalling pathways39–41 and a recent review outlined the crucial
role of Orai and STIM proteins in the hallmarks of cancer.42 However,
there are currently no CRAC channel inhibitors in the marketplace for
treating cancer,43 although carboxyamidotriazole CAI (Fig. 1) did reach
a phase II clinical trial for patients with relapsed epithelial ovarian
cancer.44 CM2489, produced by CalciMedica with structure undi-
sclosed and in phase I clinical trials for plaque psoriasis, is claimed to be
the only specific CRAC channel inhibitor tested in patients.45

TNBC comprises 12–20% (of these ∼75% are basal-type) of total

breast cancers.46 Patients with TNBC are characterised by absence of
the estrogen receptor, the progesterone receptor and HER2 and have a
poor prognosis compared to other subtypes.46 Thus there is an urgent
need for new selective targeted therapies for TNBC.47,48 Recently we
reported49 the use of a Fluorescence Imaging Plate Reader (FLIPR)
assay in the evaluation of 13 known compounds and a small series of
novel iminotriazoles as selective SOCE inhibitors in MDA-MB-231
TNBC cells. We now outline the synthesis and an extensive struc-
ture–activity relationship (SAR) study of a series of hydroxy-tri-
fluoromethylpyrazolines (Fig. 1) using this method.

2. Results and discussion

2.1. Chemistry

Although 1,3-diazoles and imidazoles are widely observed in nat-
ural products, the isomeric pyrazoles are somewhat rare.50 Never-
theless, there are a number of manuscripts outlining the potential use of
pyrazoles as pharmaceuticals: riboflavin synthase inhibitors,51 COX-2
inhibitors,52,53 sEH inhibitors,54 HIV-1 reverse transcriptase in-
hibitors,55 and NHE-1 inhibitors.56 The thermal condensation of hy-
drazines and 1,3-dicarbonyls produces pyrazoles and in some cases,
intermediate hydroxy-dihydropyrazolines can be isolated.50,51,57 From
a screen of 2140 purchased compounds,49 34 hydroxy-pyrazolines were
tested. The regio-isomers 5648159 and 6068529, based on the ven-
dor’s structures, were selected as hits as they displayed propitious in-
hibition of SOCE using the FLIPR assay in MDA-MB-231 cells (Fig. 2).
However, the 1H NMR (CDCl3) spectra for both 5648159 and 6068529
were absolutely identical, so a detailed NMR spectroscopy study was
undertaken in order to identify the correct structure. The diagnostic 5-
OH proton appeared at δ 6.14 ppm. Previous mechanistic and synthetic

Fig. 1. Small molecule inhibitors of CRAC channels or SOCE reported in studies and new hydroxy-trifluoromethylpyrazolines.

Fig. 2. Vendor's provided structures for 5648159 and 6068529. 1H, 13C and 19F
NMR spectral analysis revealed that both compounds have the structure given
for 6068529.
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studies by several groups50,51,57 on the regioisomeric formation of hy-
droxy-pyrazolines from condensation of acylhydrazines and 1,3-dike-
tones demonstrated that if the 5-OH proton was adjacent to a strong
electron withdrawing group (EWG) (e.g. CF3), there was a significant
downfield shift (5-OH appearing at δ 6.59–6.87 ppm) compared with
the OH moiety not adjacent to such a group (5-OH appearing at δ
5.20–5.58 ppm). Thus in the present case, the observed chemical shift
supports 6068529. In the 13C NMR (CDCl3) spectra, the observed signal
from C5 was a quartet at δ 92.2 ppm (JCF= 34.3 Hz) and the C3 atom
gave a singlet at δ 153.3 ppm. This also supports 6068529 for if the
structure was 5648159, the signal for the sp2-hybridised C3 atom
would be a quartet with a significant downfield shift (δ 140–150 ppm)51

from the value observed at 92.2 ppm, i.e. the CF3 group is attached to an
sp3-hybridised carbon rather than the C]N carbon atom. In the 19F
NMR (CDCl3) spectra, the signal at δ −6.02 ppm (CF3) upfield from
CF3COOH (external standard) also supports 6068529 as the structure.
It has been previously demonstrated that δ −4 to −3 ppm (CF3) re-
lative to CF3COOH implies that a CF3 moiety is attached to an sp3-
hybridised carbon atom.51 If CF3 is attached to an sp2-hybridised
carbon atom then δ > +10 ppm (CF3) downfield from CF3COOH
would be observed.51 It was concluded that both 5648159 and
6068529 had the given 6068529 structure (Fig. 2).

The new hydroxy-5-trifluoromethylpyrazolines and hydroxy-3-tri-
fluoromethylpyrazolines were prepared by the thermal condensa-
tion50,51,57 of 2-phenylacetohydrazide (1) or modified hydrazides
(44–46, 69)58 with phenyl- substituted 4,4,4-trifluoro-1-phenylbutane-
1,3-diones (3) (Schemes 1–4), which in turn were prepared from sub-
stituted acetophenones (2) and ethyl trifluoroacetate in the presence of
NaH (Scheme 1).50–52,57,59 In the majority of reactions, the only re-
gioisomer isolated was the one with a CF3 moiety attached to an sp3-
hybridised carbon atom and hence geminal to an OH group (Tables
1–3). In our attempts to synthesis both hit compounds, only a com-
pound (14) with 1H NMR spectrum identical in all respects to 6068529
was isolated. However, in a few cases the alternative regioisomer where
the CF3 group is attached to an sp2-hybridised carbon was either solely
or also isolated (Table 4). The mechanism and regioselectivity of the
condensation reaction between 1,3-diketones and hydrazines resulting
in hydroxy-pyrazolines and pyrazoles has been previously stu-
died.50,51,57,60 It is well documented that in numerous instances, such
reactions do not proceed with a defined regio-chemistry. In a number of
examples, it was demonstrated that in reactions of acylhydrazones with
1,3-diketones F3CCOCH2COAr under neutral conditions, stable hy-
droxy-pyrazolines can be isolated.50,51,57,60 Under acidic conditions or
in the absence of a strong terminal EWG (e.g. CF3), the reactions gen-
erally proceed to pyrazoles. Proposed partial mechanisms for the for-
mation of regio-isomers hydroxy-5-trifluoromethylpyrazolines and hy-
droxy-3-trifluoromethylpyrazolines are outlined in Fig. 3. It has
previously been discovered in such condensation reactions that aryl
1,3-diketones possessing a COCF3 moiety exist predominantly as
hemiketals due to nucleophilic addition of solvent,61 in our examples i-
PrOH (possibility A in Fig. 3). Formation of a trifluoromethylated
hemiketal may explain why the majority of final products isolated were
hydroxy-5-trifluoromethylpyrazolines (Schemes 1–3). However, the
trifluoromethylated carbonyl group might be expected to be the more

electrophilic and hence more reactive carbonyl group (possibility B in
Fig. 3) due to the strongly electron withdrawing CF3 moiety. This may
explain why in some of our reactions, hydroxy-3-tri-
fluoromethylpyrazolines were isolated (Scheme 4). Singh and co-
workers62 have noted that aryl trifluoromethyl-β-diketones exist sub-
stantially in the enol form providing an AreC]CeC]O extended
conjugated system. Thus they have postulated that the first step is
possibly conjugate addition of nitrogen onto the enol, eventually
leading to the isolated products. It has previously been observed that in
the crystalline state, products of possibility B exist entirely as hydroxy-
3-trifluoromethylpyrazolines. However in CDCl3, they exist as equili-
brium mixtures of open hydrazones and cyclic tautomers57 (possibility
B in Fig. 3) and in a few 1H NMR spectra of hydroxy-3-tri-
fluoromethylpyrazolines, peaks appeared noticeably broader. Both
possible covalently hydrated pyrazoles are stabilized by the electron
withdrawing amide and CF3 moieties. Hence, hydroxy-5-tri-
fluoromethylpyrazolines and hydroxy-3-trifluoromethylpyrazolines can
be isolated as stable entities.

In the present work, we first synthesised the hit compound (14) and
then modified the RHS of the scaffold (Scheme 1, Table 1). The left
hand side (LHS) was then modified whilst the RHS was kept relatively
constant by retaining 2-CH3 or 3-CH3 moieties (Scheme 2, Table 2). The
SAR was extended further by synthesising a series of pyrazolines where

Scheme 1. Synthesis of the 5-hydroxy-5-trifluoromethylpyrazolines of Table 1.
Reagents and conditions: (i) NaH/THF, then ethyl trifluoroacetate (0 °C to r.t.
over 24 h); (ii) i-PrOH (90 °C over 48–96 h).

Scheme 2. Synthesis of the 5-hydroxy-5-trifluoromethylpyrazolines of Table 2.
Reagents and conditions: (i) i-PrOH (90 °C over 48–96 h).

Scheme 3. Synthesis of the 5-hydroxy-5-trifluoromethylpyrazolines of Table 3.
Reagents and conditions: (i) i-PrOH (90 °C over 48–96 h).

Scheme 4. Synthesis of the 5-hydroxy-3-trifluoromethylpyrazolines of Table 4.
Reagents and conditions: (i) i-PrOH (90 °C over 48–96 h).
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the LHS had been modified producing phenylmethanones (Scheme 3,
Table 3). Although we were unable to isolate a hydroxy-3-tri-
fluoromethylpyrazoline corresponding to the structure for 5648159
(Fig. 2) assigned by the vendor, from some reactions we did isolate and
characterise several hydroxy-3-trifluoromethylpyrazolines (Scheme 4,
Table 4). Hydroxy-3-trifluoromethylpyrazolines were able to be dis-
tinguished from their regio-isomeric hydroxy-5-tri-
fluoromethylpyrazolines by the diagnostic 1H NMR 5-OH proton signal
appearing upfield at δ 4.95–5.30 ppm. In fact, in the reaction of 1 with
3 containing a 2-CF3 substituted phenyl group the only product isolated
was a hydroxy-3-trifluoromethylpyrazoline (73) (Scheme 4, Table 4).
The major product of the reaction of 1 with 3 containing a 2-NO2

substituted phenyl group was a hydroxy-3-trifluoromethylpyrazoline
(74) (Scheme 4, Table 4). Strikingly, hydroxy-3-tri-
fluoromethylpyrazoline 78 (3-CH3, RHS; 2-I, LHS) was produced in

64% yield versus 17% for the 5-isomer 72.
Overall, the yields of products varied from 7 to 97% (Tables 1–4),

and appeared to be influenced by the nature and regio-chemistry of the
aryl substituents at both ends of the pyrazolines. None of the reactions
involving 2-substituted phenyl groups on the RHS provided high
yielding products. This may be a steric hindrance issue as a number of
products containing both 3-substituted and 4-substituted phenyl groups
were isolated in high yield. Most notably, lower yields could sometimes
be attributed to thermally-promoted dehydration reactions producing

Table 1
Yields and biological properties of 5-hydroxy-5-trifluoromethylpyrazolines.

No R Yield % IC50
a (µM) ER release

(Peak 1)
IC50

a (CI) (µM) SOCE
(Peak2)

4 H 71 nab nab

5 2-CH3 15 nab 50% at 30 µMc

6 2-OCH3 14 nab 25% at 100 µMc

7 2-F 16 nab 30% at 100 µMc

8 2-Cl 33 50% at 100 µMc 33 (26–41)
9 2-Br 19 nab 30 (26–36)
10 2-OCF3 37 nab nab

11 2-NO2 8 nab 40% at 100 µMc

12 2-aza 58 nab 20% at 100 µMc

13 3-CH3 94 nab 36 (31–43)
14 3-OCH3 48 nab 37% at 100 µMc

15 3-O(CH2)2W 57 50% at 100 µMc 50% at 100 µMc

16 3-F 92 nab 60% at 30 µMc

17 3-Cl 74 nab 48 (34–66)
18 3-Br 71 nab 47 (23–100)
19 3-OCF3 97 nab 50% at 100 µMc

20 3-NO2 92 nab 89 (55–142)
21 3-aza 88 nab nab

22 3-CN 74 nab nab

23 3-CF3 82 nab 29 (24–35)
24 3-NHSO2CH3 36 nab 20% at 30 µMc

25 3-NHCOCF3 82 nab 60% at 30 µMc

26 4-CH3 69 nab nab

27 4-OCH3 10 nab nab

28 4-F 31 nab nab

29 4-Cl 69 nab nab

30 4-Br 83 nab nab

31 4-OCF3 43 nab nab

32 4-NO2 55 nab nab

33 4-aza 49 nab nab

34 4-CN 70 nab nab

35 4-NHCOCH3 30 nab nab

36 4-W 33 nab nab

37 2,6-diOCH3 68 nab nab

38 2,3-diF 14 nab 80% at 100 µMc

39 2,6-diF 43 nab nab

40 2,4-diCl 34 nab 58 (47–71)
41 2,5-diCl 45 nab 54 (44–66)
42 3,4-(CH2)4 47 nab 89 (62–129)
43 X 32 nab nab

a IC50 is drug concentration for a half-maximal response.
b Less than 10% inhibition at 100 µM; na=not active.
c Estimate of activity where 100% inhibition not reached. CI= 95%

Confidence Intervals (n=4). W=morpholide, X= 2-thiophene.

Table 2
Yields and biological properties of 5-hydroxy-5-trifluoromethylpyrazolines;
LHS modifications.

No X or LHS R Yield % IC50
a (µM) ER release

(Peak 1)
IC50

a (CI) (µM) SOCE
(Peak2)

47 2-OCH3 2-CH3 12 nab 60% at 100 µMc

48 2-OCH3 3-CH3 32 nab 50% at 100 µMc

49 3-OCH3 2-CH3 7 nab 60% at 100 µMc

50 3-OCH3 3-CH3 48 nab 32 (24–43)
51 4-OCH3 2-CH3 30 nab 30% at 100 µMc

52 4-OCH3 3-CH3 16 nab 33 (30–37)
53 2-CH3 2-CH3 28 nab 20% at 100 µMc

54 2-CH3 3-CH3 50 nab nab

55 3-CH3 2-CH3 14 nab 42 (32–55)
56 3-CH3 3-CH3 72 nab 45 (38–54)
57 4-CH3 2-CH3 20 nab 55 (43–71)
58 4-CH3 3-CH3 50 nab 42 (32–54)
59 2-Cl 2-CH3 49 nab 40 (35–45)
60 2-Cl 3-CH3 73 nab 42 (35–50)
61 3-Cl 2-CH3 19 nab 79 (69–91)
62 3-Cl 3-CH3 49 nab 75 (64–88)
63 4-Cl 2-CH3 44 nab 47 (38–59)
64 4-Cl 3-CH3 63 nab 60 (40–91)
65 45 2-CH3 18 nab 105 (74–149)
66 45 3-CH3 50 nab nab

67 46 2-CH3 28 nab nab

68 46 3-CH3 57 nab nab

a IC50 is drug concentration for a half-maximal response.
b Less than 10% inhibition at 100 µM; na= not active.
c Estimate of activity where 100% inhibition not reached. CI= 95%

Confidence Intervals (n= 4).

Table 3
Yields and biological properties of 5-hydroxy-5-trifluoromethylpyrazolines;
LHS modifications.

No X R Yield % IC50
a (µM) ER release

(Peak 1)
IC50

a (µM) SOCE
(Peak2)

70 H 2-CH3 18 nab 20% at 100 µMc

71 H 3-CH3 37 nab 30% at 100 µMc

72 2-I 3-CH3 17 ntd ntd

a IC50 is drug concentration for a half-maximal response.
b Less than 10% inhibition at 100 µM; na= not active.
c Estimate of activity where 100% inhibition not reached.
d nt= not tested.
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aromatic pyrazoles which rapidly lose the LHS acyl groups, due to the
pyrazole moiety being a powerful leaving group in the presence of the
nucleophilic solvent (i-PrOH).63

2.2. Biology and structure-activity relationships

The FLIPR Ca2+ assay is a convenient procedure for measuring in-
tracellular free Ca2+ and we have previously validated this assay for
assessment of Orai1-mediated Ca2+ influx in MDA-MB-231 cells.12,49

The detailed procedure is described in the experimental section. In
brief, addition of the sarco/endoplasmic reticulum ATPase (SERCA)
inhibitor cyclopiazonic acid (CPA) induced a gradual loss of Ca2+ from

internal stores and we designated this as peak 1 (red) in the normalised
2-peak FLIPR plots (% inhibition vs log10[M]). Ideally peak 1 should
remain flat with increasing concentration of introduced compounds
implying such compounds do not have pronounced non-specific direct
effects on ER Ca2+ channels. The “2-peak assessment” allowed us to
promptly identify analogues that were clearly not SOCE selective by
observing if there was appreciable potency against peak 1.51 Store de-
pletion was promoted by selective chelation of extracellular Ca2+ with
1,2-bis(2-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid) (BAPTA).
Addition of extracellular Ca2+ resulted in SOCE which we designated as
peak 2 (black). A potent and selective SOCE inhibitor would cause peak
2 to reach 100% inhibition at a low concentration whilst peak 1 would
remain flat in the 2-peak plots. We have previously demonstrated that
peak 2 is reduced by silencing of Orai1 but not the related isoforms
Orai2 and Orai3.12,49

The purchased hit compound 5648159 provided an estimated 37%
inhibition of SOCE at 100 μM in MDA-MB-231 cells as indicated in peak
2 (Fig. 2) and importantly it was selective as peak 1 remained un-
changed. Having the same structure (3-OCH3, RHS), the purchased
6068529 (Fig. 2) and synthesised 14 gave identical 2-peak plots
(Table 1). A variety of related structures were also evaluated. If a po-
tential inhibitor did not reach 80–100% in either peak 1 or peak 2 an
IC50 was not assigned for either peak 1 or peak 2 and if a compound
showed less than 10% inhibition at 100 μM (even if it exhibited activity
above 100 μM) it was designated as inactive against the relevant peak.
Compound 14 did not reach the threshold in peak 2 and was therefore
not allocated an IC50.

Several of the thirteen 3-substituted aryl (RHS) synthesised analo-
gues inhibited SOCE (peak 2) without non-specific effects on peak 1
(Table 1). Most notably, compound 23 (3-CF3, RHS) provided an IC50 of
29 μM and 100% inhibition at 100 μM against peak 2 and was inactive
against peak 1 (Figs. 4 and S1). Two 3-substituted halides, compound
17 (3-Cl, RHS) and compound 18 (3-Br, RHS) were both selective and
active against SOCE providing IC50s of 48 and 47 μM respectively and
100% inhibition at 100 μM against peak 2 and were inactive against
peak 1 (Figs. 4 and S1). Compound 13 (3-CH3, RHS) was also active
against SOCE (IC50 36, 100% inhibition at 100 μM against peak 2) but

Table 4
Yields and biological properties of 5-hydroxy-3-trifluoromethylpyrazolines; al-
ternative isomers.

No LHS R Yield% IC50
a (CI) (µM) ER

release (Peak 1)
IC50

a (CI) (µM)
SOCE (Peak2)

73 1 2-CF3 34 80 (59–108) 49 (40–60)
74 1 2-NO2 40 20% at 100 µMc 30% at 100 µMc

75 46 2-CH3 25 nab 20% at 100 µMc

76 69 (X=H) 2-CH3 10 nab 20% at 10 µMc

77 69 (X=H) 3-CH3 18 nab nab

78 69 (X= 2-I) 3-CH3 64 ntd ntd

a IC50 is drug concentration for a half-maximal response.
b Less than 10% inhibition at 100 µM; na=not active.
c Estimate of activity where 100% inhibition not reached. CI= 95%

Confidence Intervals (n=4).
d nt= not tested.

Fig. 3. Proposed partial mechanisms for formation of two possible hydroxy-trifluoromethylpyrazoline regio-isomers.
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with some inhibition of peak 1 at 100 μM. Compounds 16 (3-F, RHS),
19 (3-OCF3, RHS), 20 (3-NO2, RHS) and 25 (3-NHCOCF3, RHS)
showed∼ 60% inhibition selectively at 100 μM against peak 2. Com-
pound 15 (3-O(CH2)2morph, RHS) also provided 60% inhibition at
100 μM against peak 2 but was not selective.

Amongst the eight 2-substituted aryl (RHS) synthesised analogues,
compounds 5 (2-CH3, RHS) and 9 (2-Br, RHS) were the most selectively
potent showing∼ 60% inhibition at 100 μM against peak 2. Compound
8 (2-Cl, RHS) showed 80% inhibition at 100 μM against peak 2 but was
clearly not selective. Compounds 6 (2-OCH3, RHS), 7 (2-F, RHS) and 11
(2-NO2, RHS) provided ∼25% inhibition selectively at 100 μM against
peak 2.

None of the eleven 4-substituted aryl (RHS) compounds demon-
strated any significant SOCE inhibition (Table 1). The best were com-
pounds 33 (4-aza, RHS) and 36 (4-morph, RHS) showing 50% selective
SOCE inhibition at 300 μM but overall their activity was poor. Since
lack of activity is not due to Log P or solubility (Table S1), we postulate
that steric bulk of 4-substituents may be the cause: 4-substitution is not
well tolerated for SOCE inhibition unlike 2- and 3-substitutions where
activity is improved.

The outcomes of the 7 di-substituted and miscellaneous (RHS) were
more promising (Table 1). Compounds 38 (2,3-diF, RHS), 40 (2,4-diCl,
RHS) and 41 (2,5-diCl, RHS) all provided IC50’s of ∼55 μM and ∼60%
inhibition at100 μM against peak 2. Compound 42 (3,4-(CH2)4, RHS)
provided and an IC50 of 89 μM and 50% inhibition at100 μM selectively
against peak 1.

Modification of the LHS (Table 2) proved fruitful as 12 of the 22
compounds synthesised provided > 80% inhibition of SOCE as evi-
denced by peak 2 in the FLIPR plots. Compounds 61 (2-CH3, RHS; 3-Cl,
LHS) and 62 (3-CH3, RHS; 3-Cl, LHS, Fig. 4) demonstrated good se-
lectivity and IC50’s of 79 μM and 75 μM respectively. Compounds 50 (3-
CH3, RHS; 3-OCH3, LHS), 52 (3-CH3, RHS; 4-OCH3, LHS), 55 (2-CH3,

RHS; 2-CH3, LHS), 56 (3-CH3, RHS; 3-CH3, LHS, Fig. 4), 57 (2-CH3,
RHS; 4-CH3, LHS), 58 (3-CH3, RHS; 4-CH3, LHS), 59 (2-CH3, RHS; 2-Cl,
LHS), 60 (3-CH3, RHS; 3-Cl, LHS, Fig. 4), 63 (2-CH3, RHS; 4-Cl, LHS)
and 64 (3-CH3, RHS; 4-Cl, LHS) all provided respectable IC50’s
(33–60 μM) although some were less selective at higher concentrations
(Table 2).

None of the compounds listed in Table 3 (70–72) or Table 4 (73–78)
appeared to be particularly effective SOCE inhibitors in the FLIPR
assay.

The original hit compound 5648159 was also screened in the FLIPR
assay for its ability to inhibit the TRPV1, TRPM8, CaV1.2/ CaV1.3 (L-
type) and CaV2.2 (N-type) calcium channels. This compound showed no
activity up to 100 µM against these channels, implying some selectivity
for SOCE inhibition. 5648159 exhibited low inhibition of hERG (9.1%
at 10 µM), T1/2 (min) 8.2 in human liver microsomes, T1/2 (min) 3.3 in
mouse liver microsomes, a solubility of M(aMEM) = 16.8 µg/mL, a
stability of M1/M0 (H2O)= 93.2% and log P=4.4.

2.3. Conclusions

With an urgent need for new selective targeted therapies for TNBC
and the potential use of SOCE inhibitors in a variety of diseases, the
discovery of a number of new active and potentially selective SOCE
inhibitors (e.g. 18, 23, 60 and 63) using our FLIPR Ca2+ assay in MDA-
MB-231 cells is significant. Seizing on hits from a medium throughput
screen and using a relatively simple synthetic strategy, we were able to
observe SAR on a series of hydroxy-5-trifluoromethylpyrazolines and
evaluate them for SOCE inhibition with the convenient FLIPR assay.
Regarding the RHS of the hydroxy-5-trifluoromethylpyrazoline scaf-
fold, it was clear that 2- (e.g. 9) and 3-substitutions (e.g. 18) on the aryl
moiety provided superior activity/selectivity. Modifying the LHS
proved profitable with activity/selectivity maintained with a variety of

Fig. 4. Normalised FLIPR plots of compounds 17, 18, 23, 56, 60 and 62 demonstrating SOCE inhibition (black) and selectivity against ER release (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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substitutions round the aryl ring (e.g. 56, 60 and 63). Future studies
will involve expanding the SAR and selection of the most active/se-
lective analogues for patch-clamping studies (ICRAC) and in vivo eva-
luations in tumor-containing mouse models. Given that the potency of
YM-58483 on inhibition of SOCE is greatly increased by extending the
period of pre-incubation,34 the effect of increased pre-incubation and
also the reversibility of the SOCE inhibitors developed here should be
assessed in future studies.

3. Experimental

3.1. Chemistry

Final products were analysed by reverse-phase HPLC (Alltima C18
5 µm column, 150× 3.2mm; Alltech Associated, Inc., Deerfield, IL)
using an Agilent HP1100 equipped with a diode-array detector. Mobile
phases were gradients of 80% CH3CN/20% H2O (v/v) in 45mM
NH4HCO2 at pH 3.5 and 0.5mL/min. Purity was determined by mon-
itoring at 330 ± 50 nm and was ≥95% for all final products.
Combustion analyses were carried out in the Campbell Microanalytical
Laboratory, University of Otago, Dunedin, New Zealand. High resolu-
tion mass spectra (HRMS) were measured on an Agilent Technologies
6530 Accurate-Mass Quadrupole Time of Flight (Q-TOF) LCMS inter-
faced with an Agilent Jet Stream Electrospray Ionization (ESI) source
allowing positive or negative ions detection. Melting points were de-
termined on an Electrothermal 2300 melting point apparatus. NMR
spectra were obtained on a Bruker Avance 400 spectrometer at
400MHz for 1H and 100MHz for 13C spectra. The 19F chemical shifts
were reported relative to CF3COOH (external standard).

General method for the synthesis of hydroxy-tri-
fluoromethylpyrazolines (chemical data for all compounds are located
in Supporting Information).

3.1.1. 1-(5-Hydroxy-3-phenyl-5-(trifluoromethyl)-4,5-dihydro-1H-
pyrazol-1-yl)-2-phenylethan-1-one (4)

A mixture of 2-phenylacetohydrazide (1) (0.10 g, 0.67mmol) and
1,1,1-trifluoro-5-phenylpentane-2,4-dione (3a) (0.14 g, 0.67mmol) in a
solution of i-PrOH (5mL) was heated at 90 °C for 48 h. After cooling to
room temperature, EtOAc and water were added. The EtOAc extract
was washed with water, brine and dried (Na2SO4). Flash chromato-
graphy (petroleum ether/EtOAc; 100:0 to 93:7) followed by re-
crystallization from Et2O/petroleum ether gave 4 (0.17 g, 71%), mp
122–123 °C (Et2O/petroleum ether); 1H NMR (CDCl3) δ 7.74–7.69 (m,
2H), 7.52–7.43 (m, 3H), 7.37–7.31 (m, 4H), 7.29–7.24 (m, 1H), 6.16 (s,
1H), 4.17 (d, J=14.9 Hz, 1H), 4.11 (d, J=14.9 Hz, 1H), 3.68 (d,
J=18.6 Hz, 1H), 3.53 (dd, J=18.6, 1.3 Hz, 1H). Anal. calcd. for
C18H15F3N2O2: C, 60.07; H, 4.34; N, 8.04. Found: C, 61.82; H, 4.34; N,
8.02.

3.2. Biology

3.2.1. Compound library development
A ligand based virtual screening approach used in two phases for the

discovery of SOCE inhibitors was previously described.49,64

3.2.2. Measurement of intracellular free Ca2+ by FLIPR assay
MDA-MB-231 TNBC cells were plated at a density of 2× 103 cells

per well in 384-well black plates (Corning Costar, Cambridge, MA, USA).
Three days post seeding, intracellular free Ca2+ levels were measured
in a fluorescence imaging plate reader (FLIPRTETRA, Molecular Devices,
Sunnyvale, CA, USA) using the PBX Calcium Assay Kit (640175, BD
Biosciences, Franklin Lakes, NJ, USA) as described previously.65 Briefly,
cells were first loaded for 1 h at 37 °C with a dye-loading solution
comprising of 2 µM PBX Calcium Assay dye, 5% (v/v) PBX Signal En-
hancer and 500 μM probenecid in physiological salt solution (PSS,
5.9 mM KCl, 1.4 mM MgCl2, 10mM HEPES, 1.2mM NaH2PO4, 5mM

NaHCO3, 140mM NaCl, 11.5 mM glucose, pH 7.3). Cells were then
treated for 15min at room temperature with different concentrations of
compound in a solution containing 5% (v/v) PBX Signal Enhancer and
500 μM probenecid in PSS. For assessment of store-operated Ca2+ entry
(SOCE), which has been previously shown to be mediated by Orai1
proteins in MDA-MB-231 cells,66 the following solutions in PSS were
added in order inside the FLIPRTETRA using a robotic arm: 500 µM
BAPTA (Invitrogen, Carlsbad, CA, USA) for chelation of extracellular
Ca2+; 10 µM cyclopiazonic acid (CPA; Sigma-Aldrich, St Louis, MO) for
inhibition of sarco/endoplasmic reticulum Ca2+-ATPases (SERCA)
pump and depletion of endoplasmic reticulum (ER);67 0.5mM CaCl2
(700 s after the addition of CPA) for assessment of store-operated Ca2+

influx. Fluorescence was measured at 470–495 nm excitation and
515–575 nm emission. ScreenWorks Software (v2.0.0.27, Molecular
Devices) was used for data analyses. Ca2+ levels were assessed through
the change in relative fluorescence of the Ca2+ dye. The percentage
inhibition of the maximum peak height for each concentration of each
compound normalized to its corresponding DMSO control was calcu-
lated and plotted separately for peak 1 (a measure of the release of
endoplasmic reticulum calcium store) by addition of CPA to assess
potential non-specific effects on Ca2+ homeostasis and peak 2 (a
measure of store-operated Ca2+ influx).26,68 Where the% inhibition of
peak 2 (SOCE) did not exceed 10% at 100 µM in initial assessments,
these compounds were defined as not active.

3.2.3. Selectivity screen
TRPV1 and TRPM8 responses were assessed in HEK293 cells

(American Tissue Culture Collection, Manassas, VA, USA) 48 h after
transfection with plasmid DNA of rTRPV1 (D. Julius, Department of
Physiology, University of California, Berkeley, CA, USA) or rTRPM8 (P.
Reeh, Department of Anesthesiology, Friedrich-Alexander-University,
Erlangen-Nuremberg, Erlangen, Germany) using Lipofectamine 2000 as
previously described.69 CaV2.2 responses were assessed in SH-SY5Y
neuroblastoma cells in the presence of nifedipine (10 µM) according to
established protocols.70 HEK293 cells were routinely maintained in
DMEM containing 10% foetal bovine serum, 2mM l-glutamine, pyr-
idoxine and 110mg/ml sodium pyruvate. SH-SY5Y cells (European
Collection of Authenticated Cell Cultures, Salisbury, UK) were cultured
in RPMI 1640 antibiotic-free medium (Invitrogen) supplemented with
15% heat-inactivated FBS and 2mM GlutaMAX™ (Invitrogen). Cells
were split every 3–6 days in a ratio of 1:5 using 0.25% trypsin/EDTA.
Cells were plated on 384-well black-walled imaging plates (Corning) at
a density of 10,000 cells/well (HEK293) or 50,000 cells/well (SH-SY5Y)
and used for Ca2+ experiments 48 h after plating. Growth media was
removed and replaced with 20 µl/well Calcium 4 No-Wash dye diluted
according to the manufacturer’s instructions in physiological salt solu-
tion (PSS; NaCl 140mM, glucose 11.5 mM, KCl 5.9 mM, MgCl2 1.4 mM,
NaH2PO4 1.2 mM, NaHCO3 5mM, CaCl2 1.8mM, HEPES 10mM) and
incubated for 30min at 37 °C/5% CO2. Ca2+ responses were measured
using a FLIPRTETRA (Molecular Devices, Sunnyvale, CA, USA) fluor-
escent plate reader with excitation at 470–495 nM and emission at
515–575 nM. Camera gain and intensity were adjusted for each plate to
yield a minimum of 1500–2000 arbitrary fluorescence units (AFU)
baseline fluorescence. Test compounds were added 300 s prior to sti-
mulation with capsaicin (100 nM; TRPV1), menthol (100 µM, TRPM8)
and KCl (90mM)/CaCl2 (5 mM; CaV2.2). Data was analysed using
Screenworks 3.2 and FLIPRTETRA data was plotted using GraphPad
Prism™ software (Version 6.00).
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