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A cyclisation within a 40,5-bisthiazole (S)-proline-amide-urea series of selective PI3Ka inhibitors led to a
novel 4,5-dihydrobenzo[1,2-d:3,4-d]bisthiazole tricyclic sub-series. The synthesis and optimisation of
this 4,5-dihydrobenzo[1,2-d:3,4-d]bisthiazole sub-series and the expansion to a related tricyclic 4,5-di-
hydrothiazolo[4,5-h]quinazoline sub-series are described. From this work analogues including 11, 12,
19 and 23 were identified as potent and selective PI3Ka inhibitor in vivo tool compounds.

� 2015 Elsevier Ltd. All rights reserved.
Phosphatidylinositol-3-kinase alpha (PI3Ka) is a member of the
class 1 PI3K family which has been strongly implicated as a key dri-
ver in a number of cancers through amplification, overexpression
and mutation.1 In particular, PI3Ka is one of the most commonly
mutated genes in human cancer, and these mutations typically
lead to enhanced, or constitutive, PI3Ka kinase-activity.2 As a
result several groups have sought to identify selective PI3Ka inhi-
bitors to explore as anticancer treatments. Of these the (S)-proline-
amide aminothiazole-urea derivative alpelisib is currently one of
the most advanced with Phase I/II clinical studies currently
ongoing.3

In the preceding Letter we described the identification of a 40,5-
bisthiazole variant of an (S)-proline-amide aminothiazole-urea ser-
ies, as exemplified by A66 in Figure 1. 4 This formed part of a
broader piece of work which started from the hit structures, exem-
plified by 1 in Figure 2, and culminated in the identification of
alpelisib.5,6 In this Letter we describe an additional extension of
this work in which a further annulation was introduced to generate
the tricyclic 4,5-dihydrobenzo[1,2-d:3,4-d]bisthiazole core, as
exemplified by the general structure 2.

Expanding upon the homology modeling that was carried out
with the 40,5-bisthiazole analogues, such as A66, suggested an
opportunity to increase the interaction within the ATP pocket of
PI3Ka.4 A cyclization from the 4-methyl of the aminothiazole
moiety to close a 6-membered ring onto the unsubstituted position
of the second thiazole ring yielded the general structure 2. This
cyclisation was anticipated to introduce additional favorable
hydrophobic contacts within the affinity pocket with the side-
chain of tyrosine 836, as shown in Figure 3. Additionally, the cycli-
sation also locks the inhibitor in the conformation required for
optimally interacting within the PI3K ATP-pocket. However, the
low energy conformation of the 40,5-bisthiazole biaryl-bond corre-
sponds closely to the locked conformation, and a negligible contri-
bution was anticipated from limiting the conformational mobility
about the bisthiazole linkage. At the initiation of this work, a sim-
ilar cyclisation had also been reported for a related series of
aminothiazole tricyclic PI3K inhibitors.7

To prepare the analogues 2, a synthesis was developed starting
from 2-bromo-1,3-cyclohexanedione.8 Annulation with thiourea
introduced the 2-aminothiazole moiety which was N-acylated to
give 3. Bromination of the remaining ketone functionality was fol-
lowed by formation of the second thiazole ring upon heating with a
range of thioamides, to give the analogues 4, in a reaction catalysed
by ammonium phosphomolybdate.9 Hydrolysis of the acetamide
moiety was followed by preparation of the acylimidazole interme-
diates, which were isolated and then reacted with the appropriate
proline-amide derivatives to give the targeted compounds 5–12, of
the general structure 2.

Table 1 shows the biochemical and cellular data for A66 and the
cyclised analogues 5–12.10 Comparison of A66 with the corre-
sponding cyclised analogue 5 shows the impact of the cyclisation
on class 1 PI3K activity: similar levels of biochemical activity and
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Figure 1. Structures of the PI3Ka (S)-proline-amide aminothiazole-urea derivatives
alpelisib and A66.
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Figure 2. Structures of the proline-amide-urea series starting point 1 and the
proposed cyclised 4,5-dihydrobenzo[1,2-d:3,4-d]bisthiazole analogues 2.

Figure 3. Model of a cyclised version of A66 corresponding to the proposed series 2,
compound 5, docked in the ATP binding site of PI3Ka based on the crystal structure
of the enzyme in complex with alpelisib (PDB code: 4JPS). Key hydrogen bonds are
represented as dashed lines.
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selectivity were determined for both compounds, but a greater
level of cellular PI3Ka activity was measured for the cyclised ana-
logue 5. This observation, of increased PI3K activity for the cyclised
analogues, particularly at the cellular level, is seen throughout the
series and supports the hypothesised favorable interaction of the
additional ring-methylene with the conserved Y836 residue
(PI3Ka numbering). The increased cellular activity was especially
interesting because during the optimisation of the series it was
found to be the best predictor of in vivo potency and selectivity.
Evaluating the level of plasma protein binding (PPB) for the
cyclised series showed similar levels to the acyclic analogues when
predicted from the human and rat serum albumin binding (HSA
and RSA), Table 2.11 Thus, indicating the increase in cellular activ-
ity, relative to the biochemical activity, between the two series not
to be driven by a change in unbound fraction.4 The structure
activity relationships (SAR) for the affinity-pocket 2-thiazole ring
was found to be comparable to that observed for the parent series.
Small quaternary alkyl residues led to the highest levels of activity,
as exemplified by comparing the isomers 5 and 6, consistent with
optimally filling the affinity pocket.4 Similarly, the substituted pro-
line SAR was mirrored in the cyclised analogues, as exemplified by
compounds 7–11. In particular, the trans- and cis-3-methyl proline
analogues led to some of the most highly potent and selective
examples prepared in the entire series, with cellular PI3Ka activi-
ties below 10 nM and selectivities of greater than 50-fold versus
the other class 1 PI3K’s. Building on this observation, the potential
for incorporating a tertiary amine into the proline nucleus, as a sol-
ubility enhancing functionality, was explored. One successful
example was the cis-3-dimethylaminomethyl proline analogue
12, the key building block for which was prepared via an extension
of a reported amino-zinc-enolate-cyclisation.12,8 Compound 12
resulted in a potent and selective PI3Ka inhibitor substituted with
a tertiary amine, something which had proven to be difficult to
achieve in the parent 40,5-bisthazole sub-series.4

Evaluating the physical properties of the 4,5-dihydrobenzo[1,2-
d:3,4-d]bisthiazole analogues 2, the increase in PI3Ka potency led
to a favorable impact upon the perceived pharmacokinetic (PK)
risk by reducing the anticipated level of exposure required to
achieve efficacy. This was helpful as the low solubility of the
40,5-bisthiazole series, which had been attributed as one of the pri-
mary reasons for the low oral bioavailabilities, was not signifi-
cantly improved upon by the cyclisation, when direct analogues
were compared between the series.4 Solubilities determined at
pH 6.8 for the most potent 3-methyl analogues 9–11 were all
below 14 lM.13 However, for the direct A66 analogue, compound
5, a slightly higher solubility of 65 lM was determined, in combi-
nation with high permeability and also a good level of metabolic
stability.14,15 A rat PK study with 5 resulted in an encouraging
exposure profile, and a respectable oral bioavailability of 38%,
when administered as a suspension at a dose of 3.0 mg kg�1. The
PK data for selected compounds are summarised in Table 3.16

The more soluble basic analogue 12 also showed a good level of
metabolic stability with a moderate level of permeability that
was associated with a modest efflux signal in a Caco-2 monolayer
assay.14 Exploring further, a rat PK study with 12 also resulted in
an encouraging level of oral bioavailability of 56%, and a long
half-life, driven by the higher volume of distribution. However, in
contrast to the other analogues in Table 1, compound 12 showed
significant inhibition of dofetilide binding to the human ether-à-
go-go related gene ion-channel (hERG), with an IC50 of 5.7 lM,
which deprioritised further follow up for this compound. Overall,
these data suggested improved PK profiles were possible for the
cyclised analogues 2, at least at low dose levels below that
expected to deliver efficacy, which encouraged further follow up
studies for the most interesting examples, such as compound 11.

On the basis of the favorable outcome of the cyclisation leading
to the 4,5-dihydrobenzo[1,2-d:3,4-d]bisthiazole series 2, the same
strategy was also applied to the proline-amide-urea sub-series
containing a pyrimidyl affinity-pocket binder, as exemplified by
compound 13.3,5 Applying the same annulation leads to the 4,5-di-
hydrothiazolo[4,5-h]quinazoline analogues of the general struc-
ture 14, as depicted in Figure 4.

The analogues 14 were readily prepared, and starting from the
N-acylated 2-aminothiazole-fused cyclohexanone 3 was found to
be the most efficient route, as outlined in Scheme 2.8

Formylation of the lithium enolate of 3 with methyl formate gave
the b-ketoaldehyde 15 in high yield. Subsequent reaction of 15
with a range of amidines generated the pyrimidine containing tri-
cyclic core, which was followed by acetamide hydrolysis to give
the key intermediates 16. Conversion of these 2-aminothiazole
intermediates 16 into the final proline-amide-urea targets was



Table 1
PI3Ka, PI3Kb, PI3Kc and PI3Kd activities for A66 and the 4,5-dihydrobenzo[1,2-d:3,4-d]bisthiazole analogues 5–12
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Compound Biochemical IC50 (lM) Cellular IC50 (lM)

PI3Ka PI3Kb PI3Kc PI3Kd PI3Ka PI3Kb PI3Kd

A66 0.015 6.5 8.0 1.5 0.20 >10 >10
5 0.013 2.5 0.16 0.70 0.019 3.6 1.4
6 0.070 5.1 1.1 1.6 0.19 1.3 3.4
7 0.008 0.72 n.d. n.d. 0.028 1.2 4.0
8 0.009 4.5 8.0 5.6 0.011 >10 >10
9 0.013 1.8 0.33 0.91 0.010 0.45 1.0
10 0.011 2.3 0.20 1.0 0.010 1.0 1.5
11 0.009 0.93 0.16 0.23 0.005 0.98 0.59
12 0.010 5.5 0.99 0.97 0.025 >10 4.0

n.d. not determined.

Table 2
Physicochemical and in vitro PK data for selected reference compounds and proline-amide-urea aminothiazole derivatives

Compound c logP/PSA (Å2) Sol. pH 6.8 (lM) HDM FA (%) Caco-2 A-B/B-A (10�6 cm s�1) Rat microsome Cl (ll min�1 mg�1) HSA/RSA (%)

Alpelisib 2.1/101 53 89 3.8/18.3 29 90.0/92.7
A66 2.5/101 90 96 12.3/15.6 126 n.d.
5 2.8/101 65 93 n.d. 37 91.9/92.6
6 2.4/101 55 57 n.d. 26 95.3/95.0
7 3.3//101 310 93 12.1/15.6 73 91.9/92.1
8 2.5/101 351 76 n.d. 96 n.d.
9 3.3/101 < 4 91 n.d. 100 n.d.
10 3.3/101 9 95 n.d. 80 n.d.
11 2.9/101 14 86 n.d. 34 n.d.
12 2.1/104 n.d. 30 0.76/6.87 18 n.d.
17 2.0/114 125 63 n.d. 34 n.d.
18 2.5/114 60 84 3.4/25.5 33 90.3/n.d.
19 1.8/114 51 50 n.d. 31 87.8/94.9
20 2.5/114 71 45 3.4/21.7 n.d. 90.4/94.2
21 2.2/14 9 52 n.d. 18 n.d.
22 1.3/117 276 n.d. n.d. 3 n.d.
23 2.5/117 >1000 80 5.2/15.8 58 78.7/87.9
24 1.9/117 500 29 n.d. 53 89.7/94.5

c logP was calculated using c logP version 7.4, BioByte Corporation.

Table 3
Pharmacokinetic data for selected proline-amide-urea aminothiazole derivatives

Compound CL (mL min�1 kg�1) Vss (L kg�1) Terminal half-life (h) iv AUC d.n. (nmol h L�1) p.o. AUC d.n. (nmol h L�1) Bioavailability (%)

A66 74 ± 14 2.0 ± 0.4 0.3 ± 0.1 561 ± 101 70 ± 16 2.0 ± 1.0
5 10 ± 1 0.4 ± 0.0 1.5 ± 0.2 4132 ± 304 1585 ± 388 39 ± 9
12 39 ± 11 24 ± 11 9.6 ± 2.8 956 ± 227 531 56
13 42 ± 14 1.3 ± 0.3 1.9 ± 0.9 1128 ± 376 199 ± 111 18 ± 10
19 3 ± 0 0.6 ± 0.1 3.7 ± 0.3 16472 ± 3211 13599 ± 4065 83 ± 25
20 8 ± 1 0.5 ± 0.2 1.1 ± 0.2 5241 ± 589 1874 ± 917 36 ± 17
23 26 ± 3 3.2 ± 0.1 2.0 ± 0.1 1444 ± 190 1116 ± 234 77 ± 16

d.n. = dose normalised to 1.0 mg kg�1.
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Figure 4. Expansion to a 4,5-dihydrothiazolo[4,5-h]quinazoline series 14: compar-
ison with the acyclic pyrimidine series, as exemplified by compound 13.
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Scheme 2. Synthesis of the 4,5-dihydrothiazolo[4,5-h]quinazoline analogues 14. Reagen
95%); (ii) R2C(NH)NH2, pyridine, sealed-tube, 160 �C, 17 h (29–38%); (iii) concd HCl(aq), E
derivative, Et3N, 2:1 CH2Cl2/DMF, 25 �C, 18 h (20–93%).

Table 4
PI3Ka, PI3Kb, PI3Kc and PI3Kd activities for the reference compound 13 and the 4,5-dihyd
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Compound Biochemical IC50 (lM)

PI3Ka PI3Kb PI3Kc

13 0.007 1.9 0.23
17 0.004 0.22 0.016
18 0.005 0.075 0.071
19 0.006 0.29 0.18
20 0.006 0.32 0.005
21 0.005 0.081 0.015
22 0.005 0.77 n.d.
23 0.014 1.4 1.5
24 0.004 1.0 0.23
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achieved following the same two-step protocol outlined in
Scheme 1.

Table 4 shows the biochemical and cellular data for compound
13 and the cyclised analogues 17–24, corresponding to the general
structure 14.10 Consistent with the observations made for series 2,
the SAR was also found to track well from the biaryl analogues to
the tricyclic series 14, and as anticipated a significant increase in
potency, in particular cellular potency, was associated with the
cyclised series. For example, the direct cyclised analogue of 13,
compound 17, showed a 7-fold increase in cellular PI3Ka potency.
However, some erosion of the PI3Ka selectivity (<5-fold) was
v) v), vi), vii)
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nts and conditions: (i) thiourea, EtOH, 80 �C, 4 h (32–52%); (ii) Ac2O, reflux, 2 h (81–
tOH, reflux, 2.5 h (11–72%); (v) concd HCl, EtOH, reflux, 4 h (90–98%); (vi) carbonyl
MF, 25 �C, 18 h (46–86%).
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PI3Kd PI3Ka PI3Kb PI3Kd

0.38 0.039 3.1 1.5
0.064 0.006 0.22 0.29
0.070 0.004 0.47 0.43
0.11 0.013 0.73 0.91
0.11 0.004 0.28 0.20
0.021 0.004 0.22 0.082
n.d. 0.015 3.7 1.2
0.069 0.025 2.3 0.66
0.40 0.26 >10 4.4
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observed for 7 versus 13, when compared to the other class 1 PI3K
isoforms, and this was also apparent for the majority of the sub-
series of the general structure 14. Small quaternary alkyl groups
in the pyrimidyl 2-position, and the 2- and 3-methyl proline-amide
variants were again found to provide the most potent PI3Ka inhi-
bitors, as exemplified by 18–21. The cis-3-methylproline ana-
logues, 20 and 21, provided the highest level of potency for the
sub-series 14, as well as from our investigations into the whole
2-aminothaizole proline-amide-urea series. Incorporation of a ter-
tiary amine, as a solubility enhancing moiety, was again explored
at the proline 2-, 3- and 4-positions as exemplified by 22–24.8

The 2- and cis-3-dimethylaminomethylproline analogues, 22 and
23, in particular retained a high level of potency, with an accept-
able level of selectivity versus the other class 1 PI3K isoforms.

Evaluating the physical properties of the 4,5-dihydrothia-
zolo[4,5-h]quinazoline analogues 14, solubilities were again mod-
est in the absence of the tertiary amino group (<125 lM). More
favorable was the combination of a moderately high permeability
with high metabolic stability for these analogues, enabling good
levels of rat oral exposure to be obtained, as exemplified by com-
pounds 19 and 20 from Table 4. In particular, a low dose rat PK
study with 19 resulted in an excellent oral bioavailability of 83%
and particularly high exposure levels, as shown in Table 3.
However, plasma protein binding measurements indicated lower
free fractions in the rat for these analogues (<1%) compared to
the other sub series: for example, free fractions of 0.4% and 6.0%
were determined for compounds 19 and 13 respectively.17 As a
consequence the increases in exposure, when expressed as free
drug levels, were less dramatic, but were still significantly
improved over the biaryl parent compounds. Interestingly, the
serum albumin affinities indicated a higher level of binding in
the rat compared to human and this was established to be the case
(human PPB for 19: 91.3%), but the extent of the high degree of
binding in the rat was underpredicted by this method. The tertiary
amine containing analogues 22–24 all showed higher solubilities.
Compound 23 in particular proved interesting: the nitrogen atom
in the b-position to the tertiary amine lowering the pKa to 6.6.18

The reduced basicity of compound 23 was considered a key factor
in reducing the hERG activity, with no significant inhibition at con-
centrations up to 30 lM, whilst the solubility at pH 6.8 remained
high at >1 mM. High permeability and a reasonable level of
in vitro metabolic stability were also measured for compound 23,
which resulted in good exposure and an oral bioavailability of
77% being obtained in a low dose rat PK study.

To further characterise the series 2 and 14, the analogues were
tested against an internal panel of 35 kinase assays, including the
lipid kinases phosphatidylinositol-4-kinase beta (PI4Kb), Vps34
and mTor. All the compounds exhibited no significant inhibition
at concentrations up to 10 lM in these biochemical assays, with
the exception of PI4Kb and Vps34, as exemplified for the analogues
5, 10, 12, 18, 20 and 23 in Table 5. These data support a high PI3Ka
selectivity for the series versus other kinases, with the PI4Kb selec-
tivity at a similar level to that within the class 1 PI3K family. Once
Table 5
PI4Kb and Vps34 activities for selected analogues from the series 2 and 14

Compound Biochemical IC50 (lM)

PI4Kb Vps34

5 0.32 >9.1
10 0.21 9.6
12 3.2 >9.1
18 0.065 7.0
20 0.16 >9.1
23 4.0 >9.1
more an absence of mTor activity for the sub series 2 and 14 was
determined, which was also evident in the parent biaryl series.

To increase the understanding of the interactions between the
tricyclic series 2 and 14, an X-ray structure was solved for com-
pound 20 bound into the ATP-pocket of PI3Ka, as shown in
Figure 5.19 The structure revealed the expected binding interac-
tions of the aminothiazole moiety within the hinge region, and
for the proline-amide with the non-conserved PI3Ka-specific
Q859 residue.6 In addition, the starting hypothesis was validated
with the methylene, introduced to close the central ring, making
hydrophobic contacts with Y836.

To better understand the potential of the sub-series 2 and 14 as
PI3Ka inhibitors, pharmacodynamic (PD) studies were conducted
in nude mice bearing Rat1-myr-p110a xenografts.20 The data from
two separate studies with compounds 11 and 19 are shown in
Figure 6. Similar mouse in vitro PK parameters were determined
for both compounds: microsome extraction ratios of 69% and
47%; PPB levels of 89% and 90%, respectively, for 11 and 19. In each
study plasma levels and the extent of the inhibition of phosphory-
lation of Akt, on residue Ser473 (p-Akt) as a downstream readout of
PI3Ka inhibition, were measured at the indicated time points.

Compound 11, dosed as a suspension, produced a PK profile
which strongly suggested an extended absorption phase, consis-
tent with the low solubility. Plasma concentrations above 1 lM
were measured up to 8 h post dosing for compound 11, and were
associated with a high level of inhibition of p-Akt. Compound 19,
dosed as a solution, produced a high plasma concentration at 8 h
post dosing, which had fallen to 1 lM after 16 h. The high level
of variability seen in the plasma levels of 19, at both time points,
can also be assigned to the low solubility: potentially arising as a
result of the compound precipitating in the gut, and leading to high
variability in the extent of absorption. Inhibition of p-Akt for com-
pound 19 was complete at 8 h after dosing and remained high after
16 h. For both compounds the correlation between free plasma
concentration and the extent of p-Akt inhibition, in the context
of the Rat1-myr-p110a cellular IC50 values, supported that the
anticipated PK/PD relationship was operating.3 Furthermore, com-
parison of the levels of p-Akt inhibition obtained for 11 and 19,
with those observed for alpelisib, would predict both compounds
to have the potential to inhibit the growth of PI3Ka-dependent
tumor-xenografts following chronic twice-daily dosing at, or close
to, the above dose levels, assuming consistent exposure could be
Figure 5. X-Ray structure of compound 20 bound into the ATP pocket of PI3Ka,
solved with a resolution of 2.8 Å. Only residues proximal to the inhibitor are
represented. Key hydrogen bonds are represented as dashed lines.



Figure 6. PK/PD relationships for compounds 11 and 19. Female athymic mice
bearing subcutaneous xenotransplants of Rat1-myr-p110a tumors were treated
with a single dose of 50 mg kg�1, p.o of compound 11 (A) or 19 (B). At the indicated
time points, the groups of mice (n = 4) were sacrificed, blood and tissues collected.
Each tumor tissue was flash-frozen then pulverized and analyzed by Western blot
to determine Ser473 p-Akt levels and in parallel the concentration of each compound
was analyzed and quantified in plasma.
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maintained.3 However, indications of solubility limited phenom-
ena are apparent at the efficacious dose levels for both compounds
in these and in other studies.

In conclusion, annulation of two biaryl series of (S)-proline-
amide aminothiazole-urea PI3Ka inhibitors generated the tricyclic
series 2 and 14 which maintained the favorable selectivity profiles
of the parent compounds, and additionally led to an increase in
PI3Ka potency. The rationale for this annulation was to strengthen
the interaction with Y836, as a way to increase the affinity for the
PI3K ATP-pocket, and the validity of this starting hypothesis has
been supported by an X-ray structure of the cyclised analogue 20
within PI3Ka. In addition, low dose rat PK studies have shown
improved oral exposures for the annulated series, when compared
to the biaryl parent compounds. PK/PD studies in the mouse with
analogues from both of the sub-series 2 and 14 have shown them
to be capable of inhibiting signaling through the PI3K pathway for
greater than 8 hours, demonstrating their potential as in vivo
PI3Ka inhibitor tool compounds. However, a non-basic example
which was not associated with some type of solubility-limited
exposure was not identified from the sub-series 2 and 14, and
resulted in future efforts being focused upon retaining the
favourable potency and selectivity profiles of these tricyclic series
whilst tackling the above limitation.21
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