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Abstract

Established strategies for discovering selective kinase inhibitors are target-centric as they often
target certain structural or reactive features in the target kinase. In the absence of such prominent
features, there is a lack of general methods for discovering selective inhibitors. Here we describe a
new strategy that exploits conformational flexibility of kinases for achieving selective kinase
inhibition. Through ring closure, we designed and synthesized a panel of isoquinoline-containing
compounds as rigidified analogs of an amidophenyl-containing parent compound. These analogs
potently inhibit kinases including Abl and BRAF but have diminished inhibition against some
other kinases compared to the parent compound. Sequence analysis reveals that many of the
kinases that are potently inhibited by the isoquonoline-containing compounds contain a long
insertion within their catalytic domains. A crystal structure of one rigid compound bound to BRAF
confirmed its binding mode. Our findings highlight the potential of a novel strategy of
rigidification for improving the selectivity of kinase inhibitors.
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1. INTRODUCTION

Protein kinases play critical roles in numerous cellular processes including proliferation,
differentiation, death, and migration [1]. Small-molecule inhibitors are highly attractive tools
for dissecting the roles of protein kinases in these cellular processes because of their ability
to acutely block the activity of protein kinases in cells [2]. In addition to serving as tool
compounds for mapping kinase functions, small-molecule kinase inhibitors have been
successfully developed as therapeutic agents for the treatment of human diseases,
particularly the cancers whose proliferation is driven by the activity of oncogenic kinase [3].
With protein kinases established as a major class of drug targets, there are intensive efforts

in discovering novel kinase inhibitors as therapeutic candidates.

The vast majority of kinase inhibitors have poor target selectivity because they bind to the
active site that is highly conserved among the hundreds of human kinases [4, 5]. Structure-
based design (SBD) has proven to be a powerful approach when a target kinase contains a
rare structural feature (e.g. a special pocket) or a rare reactive feature (e.g. a cysteine
residue) [6, 7]. In the absence of such distinct features, it is difficult to use SBD to design
inhibitors that can distinguish between closely related kinases though.

Previous studies revealed protein conformational flexibility as one underexplored attribute of
protein kinases [8]. It was demonstrated that highly homologous kinases could have distinct
preferences for conformational states [9]. Small molecules could achieve selective inhibition
by binding to conformational states that were only attainable by certain kinases [10].{Smith,
2009 #4%} We thus reason that a more rigid inhibitor should be better accommodated by more
flexible kinases giving rise to higher target selectivity. This notion is supported by a recently
reported strategy that features the use of atropisomers, chiral molecules arising from
hindered rotation around a single bond to increase the selectivity of kinase inhibitors. [11].
Gustafson and coworkers showed that rigidification of pyrrolopyrimidine-based inhibitors
through an atropisomeric axis led to higher target selectivity in a panel of kinases [12, 13].
However, there have been no other investigations that focus on investigating the effects of
rigidity on kinase inhibitors to the best of our knowledge. Our lab has previously developed
novel pyrazolopyrimidine-based inhibitors of Bcr-Abl to overcome drug resistance caused
by the T315I mutation [14]. While some of our alkyne-containing pyrazolopyrimidines
exemplified by compound 1 potently inhibit Ber-Abl 319! their selectivity for Abl kinase is
poor, reflected by the fact that dozens of kinases were potently inhibited by compound 1. We
hypothesize that rigidification of such promiscuous inhibitors through a ring-closure strategy
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would allow them to differentiate between kinases of different conformational flexibility and
thus lead to improved selectivity. Here we report the design, synthesis and characterization
of a series of alkyne-bridged isoquinolino-pyrazolo[3,4-dlpyrimidines as inhibitors of
oncogenic kinases /n vitroand in cells.

2. RESULTS AND DISCUSSION

2.1 Design

We have previously described 3-phenylacetylene substituted pyrazolo[3,4-a]pyrimidines as
potent inhibitors of both the wild-type and a drug-resistant mutant of Bcr-Abl [14]. One of
the most potent inhibitors in this series (1) contains a trifluoromethylphenyl group linked to
a phenylacetylene moiety viaan amide linker. Docking analysis predicts that the amide
group is almost coplanar with the phenyl ring when 1 is bound to Abl [14]. We surmise that
replacing the amide linker with a cyclized ring should maintain the active conformation of
the inhibitor for binding to kinases like Abl while the increased rigidity may not be tolerated
by other kinases thus leading to enhanced selectivity. The isoquinoline ring was chosen as
the cyclized form of the amidophenyl group with the nitrogen atom mimicking the amide
oxygen atom (Figure 1).

2.2. Chemistry

2.3. Kinome

A panel of isoquinoline-containing candidate kinase inhibitors was designed based on the
ring closure strategy. The synthesis of these compounds involved multiple cross-coupling
reactions to connect three aryl rings together. Coupling of 3-iodopyrazolopyrimidines 3a or
3b with trimethylsilylacetylene followed by desilylation with K,CO3 produced 4a or 4b
(Scheme 1) [15]. 8-Bromoisoquinolin-3-yl trifluoromethane sulfonate 5a was prepared
under previously described conditions [16] and then reacted with different aryl boronic acids
to generate 3-aryl-8-bromo-isoquinoline intermediates 6a—d. The Suzuki reactions
proceeded with a good selectivity for the triflate over the bromine as the leaving group [17].

Bromination of one resulting intermediate 6d and subsequent reaction with A~
methylpiperazine yielded 6f (Scheme 2) [18].

Finally, the intermediates 6 were reacted with pyrazolopyrimidines 4 to yield the target
molecules 2a—f that were shown in Scheme 1. The synthesis of compound 2g required the
development of a new route (Scheme 3). 2-lodo-3-methylbenzonitrile was first reduced by
AlH3 using a previously described method [19] to generate the benzyl amine intermediate 7,
which was then converted into intermediate 5b using a route similar to that of 5a [16].
Finally, installation of a pyrazolopyrimidinoalkyne group and an aryl group on the
isoquinoline ring with sequential cross-coupling reactions yielded 2g [15, 17].

profiling

We selected 2a out of the resulting panel of compounds and determined its kinome
inhibition profile along with that of the parent compound 1 (Table S1). A panel of 244
kinases was selected for evaluation. Consistent with our previous profiling results against a
smaller panel of kinases [14], 1 has poor selectivity reflected by the fact that at 1 uM it
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inhibited over 90% of the activity of 44 kinases in the panel. Compound 2a, on the other
hand, inhibited 18 kinases by over 90% out of the same panel of kinases. Interestingly, the
18 primary targets of 2a are all shared with 1, suggesting that the cyclized isoquinoline ring
in 2a is tolerated by a portion of the primary targets of 1. These dually sensitive targets
include Abl, Arg, BRAF, FGFR, Kit, and RET, all of which are known to be highly sensitive
to inhibition by type Il kinase inhibitors [4, 20]. There are 26 kinases that were over 90%
inhibited by 1 but not by 2a. The degrees of inhibition against these nonshared kinases vary
dramatically between the two compounds as shown in the cases of Csk, Jak1, Ptk5, Slk, and
Txk (Table S1), suggesting that these kinases may have difficulty accommodating the rigid
ring structure introduced in 2a. We compared and analyzed the sequences of the dually
sensitive kinases with those with the highest differential sensitivity to compounds 1 and 2a.
While there is no obvious residue differences at positions predicted to line the inhibitor-
binding site between the two groups, at least one third of the dually sensitive kinases contain
long insertions within their kinase domains. For example, FGFR1, FGFR2, Klt4, Kdr, Kit,
and Ret contain an insertion of over 14 amino acids between a.D and a.E helices (Figure 2).
Such an insertion between the kinase N and C lobes may render these kinases
conformationally more flexible and better at accommaodating rigid inhibitors such as 2a.
Additional factors such as differences in binding pockets and insertions elsewhere may
contribute to the sensitivity to the rigid inhibitors reported here. Overall, the kinome
profiling data suggest that the ring-closure strategy led to a moderate increase of kinase
selectivity.

2.4. In vitro study

We then measured the potency of the panel of isoquinoline-containing compounds against a
protein tyrosine kinase Abl /n vitro using a phosphocellulose paper disk assay [21]. A screen
of compounds 2a-g at a fixed concentration of 30 nM revealed their relative potency at
inhibiting Abl kinase (Figure S1). We selected the more potent five compounds (2a, 2c, 2d,
2f and 2g) from the panel of isoquinoline-containing compounds and determined their ICsq
values from dose-response studies. While these compounds inhibited Abl kinase quite
potently, their potency is 5 to 36 fold lower than that of the parent compound 1 (Table 1).
These results suggest that the introduction of a rigid isoquinoline ring is well tolerated by
Abl kinase /in vitro despite a small decrease of potency. We chose to also measure the
inhibition of the isoquinoline-containing compounds against BRAF, a serine/threonine
kinase potently inhibited by 2a based on the kinome profiling data. In particular, we tested
the inhibitors against an oncogenic mutant (V600E) of BRAF that occurs in approximately
half of advanced melanoma [22]. An in vitro assay involving phosphorylation of MEK by
BRAF and immunoblot detection of phosphorylated MEK by a phospho-specific antibody
was employed [23]. We determined the 1Csq values of compounds 2a—g against BRAFY600E
in dose-response studies (Table 1). The same assay revealed an ICgq value of 21 nM for
vemurafenib, a FDA approved drug targeting BRAF enzyme, in agreement with previous
reports [24]. Compounds 2a—g all have 1Cxq values less than 100 nM against BRAFY600E,
exhibiting moderate decreases of potency in comparison with the parent compound 1 which
displays an 1Csq of 4 nM against BRAFV600E Among them, 2d is the most potent inhibitor
against BRAFV600E with an 1Cxq of 13 nM, indicating that an ethyl group is favored over an
isopropy! group at the R position of the pyrazolopyrimidine for binding to BRAF kinase.
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2.5. Crystallography

Having confirmed the potent inhibition of two distinct oncogenic kinases by the
isoquinoline-containing compounds 2a—g /n vitro, we next set out to determine their binding
mode to BRAF. To this end, we co-crystallized the representative inhibitor 2a bound to the
BRAF kinase domain and solved its structure to 2.55A resolution (Rfactor/Rfree=25.3/28.3)
(see Table S2 for data collection and refinement statistics). Clear unbiased electron density
was observed in the kinase ATP-pocket, allowing unambiguous modeling of 2a (Figure 3A).
2a engages the ATP-pocket of BRAF through key hydrogen bonds between the
pyrazolo[3,4-d]pyrimidine of 2a with residues C532, Q530, and T529 of the hinge region
and between the isoquinoline nitrogen of 2a with the backbone nitrogen of N594 (Figure
3B). Consistent with a type Il inhibitor-binding mode, BRAF adopts a DFG-out
conformation with the aryl group of 2a occupying the hydrophobic pocket formed by the
displaced position of F595 (Figure 3C). Helix a.C of the kinase N-lobe, resides in a
productive-like inward position (Figure S2) that correlates with the kinase domain adopting
a characteristic side-to-side dimer configuration reflective of the kinase-active conformation.
Comparison of the binding mode of 2a with a non-cyclized inhibitor (72F, a close analogue
of compound 1) bound to c-Src kinase domain shows that the position of the pyrazolo[3,4-
dlpyrimidine of 2a resides in a near identical position of the pyrimidine rings of 72F
inhibitor (Figure 3D). Also, the aryl group of both 2a and 72F reside in comparable
positions in the hydrophobic pocket formed by the DFG-out conformation of the kinase
domain (Figure 3D).

Careful analysis of the structure did not show any evidence of distortion to the structure of
BRAF to accommodate the rigidified compound 2a into the ATP binding pocket. These
features confirm our design hypothesis that replacing the flexible amide linker in compound
1 with a cyclized ring in 2a—g will not perturb (but maintain) the overall binding mode to
BRAF. These results also allow us to infer that any differences in sensitivity to inhibitors,
likely reflects differences in the ability of the plastic kinase domain to accommaodate a rigid
inhibitor.

2.6. Antiproliferative effect

We next measured the inhibition of compounds 2 against Abl and BRAFVY600E in cells taking
advantage of the fact that Ber-Abl and BRAFY600E are hoth established oncogenes that drive
the proliferation of different cancer cells [25, 26]. Chemical inhibition of the oncogenic
kinase should suppress the proliferation of such cancer cells. We first conducted MTT assays
to evaluate the antiproliferative effects of the four most potent Abl inhibitors /n vitro (2a, 2d,
2f and 2g) on Ba/F3 cells expressing Ber-Abl. Surprisingly, all four inhibitors show
relatively weak anti-proliferative potency against Bcr-Abl cell lines compared to what was
observed with parent compound 1. The most potent compound in the series is 2f, displaying
an ICgq value against Ber-Abl Ba/F3 cells of 354 nM, is 44-fold less potent than that of the
parent compound 1 (8 nM). The poor cellular efficacy of these compounds is rather
unexpected in view of their potent inhibition against Abl kinase /n vitro. We reason that the
better potency of 2f compared to the other isoquinoline-containing compounds tested may
reflect the increased bioavailability due to the incorporation of a piperazine group (Table 1).
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We next measured the compounds’ ICsq values against A375 cells that harbor the oncogenic
kinase BRAFV600E_ Similar to what we observed with Ber-Abl Ba/F3 cells, compounds 2a—
g display rather poor efficacy at suppressing the proliferation of A375 cells (Table 1). The
most effective compound of the series against BRAFV0E j; vjtro, namely 2d, has an 1Cs
value over 10 pM against A375 cells while the parent compound has an 1Csq value of 97
nM. The low cellular efficacy of these compounds is in stark contrast with their potent
inhibition of BRAFY600E /n vijtro,

In addition to the viability assays, we examined the effects of select compounds on the
downstream signaling of the two oncogenic kinases, Bcr-Abl and BRAFY600E in cells. Ber-
Abl activity leads to the autophosphorylation of Abl at Y412, thus phosphorylation level at
this site is routinely employed as a marker of Bcr-Abl activity. Immunoblots revealed that 2f
inhibited the phosphorylation of Abl at Y412 in BCR-ABL-expressing Ba/F3 cells with an
ICsq value of 211 nM, in good agreement with that of the cell viability assay (Figure S3)
[14]. In comparison, the potency of 2f is approximately 30-fold lower than that of compound
1 (IC50 = 7.5 nM) in the same assay. Phosphorylation levels of the downstream signaling
components MEK and ERK are routinely measured to monitor the activity of oncogenic
BRAF in cells. Vemurafenib abolished the phosphorylation of MEK and ERK at
concentrations above 1 uM, confirming its potent inhibition of BRAFY600E jn A375 cells
(Figure 4). In contrast, the most potent in vitro inhibitor of BRAFVYS00E of the series, 2d,
failed to suppress the phosphorylation of MEK at concentrations up to 100 puM.

Taken together with the viability data shown above, these results suggest that compounds 2
have surprisingly low efficacy at engaging their targets in cells.

We reasoned that the lack of cell efficacy of the rigidified inhibitors might be due to
diminished inhibition of full-length proteins, low solubility, poor membrane permeability, or
a combination of the above factors. We first turned to immunoprecipitated kinase assays to
determine whether the low cell efficacy is due to diminished binding of our rigid inhibitors
to the full-length kinase. Full-length BRAFV600E was transfected into HEK293 cells,
immunoprecipitated, and used to phosphorylate recombinant MEK /n vitro. We found that 1
and 2a inhibited immunoprecipitated full-length BRAF VY800 with 1C5 values of 2 nM and
14 nM, respectively (Figure 5). These values are actually 2—4 folds better than their
corresponding ICsq values against recombinant BRAFVY00E kinase domain (Table 1), ruling
out the possibility that lower cellular efficacy of 2a is due to a failure to inhibit full-length
BRAFV6OOE.

We next tested whether the distinct efficacy of 1 and 2a is due to their solubility difference.
The concentrations of saturated solutions of 1 and 2a in water at 37 °C were determined to
be 161 and 60 uM, respectively (Tables S3 and S4). These data indicate that although less
soluble than its parent compound, 2a should be sufficiently soluble at all the concentrations
tested in the cell viability assays. Thus, the moderate solubility difference between 1 and 2a
is unlikely to be responsible for the dramatically difference in their cell efficacy.

We then measured the permeability of 1 and 2a using the established Caco-2 assay [27]. The
apparent permeability coefficient (Papp) and the efflux ratio defined as Papp(B—A)/Ppp(A
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-B) were calculated following concentration measurements with LC-MS/MS (Table S5)
[28]. Papp values for compounds 1 and 2a were determined to be 0.5 x 1078 and 0.8 x 1076
cm/s, respectively, indicating that the rigidified compound 2a has slightly higher apparent
permeability than the parent compound presumably because of its greater hydrophaobicity.
The efflux ratios for 1 and 2a were determined to be 1.2 and 3.2, respectively, indicating that
compound 2a is a better substrate of the well-established efflux pump P-glycoprotein (P-gp)
than compound 1. These results suggest that compound 2a is actively pumped from inside to
outside the cell membrane by efflux pumps like P-gp, which may account for the low
cellular efficacy of the compound.

3. CONCLUSIONS

We have developed an innovative strategy for improving the selectivity of kinase inhibitors.
The strategy of inhibitor rigidification that we report here is distinct from the common
established approaches pursued to improve inhibitor selectivity in the field. Most of the
previously reported strategies for inhibitor discovery are target-centric as they often target
rare structural or reactive features in the target proteins. In contrast, our current strategy
focuses on modifying rigidity, a physical property of the inhibitors. We demonstrate that
rigidification through ring closure leads to a moderate but appreciable improvement in the
selectivity of pyrazolopyrimidine-based kinase inhibitors. Depending on their sensitivity to
the rigidified compounds, the kinase targets of the flexible parent compound can be
classified into two groups: the tolerant group and the intolerant group. Sequence analysis
reveals that many of the kinases that are potently inhibited by the isoquonoline-containing
compounds contain a long insertion within their catalytic domains. This result is in
agreement with our hypothesis that conformationally more flexible kinases are better at
accommodating rigid small-molecule inhibitors.

The crystal structure of compound 2a in complex with BRAFVY600E reveal that compound 2a
is indeed a type Il inhibitor targeting the DFG-out conformation of BRAF kinase.
Interestingly, the nitrogen atom in the isoquinoline ring forms a hydrogen bond with the
main-chain amide NH of G593. We believe that this feature of the binding mode of 2a is
likely shared by most if not all the primary kinase targets of 2a because of the high structural
conservation of the respective region among protein kinases.

We believe that the current strategy can be readily applied to type Il kinase inhibitors, many
of which contain rotatable amide or urea linkers between the adenine-pocket binding
fragment and the allosteric pocket binding fragment. However, this strategy may be limited
to improving selectivity for conformationally flexible kinases such as those containing a
long insertion discovered here. Unfortunately, static crystal structures may not be the best
tool to probe and validate this hypothesis in detail. To this end, the use of methods such as
NMR and hydrogen—deuterium exchange, which provides direct measures of protein
dynamics, may provide more insight. We note that many of the dually sensitive protein
kinases that we found are implicated or proven to drive cancer growth, suggesting that there
is great therapeutic utility for our strategy in the development of specific protein kinase
inhibitors.
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We found that rigidified compounds have surprisingly low cellular efficacy. Through a series
of experiments, we demonstrate that this is due to the fact these compounds are good
substrates for efflux pumps like P-gp. We suspect that the low permeability is peculiar for
the current scaffold being used in this study. Indeed, an ongoing study in our lab shows that
when applied to a different scaffold, the rigidification strategy yielded kinase inhibitors of
high cellular efficacy (unpublished data). Taken together, these results suggest that inhibitor
rigidification may be a useful strategy that could be used to improve selectivity for
conformationally flexible targets.

4. EXPERIMENTAL SECTION
4.1 Chemistry

1H NMR and 13C NMR spectra were acquired on 400, 500, or 600 MHz Varian
spectrometers. High-resolution mass was determined using a ThermoScientific™ Q
Exactive™ hybrid quadrupole-Orbitrap mass spectrometer. Solubility and purities of final
compounds were established by analytical HPLC by using Shimadzu HPLC system (model#
DGU-20A5 CBM-20A LC-20AP SPD-M20A UV/vis). HPLC analysis conditions were
Phenomenex C18(250 x 3.9 mm), flow rate of 1 mL/min, UV detection 254 nm, and 100%
acetonitrile in isocratic mode (0.1% TFA was added into acetonitrile phase). All the target
molecules (2a—f) were found to be >95% pure based on HPLC analysis. The Caco-2
permeability has been performed by SundiaMediTech Co., Ltd and based on their internal
protocol.

4.1.1. 3-ethynyl-1-isopropyl-1H-pyrazolo[3,4-d] pyrimidin-4-amine (4a) and 1-
ethyl-3-ethynyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine (4b)—3-lodo-1-
isopropyl-1H-pyrazolo[3,4-d]pyrimidin-4-amine (3a) or 1-ethyl-3-iodo-1H-pyrazolo[3,4-
dlpyrimidin-4-amine (3b) was reacted with trimethylsilyl acetylene following a previously
reported procedure before desilylation with potassium carbonate in methanol to yield the
title compounds4a and 4b [15].

4.1.1.1 3-Ethynyl-1-isopropyl-1H-pyrazolo[3.4-d] pyrimidin-4-amine (4a): Yield = 56%.
1H NMR (400 MHz, chloroform-d) & 8.33 (s, 1H), 6.14 (s, 2H, NH>), 5.13 (hept, J = 6.7 Hz,
1H), 3.50 (s, 1H), 1.56 (d, J = 6.7 Hz, 6H).

4.1.1.2 1-Ethyl-3-ethynyl-1H-pyrazolo[3.4-d] pyrimidin-4-amine (4b): Yield = 67%. 1H
NMR (400 MHz, chloroform-a) & 8.36 (s, 1H), 5.98 (s, 2H, NH>), 4.45 (q, J = 7.3 Hz, 2H),
1.51 (t, J= 7.3 Hz, 3H).

4.1.2. General procedure for synthesis of 8-Bromo-3-aryl-isoquinoline—A
chemo selective Suzuki—-Miyaura cross-coupling reaction was inspired by the previous
reported method [17]. Briefly, different arylboronic acids (1 mmol) were added to a solution
of compounds 5a that was prepared based on the previous literature [16] (1 mmol) in 10.0
mL of toluene/ethanol mixture (at a ratio of ¥, v/v,) and 1 mL of 2 M potassium carbonate
aqueous solution. Palladium tetrakis (triphenyl phosphine) (0.05 mmol) was added to the
above solution and was stirred for 2 h at 100 °C. After quenching the reaction with water,
the resulting mixture was extracted with ethyl acetate and purified by silica column
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chromatography by using hexane and ethyl acetate as a mobile phase. Compounds 6a—¢
were synthesized with 43-58 % yield [17].

4.1.2.1. 8-Bromo-3-(3-(trifluoromethyl) phenyl) isoquinoline (6a): H NMR (400 MHz,
chloroform-a) & 9.64 (s, 1H), 8.36 (bs, 1H), 8.27 (d, J = 7.6 Hz, 1H), 8.00 (s, 1H), 7.84 —
7.75 (m, 2H), 7.66 — 7.53 (m, 2H), 7.49 (dd, /= 8.2, 7.5 Hz, 1H).

4.1.2.2. 8-Bromo-3-(4-chlorophenyl) isoquinoline (6b): 'H NMR (400 MHz, chloroform-
a) 6 9.65 (s, 1H), 8.08 (d, J=8.5 Hz, 2H), 7.97 (s, 1H), 7.76-7.83 (m, 2H), 7.57 — 7.44 (m,
3H).

4.1.2.3. 8-Bromo-3-(4-chloro-3-(trifluoromethyl) phenyl) isoquinoline (6¢): 1H NMR
(400 MHz, chloroform-d) & 9.69 (s, 1H), 8.51 (d, J=2.3 Hz, 1H), 8.31 - 8.23 (m, 1H), 8.05
(s, 1H), 7.90 - 7.83 (m, 2H), 7.65 (d, /=84 Hz, 1H), 7.57 (t, /= 7.9 Hz, 1H).

4.1.2.4. Bromo-3-(p-tolyl) isoquinoline (6d): *H NMR (400 MHz, chloroform-a) & 9.66 (s,
1H), 8.04 (d, 2H, J =8 H2), 7.97 (s,AH), 7.74-7.81 (m, 2H), 7.48 (dd, /= 8.2, 7.5 Hz, 1H),
7.33(d, 2H, J =8 H2Z), 2.43 (s, 3H).

4.1.3. 8-Bromo-3-(4-(bromomethyl) phenyl) isoquinoline (6e)—To the solution of 1
mmol compound 6d in 10 ml CCly, 1 mmol of NBS and 5 mg AIBN were added and the
mixture was refluxed at 80 °C for about 24 h. The reaction mixture was diluted with water
and extracted with ethyl acetate with the product purified by silica column chromatography
using hexane and ethyl acetate as a mobile phase. [18]

Yield = 52%. 1H NMR (500 MHz, chloroform-a) & 9.68 (s, 1H), 8.15 (d, 2H, J = 8 H2),
8.01 (s, 1H), 7.86 — 7.79 (m, 2H), 7.58 — 7.49 (m, 3H), 4.59 (s, 2H).

4.1.4. 8-Bromo-3-(4-((4-methylpiperazin-1-yl) methyl) phenyl) isoquinoline (6f)
—Compound 6e (1.0 mmol) was added in 2.0 mL anhydrous THF, and A-methyl piperazine
(0.3 mL, 2.4 mmol) and triethylamine (0.5 mL, 3.0 mmol). The solution was stirred at 50 °C
overnight. After evaporation of the solvent under the reduced pressure, the residue was
diluted with water and extracted with ethyl acetate. The product was purified by silica
column chromatography using DCM and CH3OH (at a ratio of 20:1) as the mobile phase.
[18]

Yield = 73%. 1H NMR (400 MHz, DMSO-dj) & 9.52 (s, 1H), 8.48 (s, 1H), 8.22 (d, 2H, J =
8 Hz), 8.06 (d, 1H, J = 8.2 H2), 7.97 (d, J = 7.5 Hz, 1H), 7.69 (dd, J = 8.2, 7.5 Hz, 1H), 7.47
(d, J =80 Hz, 2H), 3.60 (5, 2H), 3.14 — 2.77 (m, 8H), 2.56 (s, 3H).

4.1.5. General procedure for synthesis of compound 2a—f—A mixture of 4
(Immol), 6 (Immol), Cu(l) iodide (0.01mmol), and Pd(PPh3),Cl, (0.01mmol) were
dissolved in 10 mL DMF in the sealed flask. The flask was evacuated and backfilled with
dry nitrogen gas three times. DIPEA (4mmol) was then added before the reaction was stirred
at 80°C overnight. The reaction mixture was diluted with 5% ammonium hydroxide solution
and extracted with ethyl acetate. The residue was purified by flash column chromatography
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on silica gel using hexane and ethyl acetate as a mobile phase, with the exception of
compound 6f which was purified using DCM and CH30OH (at a ratio of 20:1) as the mobile
phase. The products were obtained with 30-45 % yield [29].

4.1.5.1. 1-1sopropyl-3-((3-(3-(trifluoromethyl) phenyl)isoquinolin-8-yl)ethynyl)-1H-
pyrazolo[3.4 -d]pyrimidin-4-amine (2a): H NMR (600 MHz, DMSO-dj) 6 9.73 (s, 1H,
H1-isoquinoline), 8.69 (s, 1H, Hy-isoquinoline), 8.57 (bs, 1H, Ho-phenyl), 8.54 (d, J= 8 Hz,
1H, Hy-phenyl), 8.26 (s, 1H, Hg-pyrazolopyrimidine), 8.14 (dd, /= 8.5, 1.0 Hz, 1H,
isoquinoline), 8.12 (dd, J = 7.2, 1.1 Hz, 1H, isoquinoline), 7.87 (dd, J= 8.2, 7.2 Hz, 1H, Hg-
isoquinoline), 7.82 — 7.78 (m, 1H, phenyl), 7.77 (m, 1H, phenyl), 5.07 (hept, J = 6.6 Hz, 1H,
CH), 1.49 (d, J = 6.7 Hz, 6H, CH3).13C NMR (151 MHz, DMSO-dj) 6 158.29, 156.72,
152.86, 150.81, 149.21, 139.82, 136.69, 133.31, 131.13, 130.84, 130.52, 130.22 (9, J =
31.40 H2), 129.22, 127.07, 125.83, 125.12, 123.36, 120.03, 117.66, 101.36, 89.45, 87.63,
49.42, 22.19. HRMS(ESI) calculated for CogH1g F3Ng [M+H]* is 473.1702, found
473.1708.

4.1.5.2. 3-((3-(4-chlorophenyl)isoquinolin-8-yl)ethynyl)-1-isopropyl-1H-pyrazolo[3,4-
d]pyrimi din-4-amine (2b): 1H NMR (500 MHz, DMSO-dj) & 9.73 (s, 1H, H1-
isoquinoline), 8.58 (s, 1H, Hy-isoquinoline), 8.29 (d, J = 8 Hz, 2H, phenyl), 8.28 (s, 1H, Hg-
pyrazolopyrimidine), 8.17 — 8.09 (m, 2H), 7.88 (dd, /= 8.0, 7.1, 1H, Hg-isoquinalinge),
7.61(d, J=8 Hz, 2H, phenyl), 5.15 - 5.04 (hept, J = 6.7 Hz, 1H, CH), 1.52 (d, J = 6.7 Hz,
6H, CH3).13C NMR (126 MHz, DMSO-dj) 6 158.32, 156.75, 152.88, 150.71, 149.86,
137.68, 136.72, 134.22, 133.10, 131.05, 129.37, 129.16, 128.80, 126.86, 125.15, 120.01,
117.03, 109.99, 101.38, 89.54, 87.56, 49.44, 22.22. HRMS(ESI) calculated for Cy5H19 CINg
[M+H]* is 439.1438, found 439.1431.

4.1.5.3. 3-((3-(4-chloro-3-(trifluoromethyl)phenyl)isoquinolin-8-yl)ethynyl)-1-
isopropyl-1H-pyr azolo[3.4-d]pyrimidin-4-amine (2c): 1H NMR (500 MHz, DMSO-d) &
9.73 (s, 1H, Hy-isoquinoline),8.72 (d, 1H, Hs-isoquinoline), 8.68 (d, J =22 Hz, 1H, H,)-
phenyl),8.54 (dd, J = 8.5, 2.2 Hz, 1H, Hy-phenyl), 8.28 (s, 1H, Hg-pyrazolopyrimidine), 8.17
—8.11 (m, 2H), 7.93 - 7.85 (m, 2H), 5.09 (hept, J = 6.7 Hz, 1H, CH), 1.51 (d, J = 6.7 Hz,
6H, CH3).13C NMR (126 MHz, DMSO-dj) 6 158.31, 156.74, 152.88, 150.90, 148.17,
138.33, 136.64, 133.50, 132.78, 132.19, 131.51, 131.27, 129.24, 127.63 (q, J = 30.60 Hz),
127.14, 126.64, 125.93, 125.11, 124.47, 122.30, 120.11, 117.88, 101.38, 89.40, 87.70,
49.44, 22.21, 14.54.HRMS(ESI) calculated for CogH1gCIF3Ng[M+H]* is 507.1312, found
507.13202.

4.1.5.4. 1-Ethyl-3-((3-(3-(trifluoromethyl)phenyl)isoquinolin-8-yl)ethynyl)-1H-
pyrazolo[3,4-d]p yrimidin-4-amine (2d): 1H NMR (500 MHz, DMSO-djp) & 9.76 (s, 1H,
H1-isoquinoline), 8.73 (s, 1H, Hy-isoquinoline), 8.60 (bs, 1H, Ho-phenyl), 8.58 (d, J =8 Hz,
1H, Hy-phenyl),8.29 (s, 1H, Hg-pyrazolopyrimidine), 8.21 — 8.12 (m, 2H, isoquinoline), 7.90
(dd, J=8.1, 7.2 Hz, 1H, Hg-isoquinoline), 7.86 — 7.76 (m, 2H, phenyl), 4.41 (q, J = 7.3 Hz,
2H, CHy), 1.45 (t, J = 7.3 Hz, 3H, CH3).13C NMR (126 MHz, DMSO-dj) & 158.32, 156.93,
153.28, 150.81, 149.24, 139.84, 136.72, 133.34, 131.17, 130.88, 130.56, 130.25 (q, J =
31.36 H2Z), 129.27, 127.10, 125.89, 125.32, 123.67, 120.39 120.03, 117.71, 101.20, 89.54,
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87.55, 42.50, 15.08.HRMS(ESI) calculated for Co5H17F3Ng [M+H]* is 459.1545, found
459.15527.

4.1.5.5. 1-1sopropyl-3-((3-(p-tolyl)isoquinolin-8-yl)ethynyl)-1H-pyrazolo[3,4-
d]pyrimidin-4-am ine (2e): 1H NMR (600 MHz, DMSO-dj) & 9.68 (s, 1H, H1-
isoquinoline), 8.46 (s, 1H, Ha-isoquinaline), 8.26 (s, 1H, Hg-pyrazolopyrimidine), 8.13 (d, J
=8 Hz, 2H, phenyl), 8.09 (d, J = 8.4 Hz, 1H, isoquinoline), 8.06 (d, J= 7.2 Hz, 1H,
isoquinoline), 7.82 (dd, J =84, 7.2 Hz, 1H, Hg-isoquinoline), 7.33 (d, 2H, phenyl), 5.06
(hept, J= 6.7 Hz, 1H, CH), 2.36 (s, 3H, p-methyl), 1.49 (d, J = 6.7 Hz, 6H, CH3).13C NMR
(151 MHz, DMSO-dp) 6 158.30, 156.72, 152.86, 151.20, 150.47, 138.90, 136.78, 136.05,
132.66, 130.79, 129.91, 129.04, 126.95, 126.59, 125.17, 119.87, 116.16, 101.35, 89.64,
87.43, 49.41, 22.19, 21.28.HRMS(ES]I) calculated for CogHooNg [M+H]* is 419.1984, found
419.19894.

4.1.5.6. 1-1sopropyl-3-((3-(4-((4-methylpiperazin-1-yl)methyl)phenyl)isoquinolin-8-
ylethynyl)-1H-pyrazolo[3.4-d]pyrimidin-4-amine (2f): 'H NMR (500 MHz, DMSO-dj)
8 9.72 (s, 1H, Hy-isoquinoline), 8.51 (s, 1H, Hg-isoquinoline), 8.28 (s, 1H, Hg-
pyrazolopyrimidine), 8.21 (d, J = 8.1 Hz, 2H, phenyl), 8.13 (d, J = 8.4 Hz, 1H, isoquinoline),
8.10 (d, J= 7.2 Hz, 1H, isoquinoline), 7.86 (dd, J = 84, 7.2 Hz, 1, Hg-isoquinoline), 7.46 (d,
J =81 Hz, 2H, phenyl), 5.09 (hept, J = 6.8 Hz, 1H, CH), 3.54 (s, 2H, phenylCH>), 2.30-2.60
(bs, 8H, CH,), 2.22 (s, 3H, NCH3), 1.52 (d, J = 6.7 Hz, 6H, CH3).13C NMR (126 MHz,
DMSO-d6) & 158.33, 156.75, 152.88, 151.09, 150.56, 139.58, 137.60, 136.78, 132.81,
130.87, 129.78, 129.10, 126.94, 126.69, 125.19, 119.93, 116.53, 101.37, 89.63, 87.49,
62.06, 54.94, 52.65, 49.43, 45.77, 22.22. HRMS(ESI) calculated for C31H3oNg [M+H]" is
517.2828, found 517.28473.

4.1.6. (2-iodo-3-methylphenyl) Methanamine (7)—1.05 g of concentrated sulfuric
acid was added dropwise to 21 mL of 1M LiAlH, suspension in THF and vigorously was
stirred for 1 h at 0 °C. Then 2.43 g2-iodo-3-methylbenzonitrile (10 mmol) was dissolved in
anhydrous THF and the mixture was stirred overnight. Finally, the reaction was quenched by
addition of 15 mL of 2.4 M sodium hydroxide and then the organic phase was extracted with
ethyl acetate. The final product was purified by flash chromatography using by silica gel
flash column chromatography using DCM and CH3OH (at a ratio of 20:1) as the mobile
phase.[19] The yield was 53%.1H NMR (400 MHz, chloroform-d) & 7.24 —7.18 (m, 1H),
7.18 - 7.11 (m, 2H), 3.91 (s, 2H, CH,), 2.48 (d, J = 0.6 Hz, 3H, CH3).

4.1.7. 8-lodo-7-methylisoquinolin-3-ol (9)—Compound 7 (15 mmol) and methyl 2,2-
dimethoxypropionate (30 mmol) were kept in a 10 mL screw-capped vial was stirred at 80 °
C overnight. The reaction mixture was loaded on silica and resulting dimethoxy acetamide
intermediate 8 was purified by silica column chromatography using hexane and ethylacetate
at a ratio of 2:1. The resulted compound without further purification was dissolved in 5 mL
concentrated sulfuric acid and stirred at 40 °C overnight. Subsequently, the acidic solution
poured into ice—water, and the precipitate was collected and washed with water and diluted
sodium bicarbonate solution [16]. The yield was 42%.1H NMR (500 MHz, DMSO-dp) &
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8.91 (s, 1H, Hy-isoquinoline), 7.64 (d, J = 8.4 Hz, 1H), 7.49 (d, J = 84 Hz, 1H), 6.87 (s, 1H,
Hg-isoquinoline), 5.74 (bs, 1H, OH), 2.54 (s, 3H, CHj3).

4.1.8. 8-lodo-7-methylisoquinolin-3-yl trifluoromethanesulfonate (5b)—The 1.8
mmol dried compound 10 was dissolved in 12.5 mL dry pyridine and stirred at 0 °C.
Trifluoromethane sulfonic anhydride (0.5 mL) was added dropwise and the solution warmed
to room temperature and stirred overnight. Subsequently, the solvent was reduced under
reduced pressure and the product was purified by silica column chromatography using
hexane and ethyl acetate at a ratio of 10:1.[16] The yield of this reaction is 72 %. 1H NMR
(500 MHz, chloroform-d) & 9.40 (s, 1H, Hy-isoquinoline), 7.78 (d, /= 8.3 Hz, 1H), 7.64 (d,
J=83Hz 1H), 7.48 (s, 1H, Hy-isoquinoline), 2.75 (s, 3H, CHys).

4.1.9. 8-((4-amino-1-isopropyl-1H-pyrazolo[3,4-d]pyrimidin-3-yl)ethynyl)-7-
methylisoquinoli n-3-yl trifluoromethane sulfonate (10)—Compound 11 was
prepared by a similar procedure that used to prepare compound 4a and 4b.[15] The reaction
yield was 43%.1H NMR (500 MHz, chloroform-d) & 9.64 (s, 1H, Hq-isoquinoline), 8.44 (bs,
1H, Hg-pyrazolopyrimidine), 7.87 (d, /= 8.6 Hz, 1H), 7.73 (d, J = 8.5 Hz, 1H), 7.59 (s, 1H),
5.84 (s, 1H, Hys-isoquinoline), 5.22 (hept, J = 6.7 Hz, 1H, CH), 2.82 (s, 3H, CH3), 1.64 (d, J
= 6.7 Hz, 6H, CH3). HRMS(ES]I) calculated for Co1H17F3NgO3S [M+H]* is 491.11077,
found 491.11072.

4.1.10. 1-Isopropyl-3-((7-methyl-3-(3-(trifluoromethyl)phenyl)isoquinolin-8-
yl)ethynyl)-1H-pyr azolo[3,4-d]pyrimidin-4-amine (2g)—Compound 2g was
prepared by a similar procedure that used to prepare compound 6 [17]. The reaction yield
was 32%.1H NMR (500 MHz, DMSO-d6) & 9.72 (s, 1H, Hq-isoquinoline), 8.66 (s, 1H, Ha-
isoquinoline), 8.57 (bs, 1H, Hy-phenyl), 8.55 (d, J = 8 Hz, 1H, Ha-phenyl), 8.29 (s, 1H, Hg-
pyrazolopyrimidine), 8.07 (d, J=8.4 Hz, 1H), 7.86 — 7.74 (m, 3H), 5.09 (hept, J = 6.9 H,
1H, CH), 2.74 (s, 3H, CH3), 1.52 (d, J = 6.7 Hz, 6H, CH3). 13C NMR (126 MHz, DMSO-dj)
& 158.38, 156.74, 152.88, 150.40, 148.48, 142.38, 139.91, 135.15, 133.66, 130.71, 130.51,
130.21 (q, /= 31.40 H2), 128.67, 127.47, 125.70, 125.28, 123.25, 118.46, 117.51, 101.46,
91.66, 88.37, 49.50, 22.22, 21.46.HRMS(ESI) calculated for Cy7Hy1F3Ng [M+H]* is
487.1858, found 487.18613.

4.2. Determination of compounds’ water solubility

Water solubility of compounds 1 and 2a were determined according to the previously
literature [30]. Around 1 to 2 mg of each compound was added to 1 mL of deionized water.
The suspensions were shaken at 37 °C for 24 hr. The mixture was centrifuged, and the
supernatants were filtered through using Phenomenex PTFE membrane, 0.2 L. The
supernatant was diluted two folds with acetonitrile and injected into the HPLC. The
solubility was calculated based on the calibration curve for five different concentrations.
Each sample was injected at least three times.

4.3. Biology activity

4.3.1. In Vitro Kinase Assay—Abl kinase assays were conducted following a previously
described procedure.[14] BRAF kinase assays were carried out by incubating 100 uM ATP,
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0.3 nM of BRAFV600E and 3 uM of MEKK97R with various concentrations of an inhibitor at
30°C for 20 min. The reaction mixture was then quenched with sample buffer, boiled,
resolved by SDS-PAGE, and transferred to PVDF membrane. The membrane was finally
probed with an antibody for phospho-MEK [23].

4.3.2. Cells and Reagents—A375 cells expressing BRAF V600E were purchased from
ATCC. The cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Corning) supplemented with 10% fetal bovine serum (v/v, HyClone, ThermoScientific) at
37 °C and 5.0% CO,. Vemurafinib was purchased from Selleckchem. The following
antibodies were purchased from Cell Signaling (Boston, MA, USA): anti-pMEK, anti-
pERK, anti-MEK, and anti-ERK. Anti-mouse secondary antibody was purchased from
Jackson Immuno Research Laboratories (West Grove, PA, USA), whereas anti-rabbit
secondary antibody was obtained from Abcam (Cambridge).

4.3.3. Western Blot Analysis—A375 cells expressing B-RAF V600E were treated with
vehicle (DMSO), drug, or the inhibitors at various concentrations for 1 h. The cells were
lysed, collected, and normalized using BCA protein assay kit (Bio-Rad). The samples were
diluted in 4X SDS loading buffer (Bio-Rad), resolved by 4-20% SDS-PAGE (Bio-Rad) and
then transferred onto PVDF membrane (Bio-Rad). Standard immunoblotting protocols were
used. All Western blots were blocked with 5% nonfat milk in TBST (10 mMTris, 150
mMNacCl, 0.1% Tween-20, pH 8.0) for 1 h at room temperature. The primary antibodies
were diluted to an appropriate concentration and incubated overnight at 4 °C. Subsequently,
the blots were probed with horseradish peroxidase (HRP)-conjugated secondary antibodies
(1:10 000) for 1 h at room temperature and then developed using enhanced
chemiluminescence (ECL, Bio-Rad) and visualized by ChemiDoc XRS+ molecular imager
(Bio-Rad).

4.3.4. MTT Assay—Cells were plated into 96-wells plates (1x103 cells/well for A375, and
2x10% cells/well for Ba/F3) and incubated with drugs or inhibitors at the indicated
concentrations (96 h for A375 and 48 h for Ba/F3). Cell viability was then measured by
adding MTT (Calbiochem) and incubating for 1 h. The reaction was quenched with
formazan-solubilization reagent (50% DMF (v/v), 20% SDS wi/v in H,0), and the
absorbance was determined at 540 nm using SpectraFluoro Plus plate reader (Tecan). The
reaction was carried out in triplicate, and the ICgq values were determined by using
Graphpad Prism with a nonlinear regression method.

4.4. Protein expression, purification and crystallization

BRAF16mut Was expressed with TEV protease cleavable His tags using a pProEx vector in
BL21(DE3)-RIL bacterial expression cells and purified with nickel-affinity chromatography,
TEV-cleavage overnight and purified through gel-filtration chromatography into a final
buffer of 20 mM HEPES, pH 7.5, 200 mM NaCl, 1 mM TCEP, 5mM MgCl, and 5% (v/v)
glycerol. Following gel filtration, all protein fractions corresponding to greater than 95%
purity were pooled and concentrated to 20 mg/mL, then flash frozen in liquid nitrogen.
Protein concentration was estimated by UV-Vis absorption spectosctopy using a NanoDrop
spectrophotometer (Thermo Scientific).
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Braf16mut:2a complex was obtained by mixing Braf16mut at 155 uM (5g.L~1) with 2a at
300uM for 30 min at 4°C followed by centrifugation at 18000g for 5min at 4°C to remove
precipitation. Braf16mut:2a complex was crystallized at 20°C in hanging drop with 1:1uL
mix in 30% PEG 3350, 0.1M Bis-Tris Propane pH 6.5, 0.2M Sodium Nitrate. X-ray
diffraction data were collected on a flash-frozen crystal cryo-protected in mother liquor
containing 25% ethylene glycol at 100K on station 24-1D-C, NE CAT beamline, Advanced
Photon Source (APS). Data reduction was performed using XDS package [31]. The structure
was solved by molecular replacement using PDB 4R5Y (REF) as a search model in Phaser
[32]. Structure of 2a was build using elbow [33]. Model building and refinement was
performed using COOT [34] and PHENIX [35]. The data statistics and refinement details
are reported in Table S2 in Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Creation of a ring-closure strategy to leverage the different conformational
flexibility of protein kinases for improving target selectivity.

2. Implementation of the strategy on an aminobenzene-containing inhibitor (1)
afforded isoquinoline-based analogues (2) that exhibited a moderate increase
of selectivity.

3. The crystal structure of compound 2a in complex with BRAFVY600E \yas
solved, which confirmed 2a as a type Il inhibitor targeting the DFG-out
conformation of BRAF kinase.
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Figure 1.
Cyclization of the amidobenzene group in a previously described Bcr-Abl inhibitor 1 yields

the isoquinoline-containing compounds 2.
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Sequence analysis reveals that most of the kinases that are sensitive to inhibition by both 1
and 2a (bottom group) contain a long insertion between their aD and a.E helices compared
to the kinases that are sensitive to 1 but not 2a (top group).
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2a bound into BRAF:2a binding mode
BRAF-ATP pocket

DFG-OUT conformation BRAF:2a complex superimposed
BRAF:2a complex with 72F

Figure 3.
Crystal structure of 2a in complex with the BRAF kinase domain. (A). Unbiased Fo-Fc

electron density maps contoured at 2.5¢ in green showing 2a bound to the ATP binding
pocket of BRAF kinase domain. (B). Binding mode of 2a with the BRAF ATP-binding
pocket. Compound 2a and BRAF residues interacting with 2a are represented in stick. Red
dash lines represent hydrogen bonds. (C). The BRAF protein adopts a DFG-out
conformation when bound to 2a. The DFG loop of the BRAF:2a complex is colored in grey
(adopting the DGF-out conformation). An example of a DFG loop of BRAF adopting the
DFG-in conformation (PDB 4WQD5) is superimposed in brown. (D). Superimposition of the
BRAF:2a complex in grey with the c-SRC:72F complex in blue (PDB 5SYS).
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pM

pMEK

MEK

Effects of vemurafenib and compound 2d on downstream signaling of BRAFV600E jn A375
cells. Vemurafenib (VEM) potently blocked phosphorylation of MEK while 2d had little
effects at up to 100 pM. A375 cells were treated with vemurafenib or compound 2d at
various concentrations before the cells were lysed, resolved by SDS-PAGE, transferred to
PVDF membrane, and probed with antibodies for MEK and phospho-MEK (pMEK).
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pM

pMEK

MEK

Compounds 1 and 2a caused potent, dose-dependent inhibition of full-length BRAFY600E
vitro. Full-length BRAFV600E was transfected into 293 cells, immunoprecipitated with a
Flag antibody, and eluted with the Flag peptide before the activity was measured in the

presence of various concentrations of either inhibitor.
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Scheme 1.
Reagents and conditions: (a) Trimethylsilylacetylene, (PPh3)4Pd, Cul, TEA, DMF, r.t., No;

(b) KoCO3, methanol; (c) arylboronic acid,(PPhs)4Pd, K,COg3, toluene/ethanol, 100 °C; (d)
(PPh3),PdCly,, Cul, DIPEA, DMF, 80 °C, N,.
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Scheme 2.
Reagents and conditions: (a) NBS, AIBN, CCly, reflux; (b) A-methylpiperazine, EtzN, THF,
50 °C.
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Scheme 3.
Reagents and conditions: (a) LiAlHg4, HoSO4, THF; (b) methyl 2,2-dimethoxyacetate, 80 °C;

(€) H2SOy4, 40 °C; (d) (TF)20, pyridine; (e) (PPh3)4Pd, Cul, TEA, DMF, r.t., Np; (f) (3-
(trifluoromethyl)phenyl)boronic acid, (PPh3)4Pd, KoCO3, toluene/ethanol, 100 °C.
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