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Anaplastic lymphoma kinase (ALK), an oncogenic receptor tyrosine kinase, is a therapeutic target in
various cancers, including non-small cell lung cancer. Although several ALK inhibitors, including crizo-
tinib, ceritinib, and alectinib, are approved for cancer treatment, their long-term benefit is often limited
by the cancer's acquisition of resistance owing to secondary point mutations in ALK. Importantly, some
ALK inhibitors cannot cross the blood-brain barrier (BBB) and thus have little or no efficacy against brain
metastases. The introduction of a lipophilic moiety, such as a fluoroethyl group may improve the drug's
BBB penetration. Herein, we report the synthesis of fluoroethyl analogues of crizotinib 1, alectinib 4, and
ceritinib 9, and their radiolabeling with 18F for pharmacokinetic studies. The fluoroethyl derivatives and
their radioactive analogues were obtained in good yields with high purity and good molar activity. A
cytotoxicity screen in ALK-expressing H2228 lung cancer cells showed that the analogues had up to
nanomolar potency and the addition of the fluorinated moiety had minimal impact overall on the po-
tency of the original drugs. Positron emission tomography in healthy mice showed that the analogues
had enhanced BBB penetration, suggesting that they have therapeutic potential against central nervous
system metastases.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

Anaplastic lymphoma kinase (ALK), a receptor tyrosine kinase
and member of the insulin receptor superfamily, is a component of
the nucleophosmin (NPM1)-ALK fusion gene, which is expressed by
60% of anaplastic large-cell lymphomas. ALK is also part of the
echinoderm microtubule-associated protein-like 4 (EML4)-ALK
fusion gene, which occurs in 3e7% of non-small cell lung cancers
(NSCLCs) [1e3]. Thus, ALK is an attractive therapeutic target for
cancers that have ALK gene fusions or activating mutations of ALK
[4]. Accordingly, much work has been done to develop ALK-
inhibiting drugs. Cui et al. [5] were the first to report the
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structure-based design and synthesis of crizotinib, a potent and
selective dual inhibitor of ALK and mesenchymal-epithelial tran-
sition factor that was approved by the FDA for the treatment of ALK-
mutant NSCLC in 2011 [6,7]. Although many patients have initial
responses to crizotinib, most tend to develop resistance to the drug
within 1 or 2 years [8e10], mainly because their disease acquires
additional ALK mutations that prevent crizotinib from binding to
ALK and inhibiting its activity [11,12]. Moreover, crizotinib has poor
activity against central nervous system (CNS) metastases due to its
inability to cross blood brain barrier (BBB) [13]. Compared with
crizotinib, the second-generation ALK inhibitor alectinib, initially
reported by Kinoshita et al. [14], has much higher potency (1.9 nM)
and has selectivity against wild-type ALK. Alectinib also has activity
against L1196M, one of the common ALK mutations that lead to
crizotinib resistance, and has efficacy against CNS metastases
[15,16]. Ceritinib, another second-generation ALK inhibitor that was
first reported by Marsilje et al. [17], elicits high responses in pa-
tients with crizotinib-resistant disease and was approved for the
treatment of relapsed or refractory NSCLC after crizotinib failure
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[18]. Another ALK inhibitor is lorlatinib (PF-06463922), a third-
generation ALK inhibitor recently approved by the FDA for the
treatment of NSCLC [19,20]. Other potent ALK inhibitors, including
X-396, ASP3026, AP26113, PF-06463922, CEP-37440, and TSR-011,
some of which have enhanced specificity for ALK, are currently in
phase I and II clinical trials [21e25]. The structures of several of
these ALK inhibitors are shown in Fig. 1.

Although crizotinib has high clinical efficacy against ALK fusion-
positive NSCLC, the brain is a frequent site of initial crizotinib failure
in NSCLC patients owing to the drug's poor penetration of the CNS.
On the other hand, [14C]labeled alectinib has been shown to have
modest BBB penetration in rodent models. A pharmacokinetic
study in rats showed that alectinib had a high brain-to-plasma
ratio, and an in vitro drug permeability study in Caco-2 colorectal
adenocarcinoma cells showed that alectinibwas not transported by
the P-glycoprotein efflux transporter, a key factor in BBB function
[26]. Lorlatinib, which has moderate brain availability [27] and
broad-spectrum ALK inhibitory potency for the treatment of tu-
mors that progress despite crizotinib therapy, overcomes various
resistance mutations and has efficacy against brain metastases [28].
Ceritinib, another second generation ALK inhibitor, also suffers
from crossing BBB. In mice, only 0.4% of the drug was found in the
brain 24 h after its oral administration [29]. These findings suggest
that most of the ALK-inhibiting drugs have limited or poor BBB
penetration.

Despite considerable efforts, developing ALK inhibitors that can
effectively penetrate the BBB remains a challenge, and no diag-
nostic method for assessing molecule-specific pharmacodynamics
and target sensitivity to ALK inhibition in vivo has been reported.
The restricted repertoire of effective ALK inhibitors that can pene-
trate the BBB limits the targeted treatment of lung cancer brain
metastases, and the lack of effective markers and methods for non-
invasively monitoring these drugs’ early efficacy inhibits the se-
lection of optimal settings in which to test and monitor the bio-
logical and therapeutic efficacy of these novel compounds.
Therefore, there is need for development of an ALK inhibiting drug
that have sufficient BBB penetration for treatment of NSCLC brain
metastases. The addition of a fluoroethyl moiety to ALK inhibitors
could give the drugs a more lipophilic character and enhance their
brain penetration ability. Moreover, the replacement of fluorine (F)
with 18F would enable the use of these drugs as positron emission
tomography (PET) tracers to assess the relative levels and hetero-
geneity of ALK protein in tumors throughout the body, including
Fig. 1. Structures of several w
the CNS, and thus help shape patient selection criteria for clinical
trials. In principle, PET could also be used to assess whether the
drug has engaged its target and/or to identify suitable drug dosing
regimens [30].

Tyrosine kinase inhibitors (TKIs) have been radiolabeled with
11C and 18F for use with PET [31]. Many FDA-approved TKIs, as well
as their derivatives, have been radiolabeled and tested preclinically
[32e34]. For the majority of these molecules, however, preclinical
findings have not triggered clinical translation. One exception is
[11C]erlotinib [35], which is an epidermal growth factor receptor
(EGFR) inhibitor used to treat patients with NSCLC and certain
types of pancreatic cancer [36,37]. A clinical trial of [11C]erlotinib in
NSCLC patients showed that accumulation of the tracer was
correlated with response to erlotinib therapy, especially in patients
harboring the EGFR-L858R activating mutation [38,39].

Few studies have investigated ALK inhibitor analogues for use
with PET [27,40].We previously reported the synthesis of a ceritinib
analogue (fluoroethyl ceritinib; compound 9 in the present study)
labeled with 18F [41], and others have synthesized and tested [11C]
and [18F]labeled lorlatinib for brain penetration [27,40]. Analyses of
the structure-activity relationship and molecular modeling of cer-
itinib suggest that substitutions on the drug's piperidine nitrogen
are fairly well-tolerated without compromising the drug's efficacy
[42]; similarly, substitutions on the piperidine nitrogen in crizoti-
nib [5] and on the secondary amine nitrogen in alectinib are also
well-tolerated [43]. We hypothesized that crizotinib, alectinib, and
ceritinib, minimally modified with the attachment of a lipophilic
group and radioisotope, retain their ALK-specific efficacy, have
enhanced BBB penetration, and enable facile PET pharmacokinetic
analysis. Herein, we report the syntheses of fluorinated analogues
of crizotinib ([19F/18F]fluoroethyl crizotinib; [19/18F]1), alectinib
([19F/18F]fluoroethyl alectinib; [19/18F]4), and ceritinib ([19/18F]fluo-
roethyl ceritinib; [19/18F]9) and the preliminary in vitro and PET-
based validation of efficacy and brain permeability in vivo.

2. Results and discussion

2.1. Chemistry and radiochemistry

We used two methods to synthesize fluorinated analogues of
ALK inhibitors. Method 1 involved a reaction between the original
drug and fluoroethyl tosylate [44], and Method 2 involved intro-
ducing the fluorine atom in the last step by displacing a suitable
ell-known ALK inhibitors.



B. Radaram et al. / European Journal of Medicinal Chemistry 182 (2019) 111571 3
leaving group of a preinstalled ethyl moiety in the original drug.
Both methods were suitable for producing [18F]1; however, only
Method 2 was suitable for producing [18F]4.
2.1.1. Synthesis of fluoroethyl crizotinib 1
Non-radioactive fluoroethyl crizotinib (compound 1) was pre-

pared using the two methods mentioned above. In Method 1, re-
action of fluoroethyl tosylate with crizotinib (Scheme 1, Method 1)
afforded compound 1 in 51% yield after chromatographic purifica-
tion in a single-step reaction. Compound 1 was characterized by
spectroscopic methods. 1H nuclear magnetic resonance (NMR)
spectroscopy of compound 1 showed two sets of additional peaks:
one at 4.55 ppm with a coupling constant of 47.8 Hz (J FeH,
geminal), and another at 2.96 ppm with a coupling constant of
28.4 Hz (J FeH, vicinal). 13C NMR spectroscopy showed two addi-
tional peaks, and 19F NMR spectroscopy showed one additional
peak at �217.1 ppm. High resolution mass spectrometry (HRMS)
showed the desired m/z [MþNa]þ as 518.1290, which was consis-
tent with the desired molecule.

In Method 2, reaction of the precursor chloroethyl crizotinib
(compound 3) with tetrabutylammonium fluoride (Bu4NF; Scheme
1, Method 2) afforded compound 1 in 70% yield. Hydroxyethyl
crizotinib (compound 2) was obtained in 74% yield by the reaction
of crizotinib with hydroxyethyl tosylate. 1H NMR spectroscopy of
compound 2 showed four additional protons, 13C NMR showed two
additional peaks, and the mass spectrum showed the desired m/z
[MþH]þ as 494.88. Reaction of compound 2with p-toluenesulfonyl
chloride (TsCl) in dichloromethane (CH2Cl2) produced compound 3
in 39% yield. 1H NMR spectroscopy showed that compound 3 had
the same number of protons as compound 2 in the aliphatic region
without any additional aromatic peaks, 13C NMR spectroscopy
showed that compound 3 had the same number of carbons as
compound 2, and the HRMS m/z [MþH]þ was 512.1204. Upon
Scheme 1. Synthesis of fluoroethyl c
treatment of compound 2 with TsCl, compound 3 was obtained in
place of the expected tosylate analogue. This may have been due to
a further nucleophilic attack the chloride perpetrated on the in-
termediate tosylate either directly or in a two-step process, in
which the chloride attacks an aziridine ring formed by anchimeric
assistance by a lone pair of electrons in the nitrogen in the piperidyl
ring of crizotinib. The treatment of alcohols with tosyl chloride in
similar reaction conditions has been reported to yield chloroethyl
derivatives [41]. Ding et al. also reported that tosylate does not
always form when benzyl alcohols are treated with tosyl chloride
[45].
2.1.2. Radiosynthesis of [18F]1
Radiosynthesis of [18F]1 was also achieved by two different

methods. In Method 1 (Scheme 2, Method 1), the prosthetic group
[18F]fluoroethyl tosylate was first produced with a mean decay-
corrected radiochemical yield of 68% (range, 65e73%; n¼ 15).
Compound [18F]1 was produced by reaction of crizotinib with [18F]
fluoroethyl tosylate with a mean radiochemical yield of 54% (range,
45e65%; n¼ 8). The average decay-corrected yield of [18F]1 from
aqueous [18F]fluoride was 24% (range, 20e28%; n¼ 8). [18F]1 was
>99% radiochemically pure and had a mean molar activity of 24
GBq/mmol. The synthesis time was 130e135min from end of
bombardment. High performance liquid chromatography (HPLC) of
radioactive [18F]1 co-injected with the non-radioactive standard
compound 1 showed co-elution of the radioactive and ultraviolet
(UV) peaks, confirming the identity and purity of the radiolabeled
tracer. (Supporting Information, Fig. S1).

Radiosynthesis of [18F]1 by Method 2 was a single-step process
(Scheme 2, Method 2), which produced [18F]1 from compound 3
with a 70% decay-corrected yield (n¼ 3). Unfortunately, [18F]1
could not be easily separated from the starting material on the
semi-preparative HPLC column or by flash chromatography, which
rizotinib 1 by Methods 1 and 2.



Scheme 2. Radiosynthesis of [18F]fluoroethyl crizotinib ([18F]1) by Methods 1 and 2.
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affected the compound's apparent molar activity and chemical
purity. Therefore, Method 1 was preferred when producing [18F]1
for biological studies.
2.1.3. Synthesis of fluoroethyl alectinib 4
Fluoroethyl alectinib (compound 4) was also prepared using two

different methods (Scheme 3).
InMethod 1, the reaction of alectinibwith fluoroethyl tosylate in

the presence of potassium carbonate (K2CO3) produced compound
4 in 63% yield. The product was fully characterized by spectroscopic
methods, including 1H, 13C, and 19F NMR spectroscopy and HRMS.
1H NMR spectra were run in dimethyl sulfoxide (DMSO)-d6 and
deuterated chloroform (CDCl3); in DMSO‑d6, four additional peaks
and two sets of doublets were observed at 5.1 ppm (J¼ 24Hz) and
4.9 ppm (J¼ 47Hz), respectively. Interestingly, in CDCl3, one set of
protons was observed as a doublet of triplets, and the other peak
was a broad singlet. 13C NMR spectroscopy showed 30 peaks, and
19F NMR spectroscopy (decoupled) showed one peak
at �218.57 ppm. HRMS revealed the m/z [MþH]þ to be 529.2989,
indicating the desired compound.

In Method 2, the precursor methanesulfonylethyl alectinib
(compound 7a) was synthesized in multiple steps. Reaction of
alectinib with t-butyldimethylsilylethyl tosylate produced an alec-
tinib derivative (t-butyldimethylsilylethyl alectinib; compound 5)
in 61% yield. The product was characterized by 1H NMR spectros-
copy and mass spectrometry (MS). Hydroxyethyl alectinib (com-
pound 6) was obtained after acidic hydrolysis of compound 5 in 97%
(quantitative) yield. This compound was characterized by 1H NMR,
MS and HPLC; 13C NMR spectroscopy could not be performed
because the compound was sparingly soluble in common NMR
solvents. Reaction of compound 6 with methanesulfonyl chloride
produced compound 7a in 57% yield. Compound 7a was fully
characterized by spectroscopic methods, whose data were consis-
tent with the desired compound. Toluenesulfonylethyl alectinib
(compound 7b) was prepared using a process similar to that used to
prepare compound 7a and fully characterized by spectroscopic
methods. Reaction of compound 7a or 7bwith Bu4NF in acetonitrile
(MeCN) at 103 �C produced compound 4 in 10e12% yield. In this
reaction, the undesired vinyl derivative, n-vinyl alectinib
(compound 8), formed by elimination, was obtained as the major
product.

2.1.4. Radiosynthesis of [18F]4
Direct coupling of [18F]fluoroethyl tosylate with alectinib in the

presence of K2CO3 (Method 1, Scheme 3) was unsuccessful. Radi-
osynthesis of [18F]4 could be performed only by Method 2 (Scheme
4). Starting from compound 7a, the mean decay-corrected (d. c.)
yield of [18F]4 was 21% (range, 16e26%; n¼ 11). The radiochemical
yield of [18F]4 from compound 7b was 18% (d. c.; n¼ 2). [18F]4 was
>99% pure and had a mean molar activity of 23 GBq/mmol. The
synthesis time was 90e95min from end of bombardment. The
product could be purified by HPLC using a semi-preparative reverse
phase amide column. Semi-preparative and analytical HPLC of [18F]
4 co-injected with non-radioactive standard compound 4 is pre-
sented in Figs. S2 and S3 (Supporting Information).

2.1.5. Radiosynthesis of [18F]9
Compound [18F]9 was produced by coupling ceritinib with [18F]

fluoroethyl tosylate, as we reported previously [41]. The radio-
chemical yield, purity, and molar activity of [18F]9 were similar to
those we reported previously.

2.1.6. Radiotracer formulation
Because [18F]1, [18F]4, and [18F]9were lipophilic and insoluble in

water or saline, they were dissolved in a small volume of ethanol
(0.1e0.2mL) and then diluted with 10% Tween 80 and phosphate-
buffered saline (PBS; pH 7.4). The final formulated radiotracers
were filtered through a 0.22-mm Millipore filter before injection
into the animals.

2.1.7. LogP values
The LogP values (assessed by octanol/water partition) were 0.73

for [18F]1, 0.87 for [18F]4, and 0.97 for [18F]9. The LogDpH¼7.4 values
(assessed by octanol/PBS partition) were 1.43 for [18F]1, 1.47 for [18F]
4, and 1.51 for [18F]9. Of note, the theoretical LogP values (calculated
with Molinspiration software) for [18F]1, [18F]4, and [18F]9 were
4.81, 6.01, and 6.94, respectively, and those of the parent com-
pounds crizotinib, alectinib, and ceritinib were 4.01, 5.28, and 5.91,



Scheme 3. Synthesis of fluoroethyl alectinib 4 by Methods 1 and 2.

Scheme 4. Radiosynthesis of [18F]fluoroethyl alectinib ([18F]4) by Method 2.
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respectively. Differences in calculated versus experimental LogP
values have been previously reported [46,47], and experimental
LogP values of the parent drugs are not reported; therefore, the
lipophilicities of the parent compounds and the fluoroethyl de-
rivatives were compared using the calculated LogP values. The
higher LogP values of the fluoroethyl derivatives indicated that
these compounds have more lipophilicity than their parent com-
pounds; therefore, they are more likely to cross the intact BBB.
2.2. Biology

2.2.1. Cytotoxicity
We assessed the cytotoxicity of the fluorinated ALK inhibitors in

ALK-positive H2228 human lung cancer cells, which harbor EML4-
ALK variant 3 (86 kDa) [48], and in ALK-negative H441 lung cancer
cells. The cell lines’ differential expression of ALK was confirmed by
Western blotting (Fig. 2).
H2228 cells were treated with the three fluorinated ALK in-

hibitors, and efficacy was compared with that of their corre-
sponding parent drugs (Table 1, Fig. 3). Compound 1 had a half
maximal inhibitory concentration ([IC50]) of 7.5 mM, whereas cri-
zotinib had an IC50 of 2.8 mM,which was less than 3-fold lower than
that of the parent drug. Compound 4, which had an IC50 of 10 nM
(versus an IC50 of 6.5 nM for alectinib), was the most potent de-
rivative but had lower efficacy. Nonetheless, its potency confirmed
compound 4 as a potential PET tracer. Compound 9 had an IC50 of
24.2 mM, indicating that it had nearly 10-fold less potency than
ceritinib (IC50, 2.9 mM). Thus, the fluoroethyl moiety impacted the
potency of ceritinib, but did not have a detrimental effect on the
potency of crizotinib or alectinib. Both alectinib and compound 4
had no substantial effect on ALK-negative H441 cells.



Fig. 2. Western blotting of ALK expression in lung cancer cells. Lane 1, molecular
weight markers; lane 2, H2228 cell lysate; lane 3, H441 cell lysate. GAPDH was probed
as a loading control.

Table 1
IC50 values of fluoroethyl derivatives and their parent compounds in H2228 cells.

Compound Crizotinib Compound 1 Alectin

IC50 value 2.8 mM 7.5 mM 6.5 nM

Fig. 3. Cytotoxicity of compounds 1 (A), 4 (B), and 9 (C) and their parent compounds in AL
compound in non-ALK-expressing H441 lung cancer cells (D). Data are means ± standard d
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2.2.2. Live cell uptake of [18F]1, [18F]4, and [18F]9
The cell-associated radioactivity of [18F]1, [18F]4, and [18F]9 in

ALK-positive H2228 and ALK-negative H441 cells is shown in Fig. 4.
After 30min of incubation, both [18F]1 and [18F]9 showed higher
uptake in the ALK-positive H2228 cells, as expected. In contrast,
[18F]4 showed higher uptake in the ALK-negative H441 cells. For all
three analogues, nonspecific binding, measured as the radioactivity
retained by the ALK-negative cells, was relatively high. TKI-based
PET tracers tend to interact with cell membranes, potentially ac-
counting for the high background binding; they are also often
substrates for ATP-binding cassette (ABC) transporters, which could
account for the low uptake of [18F]4 in H2228 cells [49]. In fact, P-
glycoprotein-mediated ceritinib resistance in ALK-rearranged
NSCLC has been reported [50]. Although others have reported
that alectinib is not transported by the P-glycoprotein efflux
transporter, a key factor in BBB penetration [26], the three [18F]
labeled molecules all have theoretical LogP values greater than 3,
large surface areas, and molecular weights higher than 400, which
may render them susceptible to efflux by othermembers of the ABC
transporter family [51].
ib Compound 4 Ceritinib Compound 9

10 nM 2.9 mM 24.2 mM

K-expressing H2228 lung cancer cells, and cytotoxicity of compound 4 and its parent
eviations.



Fig. 4. Uptake of [18F]1 (A), [18F]4 (B), and [18F]9 (C) by ALK-positive H2228 cells and ALK-negative H441 cells. Data are means ± standard deviations.

Fig. 6. Maximum intensity projection PET images show the biodistribution of [18F]1 in
a representative animal at 5, 10, 30, and 60min after injection. B¼ brain, K¼ kidney,
H¼ heart, and L¼ liver.
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2.2.3. Biodistribution of [18F]1, [18F]4, and [18F]9 in healthy mice
Non-tumor-bearing healthy mice were injected with [18F]1, [18F]

4, or [18F]9, and the biodistribution of each of the three compounds
was assessed by PET and region of interest analysis. Themean time-
activity curves of [18F]1, [18F]4, and [18F]9 demonstrated that the
tracers were quickly cleared from the heart, accumulated in both
the kidney and liver, and then cleared rapidly from the urinary track
(Fig. 5). The tracers steadily accumulated in the brain from 0.5 to
6.0min, with a peak of 6e8 %ID/cc, followed by a wash out phase
from the brain. Within 30min, most of the activity was cleared
from the brain. Most of the radioactivity accumulated in the liver
and was slowly excreted into the bowel with significant tracer
accumulation in the gallbladder. Tracer accumulation in muscle
was low, being somewhat lower than retention in blood.

PET images revealed thewhole-body distributions of [18F]1, [18F]
4, and [18F]9 (Figs. 6e8, respectively), which complemented the
compounds’ time-activity curves; there was early accumulation of
the tracers in the brain and washout within 30min. One hour after
injection, most of the activity was cleared from the heart (blood),
and activity remained in the liver, gallbladder, and intestine. The
tracers cleared quickly from the kidneys and accumulated in the
bladder.

Region of interest analysis confirmed a substantial level of tracer
accumulation in the brain at 10min, with [18F]4 having the greatest
accumulation (Table 2).

The fluoroethyl group was incorporated into the parent drugs to
increase their lipophilic behavior. As the biodistribution assess-
ments with PET and region of interest analysis show, lipophilicity
also increases their brain permeability, as all three newly synthe-
sized compounds crossed the BBB. Based on the vascular volume of
the brain (1/30 by gramweight whole brain) [52], the 8.1% ID/cc of
[18F]4 5min after injection exceeded by 40-fold the value expected
for a tracer confined to the vascular compartment (0.2 %ID/g). The
Fig. 5. Mean time-activity curves and distributions of [18F]1 (A), [18F]4 (B), and [18F]9 (C) in m
are means ± standard deviations.
compounds quickly washed out of normal brain, except [18F]9,
which was retained at a %ID/cc of about 4 at 1 h. Compounds [18F]1
and [18F]4 cleared the brain rapidly (within 30min), which may
reflect a susceptibility of these compounds to be substrates for the
ABC transporter family. Nonetheless, initial accumulation of activ-
ity in the normal brain suggests that these compounds, especially
compound l, have an advantage for therapeutic application in CNS
metastasis. For example, therapeutic potential of 1 may exceed the
parent compound, crizotinib, which has relatively poor penetration
of the BBB [32]. Our results are in line with the findings of Collier
et al. [27,40], who reported brain penetration of [11C]lorlatinib in a
rhesus macaque. They reported an activity peak in the cerebellum
at 10min, with a %ID/g value of approximately 0.020 and a stan-
dardized uptake value almost equal to 2, and a rapid washout
ajor organs, including brain, heart, liver, kidney, and muscle, in normal nude mice. Data



Fig. 7. Maximum intensity projection PET images show the biodistribution of [18F]4 of
in a representative animal at 5, 10, 30, and 60min after injection. B¼ brain, K¼ kidney,
H¼ heart, and L¼ liver.

Fig. 8. Maximum intensity projection PET images show the biodistribution of [18F]9 in
a representative animal at 5, 10, 30 and 60min after injection. B¼ brain, K¼ kidney,
H¼ heart, and L¼ liver.
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during the subsequent hour. In contrast, the %ID/cc values of our
three novel analogues in mice were almost equal to 7. Similar to the
present study, the study by Collier et al. in H3122 tumor-bearing
mice showed the expected hepatobiliary clearance. The modest
degree of blockable tumor uptake in vivo implied a significant
component of non-specific binding [40].
3. Conclusion

We synthesized and radiolabeled novel analogues of crizotinib,
alectinib, and ceritinib, ([19/18F]fluoroethyl crizotinib, [19/18F]fluo-
roethyl alectinib, and [19/18F]fluoroethyl ceritinib, respectively).
This series of ALK inhibitors was obtained in good yields with high
purity and good molar activity. The radiolabeled analogues have
potential as PET tracers for quantitative studies in the context of
brain metastasis, but this potential is mitigated by these analogues’
Table 2
Biodistribution of [18F]1, [18F]4, and [18F]9 in normal nude mice (n¼ 3 per group) at vari

Organ Compound

[18F]1 [18F]4

5min 10min 30min 60min 5min 10min

Brain 6.6± 2.6 6.5± 2.8 2.6± 0.9 1.8± 0.6 8.1± 2.6 8.0± 2.
Heart 5.2± 1.0 3.6± 0.8 1.9± 0.6 1.6± 0.4 6.1± 1.3 4.2± 1.
Liver 6.8± 0.8 7.1± 1.0 4.9± 1.9 3.7± 1.2 12.7± 4.4 14.8± 4
Kidney 16.9± 5.5 14.2± 4.7 3.2± 0.9 2.2± 0.7 20.7± 6.8 17.8± 7
Muscle 2.0± 0.6 2.3± 0.8 1.6± 0.7 1.2± 0.5 2.4± 1.2 2.5± 1.
high non-specific binding to biological tissues, a trait similar to
those of other compounds of this general class. Compared with
their parent compounds, which already have proven anticancer
efficacy, these analogues may have a better therapeutic effect
against brain metastases owing to their enhanced CNS pharmaco-
kinetic properties.
4. Materials and methods

4.1. Reagents and instrumentation

Reagents and solvents were purchased from ThermoFisher Sci-
entific (Waltham, MA) and Sigma-Aldrich (St. Louis, MO) and used
without further purification. Crizotinib, alectinib, and ceritinibwith
greater than 95% purity were purchased from Pure Chemistry Sci-
entific, Inc. (Sugar Land, TX). Silica gel solid-phase extraction car-
tridges (Sep-Pak, 900mg) and C18 reverse-phase extraction
cartridges (Sep-Pak, 900mg) were purchased from Alltech Associ-
ates (Deerfield, IL). K[18F]F/Kryptofix 2.2.2 as an aqueous solution
was purchased from Cyclotope, Inc. (Houston, TX) or from MD
Anderson's Center for Advanced Biomedical Imaging (Houston, TX).
Radioactivity was measured using a dose calibrator (model # CRC-
15R, Capintec, Inc., Florham Park, NJ), and tracer activity was
measured using a gamma counter (model # E500300; PerkinElmer,
Waltham, MA).

Thin-layer chromatography (TLC) was performed on pre-coated
Kieselgel 60 F254 glass plates (Merck, Darmstadt, Germany) and
aluminum-backed, pre-coated silica gel plates (Sorbent Technolo-
gies, Inc., Norcross, GA). 1H, 13C, and 19F NMR spectroscopy was
performed at MD Anderson Cancer Center on a 300-, 500-, or 600-
MHz spectrometer (Bruker, Billerica, MA) using tetramethylsilane
as an internal reference or hexafluorobenzene as an external
reference. HRMSwas performed at the University of Minnesota on a
Bruker BioTOF II mass spectrometer using electrospray ionization.
Low-resolution MS was performed at MD Anderson Cancer Center
on a liquid chromatography mass spectrometer with an Acquity TQ
detector (Waters Corp., Milford, MA) using electrospray ionization.

HPLC was performed on 1100 Series pumps (Agilent Technolo-
gies, Stuttgart, Germany) with built-in ultraviolet detectors and a
radioactivity detector with a single-channel analyzer (Bioscan,
Washington, DC). Purification of [18F]fluoroethyl tosylate was per-
formed on a reverse-phase C18 semi-prep column (Alltima C18; 10 m,
10� 250mm; Alltech/Grace, Chicago, IL) using a solution of 50%
MeCN in water. Purification of [18F]4 was performed on a reverse-
phase semi-prep amide column (Ascentis-RP-Amide; 10 mm,
25 cm� 10mm; Supelco, Sigma-Aldrich, St. Louis, MO) using a
solution of 38% MeCN in water with 0.1% trifluoroacetic acid (TFA).
Quality control analyses of [18F]1 and [18F]9 were performed on an
analytical C18 column (Econosil C18; 4.6� 250mm; Alltech/Grace)
in solvent systems comprising 60% MeCN/40% water/0.1% TFA; [18F]
4 was analyzed with 40% MeCN/60% water/0.1% TFA on analytical
HPLC.
ous times. Data are mean %ID/cc values ± standard deviations.

[18F]9

30min 60min 5min 10min 30min 60min

9 2.2± 0.1 1.5± 0.4 6.6± 1.8 6.5± 1.6 4.6± 0.1 4.0± 0.2
1 1.9± 0.3 2.0± 0.7 9.1± 2.9 7.0± 2.6 3.1± 0.3 2.6± 0.1
.9 9.6± 0.7 10.2± 5.1 16.8± 2.8 17.9± 6.4 9.5± 1.7 6.4± 0.5
.6 4.3± 0.4 4.9± 1.7 20.2± 7.9 18.2± 6.6 7.2± 1.1 5.7± 0.2
2 1.7± 0.4 2.0± 0.6 3.6± 1.1 3.9± 1.1 2.4± 0.3 2.1± 0.3
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4.2. Chemistry and radiochemistry

4.2.1. Ethylene glycol monotosylate and ethylene glycol ditosylate
Ethylene glycol monotosylate and ethylene glycol ditosylate

were prepared using a procedure similar to one described previ-
ously [53]. Briefly, ethylene glycol (3.5mL, 62.9mmol, 8.0 eq.),
triethylamine (3.3mL, 23.6mmol, 3.0 eq.), and dicholor-
omethathane (CH2Cl2, 12mL) were added to a flask and stirred at
0 �C for 20min. A solution of TsCl (1.5 g, 7.9mmol, 1.0 eq.) in CH2Cl2
(13mL) was added slowly using a syringe over 1 h. The resulting
mixture was warmed to room temperature and stirred for 24 h. TLC
indicated complete consumption of TsCl. The reaction mixture was
washed with water (2� 10mL), and the aqueous layer was
extracted with CH2Cl2. Organic layers were combined and evapo-
rated. The products were purified by flash column chromatography
on silica gel using 30% ethyl acetate (EtOAc)/hexanes (Hex) to yield
ethylene glycol monotosylate as a colorless oil (970mg, 57% yield)
with >95% purity and ethylene glycol ditosylate as a white crys-
talline solid (490mg, 17% yield) with >96% purity. Ethylene glycol
monotosylate: Rf¼ 0.3 in 30% EtOAc/Hex; 1H NMR (CDCl3,
500MHz) d: 7.81 (d, J¼ 7.1, 2H), 7.36 (d, J¼ 7.1 Hz, 2H), 4.14 (q,
J¼ 2.3 Hz, 2H), 3.82 (t, J¼ 1.9 Hz, 2H), 2.45 (s, 3H). Ethylene glycol
ditosylate: Rf¼ 0.5 in 30% EtOAc/Hex; 1H NMR (CDCl3, 500MHz) d:
7.73 (d, J¼ 8.1 Hz, 2H), 7.34 (d, J¼ 7.7 Hz, 2H), 4.18 (s, 2H), 2.46 (s,
3H).

4.2.2. Fluoroethyl tosylate
Fluoroethyl tosylate was prepared as described previously [41].

Briefly, ethylene glycol ditosylate (100mg, 1 eq.) was dissolved in
dryMeCN (4mL); then, a solution of Bu4NF in tetrahydrofuran (THF,
300 mL, 1M, 1.1 eq.) was added, and the reaction mixture was
heated at 95 �C for 1 h. The crude reaction mixture was concen-
trated, purified by flash column chromatography, and eluted with
20% EtOAc/Hex. After evaporation of the solvent, 35mg of fluo-
roethyl tosylate was obtained as a colorless liquid in a 60% yield. 1H
NMR (CDCl3, 600MHz) d: 7.81 (d, J¼ 8.3 Hz, 2H), 7.36 (d, J¼ 8.3 Hz,
2H), 4.57 (dt, J¼ 47.1 Hz & 4.1 Hz, 2H), 4.26 (dt, J¼ 27.1 Hz & 4.1 Hz,
2H), 2.46 (s, 3H). 19F NMR decoupled (CDCl3, 300MHz) d: �224.65
(s). MS: m/z [MþH]þ 219.03.

4.2.3. 3-((R)-1-(2,6-dichloro-3-fluorophenyl)ethoxy)-5-(1-
(fluoroethylpiperidin-4-yl)-1H-pyrazol-4-yl)pyridin-2-amine
(fluoroethyl crizotinib; compound 1)

Method 1: 3-((R)-1-(2,6-dichloro-3-fluorophenyl)ethoxy)-5-(1-
(piperidin-4-yl)-1H-pyrazol-4-yl)pyridin-2-amine (crizotinib;
22.5mg, 0.054mmol) was dissolved in dry MeCN (2.0mL) in a v-
vial, and triethylamine (300 mL) was added. To this mixture, fluo-
roethyl tosylate (12mg, 0.06mmol, 1.1 eq.) was added, and the
reaction mixture was heated for 5.5 h at 95e97 �C. TLC showed a
higher Rf spot in about 75% intensity. The mixture was concen-
trated under a stream of air, and then the crude product was pu-
rified by flash chromatography on a silica gel column and eluted
with 5% methanol (MeOH)/CH2Cl2 to obtain fluoroethyl crizotinib
(compound 1) (14.6mg, 51% yield) with 99% purity as assessed by
analytical HPLC.1: Rf¼ 0.5 in 5% MeOH/CH2Cl2; 1H NMR (DMSO‑d6,
300MHz) d: 7.96 (s, 1H), 7.76 (d, J¼ 1.8 Hz, 1H), 7.55e7.60 (m, 1H),
7.53 (s, 1H), 7.45 (t, J¼ 8.3 Hz, 1H), 6.90 (d, J¼ 1.6 Hz, 1H), 6.09 (q,
J¼ 6.6 Hz, 1H), 5.65 (s, 2H, NH2), 4.55 (dt, J¼ 47.8 Hz & 4.9 Hz, 2H),
4.05e4.16 (m, 1H), 3.16 (s, 1H), 2.96 (s, 1H), 2.66 (dt, J¼ 28.4 Hz &
4.9 Hz, 2H), 2.20 (dt, J¼ 11.4 and 2.6 Hz, 2H), 1.90e2.01 (m, 4H), 1.81
(d, J¼ 6.6 Hz, 3H). 13C NMR decoupled (DMSO‑d6, 150MHz) d:
149.40,138.75,136.80,135.43,134.46,128.72,123.42,121.08,120.95,
119.09, 117.49, 117.38, 117.33, 114.38, 95.38, 82.49, 81.40, 71.91,
58.32, 57.35, 52.17, 32.02, 18.57. 19F NMR, decoupled (DMSO‑d6,
300MHz) d: �113.2 (s), �217.1 (s). HRMS: m/z [MþNa]þ calculated
for C23H25Cl2F2N5ONa, 518.1302; found, 518.1290.
Method 2: Compound 3 (synthesized from crizotinib as

described in sections 4.2.4 and 4.2.5; 3mg, 0.0058mmol, 1.0 eq.)
was dissolved in dry MeCN (400 mL) in a v-vial, and Bu4NF (15 mL,
0.1M in THF, 0.0064mmol, 1.1 eq.) was added. The resulting
mixture was heated at 105e107 �C for 1 h. The mixture was
concentrated under a stream of air, and then the crude product was
analyzed by analytical HPLC, which indicated 70% conversion to
fluoroethyl crizotinib (compound 1). The product was confirmed by
co-injecting it with the reference authentic sample of compound 1;
both the product and the authentic sample had the same retention
time.

4.2.4. 3-((R)-1-(2,6-dichloro-3-fluorophenyl)ethoxy)-5-(1-
(hydroxyethylpiperidin-4-yl)-1H-pyrazol-4-yl)pyridin-2-amine
(hydroxyethyl crizotinib; compound 2)

3-((R)-1-(2,6-dichloro-3-fluorophenyl)ethoxy)-5-(1-(piperidin-
4-yl)-1H-pyrazol-4-yl)pyridin-2-amine (crizotinib; 50mg,
0.11mmol) was dissolved in dry MeCN (2.0mL), and then trie-
thylamine (0.6mL, excess) was added. To this mixture, ethyl-
eneglycol monotosylate (48mg, 0.2mmol, 2.0 eq.) was added, and
the mixture was refluxed at 95 �C for 5 h. The reaction mixture was
concentrated under vacuum, and the crude product was purified by
flash chromatography on silica gel, eluted with 100% EtOAc to
remove unreacted ethylene glycol monotosylate, and then eluted
with 10% MeOH/CH2Cl2. After solvent evaporation, hydroxyethyl
crizotinib (compound 2) was obtained as an off-white solid (40mg,
74% yield) with 95% purity. 2: Rf¼ 0.4 in 10% MeOH/CH2Cl2; 1H
NMR (CDCl3, 500MHz), d: 7.76 (s, 1H), 7.56 (s, 1H), 7.50 (s, 1H), 7.30
(m, 1H), 7.05 (t, J¼ 8.0 Hz, 1H), 6.87 (s, 1H), 6.07 (q, J¼ 6.6 Hz, 1H),
4.79 (s, 2H, NH2), 4.14 (m, J¼ 4.3 Hz,1H), 3.65 (t, J¼ 4.8 Hz, 2H), 3.07
(d, J¼ 10.9 Hz, 2H), 2.60 (t, J¼ 4.8 Hz, 2H), 2.28 (t, J¼ 11.7 Hz, 2H),
2.17 (d, J¼ 11.4 Hz, 2H), 2.06 (q, J¼ 11.9 Hz, 2H), 1.85 (d, J¼ 6.5 Hz,
3H). 13C NMR decoupled (CDCl3,125MHz), d: 148.89,139.85,136.95,
135.72, 135.51, 128.96, 128.93, 122.58, 122.13, 121.93, 119.93, 119.21,
116.81, 116.63, 114.96, 72.42, 59.32, 59.07, 58.01, 52.32, 32.54, 18.90.
MS: m/z [MþH]þ 494.88.

4.2.5. 3-((R)-1-(2,6-dichloro-3-fluorophenyl)ethoxy)-5-(1-
(chloroethylpiperidin-4-yl)-1H-pyrazol-4-yl)pyridin-2-amine
(chloroethyl crizotinib; compound 3)

Compound 2 (40mg, 0.0811mmol, 1.0 eq.) was dissolved in dry
CH2Cl2 (5.0mL) and cooled to 0 �C under argon, then triethylamine
(160 mL, 0.648mmol, 8.0 eq) was added. The solutionwas stirred for
10min, and then a solution of TsCl (62mg, 0.324mmol, 4.0 eq.) in
dry CH2Cl2 (1.0mL) was added dropwise over 15min. This mixture
was allowed to slowly warm to room temperature over 3 h, and
then it was stirred continuously for another 35 h. The crude reac-
tion mixture was concentrated under vacuum, re-dissolved in
CH2Cl2 (5mL), and washed with an aqueous sodium bicarbonate
(NaHCO3) solution (0.1M, 3� 3mL). The organic layer was isolated,
dried under magnesium sulfate (MgSO4), concentrated, and puri-
fied by chromatography on silica gel and eluted with 4% MeOH/
CH2Cl2. After solvent evaporation, chloroethyl crizotinib (com-
pound 3) was obtained as a semisolid (16mg, 39% yield) with 97%
purity. 3: Rf¼ 0.5 in 10% MeOH/CH2Cl2; 1H NMR (CDCl3, 600MHz),
d: 7.68 (s, 1H), 7.54 (s, 1H), 7.48 (s, 1H), 7.31 (m, J¼ 4.8 Hz, 1H), 7.05
(t, J¼ 7.92 Hz, 1H), 6.87 (s, 1H), 6.07 (q, J¼ 6.4 Hz, 1H), 5.26 (s, 2H,
NH2), 4.12 (t, J¼ 11.6 Hz,1H), 3.61 (t, J¼ 6.8 Hz, 2H, CleCH2), 3.06 (d,
J¼ 11.1 Hz, 2H), 2.79 (t, J¼ 6.8 Hz, 2H, NeCH2), 2.30 (t, J¼ 11.7 Hz,
2H), 2.16 (d, J¼ 12.2 Hz, 2H), 2.06 (m, 2H), 1.85 (d, J¼ 6.5 Hz, 3H).
13C NMR decoupled (CDCl3, 125MHz) d: 175.13, 148.84, 140.02,
136.75, 135.67, 134.07, 128.96, 122.47, 119.70, 119.05, 116.89, 116.70,
115.23, 72.57, 59.49, 52.46, 41.00, 32.25, 18.87. HRMS: m/z [MþH]þ

calculated for C23H26Cl3FN5O, 512.1187; found, 512.1204.
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4.2.6. [18F]fluoroethyl tosylate
[18F]Fluoroethyl tosylate was prepared as described previously

[41]. Briefly, aqueous K[18F]F/kryptofix was dried under a stream of
argon at 103e105 �C, a solution of ethylene glycol ditosylate
(5e6mg in 0.5mL dry MeCN) was added to the dry [18F]fluoride,
and the reactionmixturewas heated at 103 �C for 15min. The crude
reaction mixture was passed through a silica gel Sep-Pak cartridge,
eluted with CH2Cl2 (2mL), and evaporated under a stream of argon.
The crude product was purified by HPLC on a semi-preparative C18
column (Alltima C18; 10 m, 10� 250mm; Alltech/Grace). The
radioactive product [18F]fluoroethyl tosylate was eluted with a
mixture of 50% MeCN in water at a flow of 4mL/min. The radio-
active fraction was collected, and an aliquot of the product [18F]
fluoroethyl tosylate was co-injected with a non-radioactive
authentic sample of fluoroethyl tosylate into an analytical HPLC
column to verify the product's identity and purity. The solvent from
the rest of the product was partially evaporated under reduced
pressure, and then water (10mL) was added. The solution was
passed through a C18 reverse-phase cartridge; the cartridge was
dried by vacuum for 5min and then flashed with argon for 2min.
The product was eluted with 1.3mL of dry MeCN and collected into
a v-vial containing crizotinib (5.5mg).

4.2.7. [18F]fluoroethyl crizotinib ([18F]1)
Method 1: The reaction mixture of crizotinib and [18F]fluo-

roethyl tosylate in the v-vial described in section 4.2.6 was heated
at 103 �C for 1 h, and then an aliquot of the reaction mixture was
injected into the analytical HPLC system, which showed major
consumption of the radioactive [18F]fluoroethyl tosylate. The sol-
vent was evaporated completely under a stream of argon, and the
crude product was purified on a Sep-Pak silica gel cartridge and
eluted with 4%MeOH/CH2Cl2. Fractions (0.5mL) were collected, the
radioactive fractions were combined, and radioactivity was
measured using a dose calibrator (Capintec) to obtain [18F]1. An
aliquot of the product, [18F]1, was dissolved in MeCN and then co-
injected with the standard compound 1 into an analytical HPLC
column to verify the product's identity and purity. The rest of the
product was evaporated and formulated for further biological
study.

Method 2: Compound 3 (3mg) was placed in a v-vial, and a
solution of dry K[18F]F/kryptofix 2.2.2 in anhydrous MeCN (0.5mL)
was added. The reaction mixture was heated at 103 �C for 20min;
analysis of an aliquot of the mixture by HPLC showed high intensity
of the product with insignificant [18F]fluoride remaining. The crude
reaction mixture was passed through a silica gel Sep-Pak cartridge
and eluted with 5% MeOH/CH2Cl2 (2mL). The solvent from the
eluent was evaporated, and the product was dissolved in CH2Cl2
and loaded onto a silica Sep-Pak cartridge. The product was eluted
with 3% MeOH/CH2Cl2, and 0.5-mL fractions were collected. The
radioactive fractions were combined, and the solvent was evapo-
rated at 40 �C under a stream of argon. An aliquot of the product,
[18F]1, was dissolved in MeCN and co-injected with the nonradio-
active authentic sample of compound 1 into an analytical HPLC
column to verify the product's identity and purity.

4.2.8. 9-Ethyl-6,6-dimethyl-8-[4-(morpholin-4-yl)piperidin-1-yl]-
11-oxo-6,11-dihydro-5(2-fluoroethyl)-benzo[b]carbazole-3-
carbonitrile (fluoroethyl alectinib; compound 4)

Method 1: 9-Ethyl-6,6-dimethyl-8-[4-(morpholin-4-yl)piper-
idin-1-yl]-11-oxo-6,11-dihydro-5H-benzo [b]carbazole-3-
carbonitrile (alectinib; 14.5mg, 0.03mmol, 1.0 eq.) was dissolved
in dry MeCN (2.0mL) in a v-vial, and anhydrous K2CO3 (29mg,
0.21mmol, 7 eq.) was added. To this mixture, fluoroethyl tosylate
(21.8mg, 0.1mmol, 3.3 eq.) was added, and the reaction mixture
was heated at 105 �C for 5.5 h. TLC showed that the mixture had a
higher Rf spot (0.6 in 5% MeOH/CH2Cl2) at about 65% intensity as
compared with the starting material (0.5 in 5% MeOH/CH2Cl2). The
mixture was filtered and concentrated under a stream of air, and
then the crude product was purified by flash chromatography on
silica gel and eluted with 3% MeOH/CH2Cl2 to obtain fluoroethyl
alectinib (compound 4; 10mg, 63% yield) with 99% purity as
assessed by analytical HPLC. 4: Rf¼ 0.6 in 5%MeOH/CH2Cl2;1H NMR
(DMSO‑d6, 600MHz) d: 8.49 (d, J¼ 8.0, 1H), 8.29, (s, 1H), 8.01 (s,
1H), 7.64 (d, J¼ 8.0, 1H), 7.34 (s, 1H), 5.05, (d, JHF¼ 24.1 Hz, 2H), 4.92
(d, JHF¼ 47.1 Hz, 2H), 3.61 (s, 5H), 3.23 (d, J¼ 11.6 Hz, 2H), 2.79 (t,
J¼ 11.5 Hz, 2H), 2.73 (q, J¼ 7.1 Hz, 2H), 2.33 (quintet, 1H), 2.49, 2H,
1.93 (d, J¼ 10.9, 2H), 1.85 (s, 6H), 1.75 (s, 1H), 1.61 (q, J¼ 10.4 Hz,
2H), 1.29 (t, J¼ 7.2H, 3H). 1H NMR (CDCl3, 300MHz) d: 8.75 (d,
J¼ 8.2 Hz, 1H), 8.22 (s, 1H), 7.74 (s, 1H), 7.60 (d, J¼ 6.9 Hz, 1H), 7.16
(s, 1H), 4.93 (dt, J¼ 24.6 Hz, 4.6 Hz, 2H), 4.82 (bs, 2H), 3.77 (t,
J¼ 4.4 Hz, 4H), 3.31 (d, J¼ 10.7 Hz, 2H), 2.75 (m, 4H), 2.63 (t,
J¼ 4.6 Hz, 4H), 2.36 (m, 1H), 2.01 (d, J¼ 11.3 Hz, 2H), 1.87 (s, 6H),
1.73 (m, 2H), 1.33 (t, J¼ 7.5 Hz, 3H). 13C NMR decoupled (CDCl3,
150MHz) d: 180.61, 156.85, 156.15, 147.71, 137.71, 136.89, 128.37,
126.76, 125.89, 125.73, 123.43, 120.04, 115.92, 114.45, 114.44, 111.97,
106.44, 81.92, 80.76, 67.33, 61.98, 52.18, 49.99, 45.94, 45.79, 37.59,
29.53, 28.96, 23.20, 14.39. 19F NMR, decoupled (CDCl3, 300MHz)
d: �218.57 (s). HRMS: m/z [MþH]þ calculated for C32H38FN4O2,
529.2979; found, 529.2989.

Method 2: Compound 7a or 7b (prepared from alectinib as
described in sections 4.2.10 to 4.2.13; 2.4mg, 0.004mmol, 1 eq.) was
dissolved in dry MeCN (0.4mL); then a solution of Bu4NF in THF
(12 mL, 1M, 0.006mmol, 1.5 eq.) was added, and the reaction
mixture was heated at 100 �C for 30min. Analytical HPLC of an
aliquot of the reaction mixture indicated formation of the desired
compound as a minor peak and a new product as a major peak. The
crude reaction mixture was concentrated, purified by column
chromatography, and eluted with 2% MeOH/CH2Cl2 to afford fluo-
roethyl alectinib (compound 4) in 11% yield (Rf¼ 0.6 in 3% MeOH/
CH2Cl2) with 99% purity as assessed by analytical HPLC. Another off-
white solid was obtained and identified as the elimination product
9-ethyl-6,6-dimethyl-8-[4-(morpholin-4-yl)piperidin-1-yl]-11-
oxo-6,11-dihydro-5-ethenyl-benzo [b]carbazole-3-carbonitrile (n-
vinyl alectinib; compound 8; Rf 0.7 in 3% MeOH/CH2Cl2) in 80%
yield with 97% purity as assessed by analytical HPLC. 8: 1H NMR
(CDCl3, 600MHz) d: 8.65 (d, J¼ 8.1 Hz, 1H), 8.23 (s, 1H), 7.87 (s, 1H),
7.59 (d, J¼ 8.1 Hz, 1H), 7.27 (dd, J¼ 8.0 Hz, 1H), 7.15 (s, 1H), 5.85 (d,
J¼ 8.0 Hz, 1H), 5.72 (d, J¼ 15.48 Hz, 1H), 3.77 (t, J¼ 4.4 Hz, 4H), 3.31
(d, J¼ 12.0 Hz, 2H), 2.79e2.72 (m, 4H), 2.63 (t, J¼ 4.4 Hz, 4H), 2.35
(m, 1H), 2.01 (d, J¼ 11.7 Hz, 2H), 1.85 (s, 6H), 1.74 (qd, J¼ 11.8 Hz,
2H), 1.34 (t, J¼ 7.5 Hz, 3H). 13C NMR decoupled (CDCl3, 75MHz) d:
180.90, 156.57, 156.12, 147.54, 137.58, 136.72, 130.91, 128.31, 126.80,
125.96, 125.88, 123.15, 120.11, 117.41, 115.86, 115.59, 111.90, 106.53,
67.33, 61.97, 52.15, 49.98, 37.75, 28.95, 28.50, 23.21, 14.14. MS: m/z
[MþH]þ calculated for C32H37N4O5, 509.2811; found, 509.2819.
Similar results were obtainedwhen compound 7bwas reactedwith
Bu4NF.

4.2.9. t-Butyldimethylsilylethyl tosylate
t-Butyldimethylsilylethyl tosylate was prepared as described

previously [54] with modification. Briefly, hydroxyethyl tosylate
(200mg, 0.924mmol, 1.0 eq.) and t-butyldimethylsilyl chloride
(418mg, 2.774mmol, 3.0 eq.) were dissolved in CH2Cl2 (8mL).
Then, triethylamine (0.64mL, 4.624mmol, 5.0 eq.) was added at
0 �C, and the resulting mixture was stirred for 10min. The mixture
was then warmed to room temperature and stirred for 23 h. The
reaction mixture was washed with water (2� 5mL), and the
aqueous layer was extracted with CH2Cl2. Combined organic layers
were dried overMgSO4, filtered, and evaporated. The crude product
was purified by flash column chromatography on silica gel using
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12% EtOAc/Hex to obtain t-butyldimethylsilylethyl tosylate as a pale
yellow oil (243mg, 79% yield) with 95% purity. The compound was
fully characterized by 1H NMR spectroscopy and MS. Rf¼ 0.9 in 50%
EtOAc/Hex; 1H NMR (CDCl3, 600MHz) d: 7.79 (d, J¼ 8.2 Hz, 2H),
7.32 (d, J¼ 8.1 Hz, 2H), 4.06 (t, J¼ 4.9 Hz, 2H), 3.79 (t, J¼ 5.2 Hz, 2H),
2.44 (s, 3H), 0.83 (s, 9H), 0.016 (s, 6H). MS: m/z [MþH]þ 331.13. The
compound's NMR spectrum was consistent with that reported
previously [55].

4.2.10. 9-Ethyl-6,6-dimethyl-8-[4-(morpholin-4-yl)piperidin-1-yl]-
11-oxo-6,11-dihydro-5(2-t-butyldimethylsilylethyl)-benzo[b]
carbazole-3-carbonitrile (t-butyldimethylsilylethyl alectinib;
compound 5)

Alectinib (50mg, 0.103mmol, 1.0 eq.) and anhydrous K2CO3
(100mg, 0.725mmol, 7.0 eq.) were suspended in dry MeCN
(3.5mL) in a 5-mL v-vial. To this mixture, t-butyldimethylsilylethyl
tosylate (68mg, 0.206mmol, 2.0 eq.) was added, and the reaction
mixture was heated at 100 �C for 23 h. TLC showed a higher Rf spot
in about 75% intensity compared to the starting material. The re-
action mixture was cooled to room temperature and filtered; the
filtrate was washed with 5% MeOH/CH2Cl2 (10mL). The filtrate was
concentrated under a stream of air, and the crude product was
purified by flash chromatography on silica gel and eluted with 3%
MeOH/CH2Cl2 to obtain t-butyldimethylsilylethyl alectinib (com-
pound 5) (41mg, 61% yield) with 96% purity. 5: Rf¼ 0.7 in 5%
MeOH/CH2Cl2; 1H NMR (CDCl3, 600MHz) d: 8.64 (d, J¼ 8.2 Hz, 1H),
8.23 (s, 1H), 7.80 (s, 1H), 7.56 (dd, J¼ 7.2 Hz, 1H), 7.17 (s, 1H), 4.65 (t,
J¼ 6.3 Hz, 2H), 4.07 (t, J¼ 6.2 Hz, 2H), 3.77 (t, J¼ 4.4 Hz, 4H), 3.31 (d,
J¼ 12.1 Hz, 2H), 2.74 (m, J¼ 7.5 Hz, 4H), 2.63 (t, J¼ 4.1 Hz, 4H), 2.36
(m, J¼ 6.7 Hz, 1H), 2.01 (d, J¼ 11.9 Hz, 2H), 1.88 (s, 6H), 1.74 (q d,
J¼ 3.8 Hz, 2H), 1.34 (t, J¼ 7.5 Hz, 3H), 0.87 (s, 9H), �0.05 (s, 6H). 13C
NMR decoupled (CDCl3, 150MHz) d: 180.66, 157.00, 156.00, 147.93,
137.57, 137.19, 128.22, 126.69, 125.83, 125.52, 123.17, 120.20, 115.95,
115.17, 111.59, 105.94, 67.32, 62.00, 61.52, 52.19, 49.98, 47.91, 37.63,
29.48, 28.95, 25.77, 23.10, 18.25, 14.41, �5.53. MS: m/z [MþH]þ

calculated for C38H53N4O3Si, 641.3887; found, 641.34.

4.2.11. 9-Ethyl-6,6-dimethyl-8-[4-(morpholin-4-yl)piperidin-1-yl]-
11-oxo-6,11-dihydro-5(2-hydroxyethyl)-benzo[b]carbazole-3-
carbonitrile (hydroxyethyl alectinib; compound 6)

Compound 5 (50mg, 0.0778mmol) was suspended in MeOH
(9mL); 15 drops of 1N hydrochloric acid (HCl) was added, and the
mixture was heated under reflux for 1.5 h. TLC showed the full
consumption of the starting material and formation of a new lower
Rf spot (Rf¼ 0.3 in 5% MeOH/CH2Cl2). Most of the MeOH and
aqueous HCl were evaporated under vacuum azeotropically with
MeCN (4� 5mL) and dried under high vacuum to yield hydrox-
yethyl alectinib (compound 6) as a pale yellow solid (40mg, 97%
yield) with >95% purity. 6: Rf¼ 0.3 in 5% MeOH/CH2Cl2; 1H NMR
(DMSO‑d6, 500MHz) d: 10.97 (br, 1H), 8.45 (d, J¼ 7.3 Hz, 1H), 8.29
(s, 1H), 8.03 (s, 1H), 7.64 (d, J¼ 7.2 Hz, 1H), 7.39 (s, 1H), 4.70 (s, 2H),
4.01 (d, J¼ 10.85 Hz, 3H), 3.87 (s, 6H), 3.75 (bs, 2H), 3.33 (d,
J¼ 8.8 Hz, 2H), 3.14 (br, 1H), 2.88 (m, J¼ 10 Hz, 1H), 2.70 (d,
J¼ 6.6 Hz, 1H), 2.24 (d, J¼ 10 Hz, 2H), 2.06 (s, 1H), 1.88 (s, 7H), 1.28
(s, 3H). MS: m/z [MþH]þ calculated for C32H39N4O3, 527.30; found,
527.64. This compound was used for the next step for the synthesis
of compound 7a without further characterization or purification.

4.2.12. 9-Ethyl-6,6-dimethyl-8-[4-(morpholin-4-yl)piperidin-1-yl]-
11-oxo-6,11-dihydro-5(2-methanesulfonylethyl)-benzo[b]
carbazole-3-carbonitrile (methanesulfonylethyl alectinib;
compound 7a)

Compound 6 (41mg, 0.077mmol, 1.0 eq.) was suspended in
anhydrous CH2Cl2 (6.5mL), and triethylamine (250 mL, excess) was
added; the mixture was stirred for 15min, and the solution became
a pale-yellow suspension. The suspended material was cooled to
0 �C, and methane sulfonyl chloride (38 mL, 0.5mmol, 6.0 eq.) was
added. The reaction mixturewas warmed to room temperature and
stirred for 3 h. Reaction progress was monitored by TLC, which
showed a higher Rf (0.6 in 5% MeOH/CH2Cl2) as compared with the
starting material (0.3 in 5% MeOH/CH2Cl2). The reaction mixture
was diluted with 5mL of CH2Cl2 and washed with saturated
NaHCO3, and the organic layer was dried over anhydrous MgSO4,
filtered, and evaporated. The crude product was purified by flash
column chromatography on silica gel and eluted with 2% MeOH/
CH2Cl2 to yield methanesulfonyl ethyl alectinib (compound 7a) as a
pale yellow solid (27mg, 57% yield) with 98% purity as assessed by
analytical HPLC. 7a: Rf¼ 0.6 in 5% MeOH/CH2Cl2; 1H NMR (CDCl3,
600MHz) d: 8.67 (d, J¼ 8.1 Hz, 1H), 8.22 (s, 1H), 7.78 (s, 1H), 7.61 (d,
J¼ 8.1 Hz, 1H), 7.17 (s, 1H), 4.91 (t, J¼ 6.9 Hz, 2H), 4.60 (t, J¼ 6.8 Hz,
2H), 3.77 (t, J¼ 4.1 Hz, 4H), 3.31 (d, J¼ 11.7 Hz, 2H), 3.01 (s, 3H), 2.75
(m, J¼ 6.8 Hz, 4H), 2.63 (t, J¼ 4.1 Hz, 4H), 2.36 (m, J¼ 17.2 Hz, 1H),
2.01 (d, J¼ 11.7 Hz, 2H), 1.89 (s, 6H), 1.74 (dq, J¼ 3.0 Hz, 2H), 1.34 (t,
J¼ 7.5 Hz, 3H). 13C NMR decoupled (CDCl3, 150MHz) d: 180.57,
156.72, 156.26, 147.57, 137.77, 136.64, 128.37, 126.77, 126.08, 125.62,
123.64, 119.86, 115.92, 113.99, 112.15, 106.65, 67.30, 65.16, 61.95,
52.14, 49.98, 44.53, 37.82, 37.60, 29.44, 28.93, 23.20, 14.39. HRMS:
m/z [MþH]þ calculated for C33H41N4O5S, 605.2798; found,
605.2802.

4.2.13. 9-Ethyl-6,6-dimethyl-8-[4-(morpholin-4-yl)piperidin-1-yl]-
11-oxo-6,11-dihydro-5(2-p-toluenesulfonylethyl)-benzo[b]
carbazole-3-carbonitrile (p-toluenesulfonylethyl alectinib;
compound 7b)

Alectinib (30mg, 0.621mmol, 1.0 eq.) was added to dry MeCN
(3.0mL) in a v-vial, and then anhydrous K2CO3 (62mg, 0.4mmol,
7.0 eq.) was added. To this mixture, ethylene glycol ditosylate
(32mg, 0.09mmol, 1.4 eq.) was added; the suspension became
clear after heating at 105 �C for 10min. The reaction mixture was
heated at 105 �C for 20 h. TLC (5%MeOH/CH2Cl2) showed a higher Rf
(0.6) spot at about 65% intensity as compared with the starting
material (0.3 in 5% MeOH/CH2Cl2). The reaction mixture was
filtered andwashedwith 10%MeOH/CH2Cl2 (10mL), and the filtrate
was evaporated under vacuum. The crude product was purified by
flash chromatography on silica gel and eluted with 2% MeOH/
CH2Cl2 to obtain p-toluenesulfonylethyl alectinib (compound 7b) as
a pale-yellow solid (24mg, 57% yield). 7b: Rf¼ 0.6 in 5% MeOH/
CH2Cl2; 1H NMR (CDCl3, 600MHz) d: 8.61 (d, J¼ 8.1 Hz, 1H), 8.21 (s,
1H), 7.52 (t, J¼ 8.1 Hz, 3H), 7.45 (s, 1H), 7.16 (d, J¼ 7.9 Hz, 3H), 4.80
(t, J¼ 6.4 Hz, 2H), 4.42 (t, J¼ 6.3 Hz, 2H), 3.77 (t, J¼ 3.9 Hz, 4H), 3.31
(d, J¼ 11.6 Hz, 2H), 2.75 (m, J¼ 7.6 Hz, 4H), 2.63 (t, J¼ 4.2 Hz, 4H),
2.38 (s, 3H), 2.01 (d, J¼ 11.8 Hz, 2H),1.85 (s, 6H),1.74 (dq, J¼ 11.8 Hz,
2H), 1.64 (s, 1H), 1.34 (t, J¼ 7.5 Hz, 3H). 13C NMR decoupled (CDCl3,
150MHz) d: 180.55, 156.80, 156.26, 147.66, 145.78, 137.74, 136.25,
131.29, 130.03, 128.34, 127.57, 126.71, 125.77, 123.50, 119.72, 115.94,
113.74, 112.01, 106.39, 67.34, 65.55, 61.95, 52.16, 49.99, 44.19, 37.60,
29.57, 28.96, 23.20, 21.69, 14.40. MS: m/z [MþH]þ calculated for
C39H45N4O5S, 681.31; found, 681.31.

4.2.14. [18F]fluoroethyl alectinib ([18F]4)
Method 2: An aqueous solution of K[18F]F/Kryptofix 2.2.2

(110mCi in 0.5mL) was transferred into a v-vial. Water was
removed by azeotropic evaporation with MeCN (1.0mL) at 103 �C
under a stream of argon, and the dry K[18F]F/Kryptofix 2.2.2 was
dissolved in 0.5mL of anhydrous MeCN and then transferred to a v-
vial containing compound 7a (2mg) or compound 7b (2.9mg). The
reaction mixture in the v-vial was heated at 103 �C for 30min, and
an aliquot was injected into the analytical HPLC system, which
showed the presence of radioactive [18F]4 as the major product,
with undetectable [18F]fluoride. The solvent was completely
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evaporated by heating under a stream of argon, and the crude
product was dissolved in CH2Cl2 (0.2mL) and passed through a
silica Sep-Pak cartridge to remove unreacted fluoride. The cartridge
was eluted with 10% MeOH/CH2Cl2 (2mL). The solvent was evap-
orated, and the crude product was purified byHPLC using a reverse-
phase amide column and eluted with 38% MeCN/water at 4mL/
min; the radioactive fraction was collected. An aliquot of the pu-
rified product was co-injected with the standard cold reference
compound 4 into an analytical HPLC column to verify the product's
identity and purity. The solvent was evaporated under reduced
pressure, and the product was dissolved in a small volume of
ethanol and then diluted with 10% Tween 80 in water.

4.2.15. 5-Chloro-N2e(2-isoprpoxy-5-methyl-4-(1-
fluoroethylpiperidin-4-yl)phenyl)-N4-[2-(propane-2-sulfonyl)
phenyl]pyrimidine-2,4-diamine ([18F]fluoroethyl ceritinib; ([18F]9)

The title compound was prepared as we described previously
[38]. Briefly, [18F]fluoroethyl tosylate was produced and reacted
with ceritinib and then purified by chromatography. The product
was assessed by analytical HPLC to determine its identity and pu-
rity. The solvent was evaporated, and the product was dissolved in a
small volume of ethanol and then diluted with 10% Tween 80 so-
lution for formulation and animal injection.

4.3. Formulation

Because compounds 1, 4, and 9were not soluble in saline or PBS
solutions, they were dissolved in DMSO prior to their use in the
cytotoxic assay. The radiolabeled analogues, after evaporation of
the chromatographic solvent (MeOH/CH2Cl2 or MeCN), were dis-
solved in a minimum volume of ethanol (0.1e0.2mL, depending on
the amount of activity). The alcoholic solutions were diluted with a
10% solution of aqueous Tween 80 to make a stock solution with a
final concentration of 10% ethanol. The stock solution was then
diluted with PBS prior to injection into animals.

4.4. LogP measurements

LogP values were determined using a standard method [46].
Briefly, [18F]1, [18F]4, or [18F]9 (10 mL, 1 mCi) in ethanol was added to
a mixture of 1-octanol (1.0mL) and water (1.0mL) in test tubes in
triplicate. The mixtures in the test tubes were subjected to vor-
texing for 5min, which was repeated four times; the mixtures were
then subjected to centrifugation (2� 5min, 4000 rpm at 4 �C).
From each test tube, three aliquots of the 1-octanol layer (50 mL
each) were transferred into three gamma-counting tubes (nine
tubes total). Similarly, 50-mL aliquots of the aqueous layer were
transferred into nine separate test tubes. The amount of radioac-
tivity in each tube was counted using a gamma counter. The
partition coefficient (P) was calculated as the ratio of activity in
octanol to activity in water. The LogD value was also measured in
octanol/PBS (pH 7.4) using the same methodology. In addition,
Cheminformatics software (Molinspiration, Slovak Republic) was
used to calculate theoretical LogP values for [18F]1 (4.81), [18F]4
(6.01), and [18F]9 (6.94).

4.5. Biology

4.5.1. Cell lines and ALK expression
The human lung cancer cell lines H2228 (ALK-positive, EML4-

ALK v3) and H441 (ALK-negative) were purchased from ATCC
(Manassas, VA). Cells were grown in RPMI-1640 medium (Sigma-
Aldrich) supplemented with 10% fetal bovine serum (FBS). For
Western blot analysis, the cells were lysed with mammalian cell
lysis buffer (50mM Tris HCl, pH 8.0, 100mM NaCl, 2mM
dithiothreitol, 5mM EDTA, 0.5% NP-40, 1mM microcystin, 1mM
sodium orthovanadate, 2mM phenylmethylsulfonyl fluoride,
0.15 mg/ml aprotinin, 20mM leupeptin, and 20mM pepstatin). Each
sample (15 mg total protein lysate) was loaded and fractionated on a
4e20% Mini-PROTEAN TGX gel (Bio-Rad, Hercules, CA). Then, the
gel was transferred onto a polyvinylidene fluoride membrane
(Trans-Blot Turbo Transfer Pack, Bio-Rad) and blocked with 5%milk
in a mixture of Tris-buffered saline solution and polysorbate 20
(Tween 20). The blot was incubated overnight with conjugated
primary antibody (Alk D5F3 CP rabbit monoclonal
antibodyehorseradish peroxidase conjugate; Cell Signaling Tech-
nology, Beverly, MA) at a 1:3000 dilution.
4.5.2. Cytotoxicity assay
H2228 and H441 cells were seeded in 96-well clear-bottom

black-wall plates at a density of 8000 cells per well in RPMI-1640
medium (100 mL) supplemented with 10% FBS. The next day, the
cells were treated with various concentrations of crizotinib, alec-
tinib, and ceritinib or their corresponding fluoroethyl derivatives
for 72 h. Subsequently, cell viability wasmeasured by adding 100 mL
of Alamar Blue reagent (1:10 dilution) in phenol red-free RPMI
medium with 10% FBS to each well. Cells were incubated for 4 h,
and fluorescence was measured with a Synergy H4 microplate
reader (BioTek, Winooski, VT) at the excitation wavelength of
530 nm and the emission wavelength of 580 nm. IC50 values were
calculated with GraphPad Prism 7.01. Experiments were performed
in triplicate in three independent sets, and results are reported as
means with standard deviations.
4.5.3. Tracer uptake assays
H2228 and H441 cells were seeded in 6-well clear-bottom plates

at a density of 106 cells per well in RPMI-1640 medium (2mL)
supplemented with 10% FBS. Aliquots of tracer (1 mCi in 30 ml PBS)
were added to each well, and the cells were incubated for 30, 60, or
120min. At the designated times, the medium was removed, the
wells were washed twice with ice-cold PBS (1mL), the cells were
trypsinized for 5min at 37 �C, and the cell suspension was trans-
ferred to gamma-counting tubes and assessed for [18F]radioactivity.
Experiments were performed in triplicate. Radioactivity uptake
was calculated as counts per minute per million cells.
4.5.4. In vivo biodistribution and PET imaging
All animal studies were performed according to a protocol

approved by the Institutional Animal Care and Use Committee of
MD Anderson Cancer Center. PET imaging and image analysis were
performed on an Albira trimodality rodent scanner (Bruker). In
brief, 8- to 10-week-old female nude mice were injected intrave-
nously with approximately 100 mCi (3.7MBq) of one of the PET
tracers under anesthesia (2% isoflurane in oxygen) and then imaged
on an Albira trimodality rodent scanner (Bruker). Dynamic PET
scans were acquired 0e10min after injection under anesthesia.
Static PET scans (10min) were acquired under anesthesia at 30 and
60min after injection. For image analysis, PMOD software (PMOD
Technologies Ltd., Zurich, Switzerland) was used to draw regions of
interest over the major organs on decay-corrected whole-body
coronal images. The radioactivity concentration was obtained from
the mean values within multiple regions of interest and then
converted to percent injected dose per cubic centimeter (%ID/cc) of
tissue. Results are reported as means with standard deviations.
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