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Sorafenib (Nexavar, BAY43-9006, 1) is a second-generation, orally active multikinase inhibitor that is
approved for the treatment of some cancers in patients. In this Letter, we developed [11C]1 as a novel pos-
itron emission tomography (PET) probe, and evaluated the influence of ABC transporters-mediated efflux
on brain uptake using PET with [11C]1 in P-glycoprotein (P-gp)/breast cancer resistance protein (Bcrp)
knockout mice versus wild-type mice. [11C]1 was synthesized by the reaction of hydrochloride of aniline
2 with [11C]phosgene ([11C]COCl2) to give isocyanate [11C]6, followed by reaction with another aniline 3.
Small-animal PET study with [11C]1 indicated that the radioactivity level (AUC0–60 min, SUV �min) in the
brains of P-gp/Bcrp knockout mice was about three times higher than in wild-type mice.

� 2011 Elsevier Ltd. All rights reserved.
Sorafenib (Nexavar, BAY43-9006, 1; Scheme 1) is a second-gen-
eration, orally active inhibitor of Raf kinase and vascular endothe-
lical growth factor receptor.1,2 Because this drug has shown
marked clinical efficacy and safety in advanced renal cell and
hepatocellular carcinoma,3,4 it has been approved for the treatment
of these cancers in patients.5 Recently, a few case reports showed
that 1 can achieve partial remission in renal cell carcinoma pa-
tients with brain metastases.6,7 Although brain metastases con-
taining leaky blood vessels due to neovascularization, brain
tumors are often protected from adequate chemotherapy because
they are still mostly behind the intact blood–brain barrier
(BBB).8

It has been demonstrated that ATP-binding cassette (ABC)
transporters, such as P-glycoprotein (P-gp, Abcb1a/1b) and breast
cancer resistance protein (Bcrp, Abcg2), have a negative influence
on chemotherapy efficacy against tumor cells. These transporters
are located on the apical membranes of epithelial and endothelial
barriers, limiting the distribution of drugs to tissues such as the
brain and testis and facilitating excretion of drugs from the liver,
intestines and kidneys.8 Moreover, overexpression of these trans-
porters in tumor cells can result in significant chemoresistance to
drugs.9 There have been many reports that that P-gp can limit
All rights reserved.
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the entrance and distribution of anticancer drugs to the brain
and cancer cells.10,11

It has been reported that the penetration and accumulation of 1
in brain was limited by Bcrp and P-gp.12,13 To confirm the chemo-
therapeutic effect of 1 for brain metastases, it is important to eval-
uate and overcome the restriction of P-gp and Bcrp on the
penetration of 1 into the brain. This motivated us to develop car-
bon-11-labeled 1 ([11C]sorafenib, [11C]1; Scheme 1) as a novel pos-
itron emission tomography (PET) probe and to visualize and
qualify the influence of P-gp and Bcrp-mediated efflux on the brain
uptake.

PET is a molecular and functional imaging technique with sen-
sitivity, which permits repeated, non-invasive assessment and
quantification of specific biological and pharmacological pro-
cesses.14 It is playing an increasing role in both drug discovery
and development by assessing their pharmacokinetics and phar-
macodynamics. To evaluate functionality of P-gp and Bcrp at the
BBB, we have developed [11C]gefitinib15 and [11C]topotecan,16

two anticancer drugs, which are substrates for Pgp and Bcrp. PET
with both radioligands has shown that their brain uptake was sig-
nificantly limited by P-gp and Bcrp.

In this Letter, we synthesized [11C]1 for the first time. Using
small-animal PET with [11C]1, we compared the brain uptake in
P-gp/Bcrp knockout (Abcb1a/1b�/�Abcg2�/�) mice with that in
wild-type mice and evaluated the effect of P-gp and Bcrp for the
brain uptake of radioactivity.
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Scheme 1. Chemical structure of 1 and retrosynthesis of [11C]1.
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Regarding the chemical structure of 1 with an unsymmetrical
urea moiety, we decided to label 1 using [11C]phosgene
([11C]COCl2) as a labeling agent.17 This approach involves efficient
construction of an unsymmetrical [11C]urea site, which requires
reliable preparation of [11C]COCl2, and uses two different anilines:
4-chloro-3-trifluoromethylaniline (2) and 4-(4-aminophenoxy)-N-
methylpyridine-2-carboxamide (3), as shown in the retrosynthetic
route (Scheme 1).

The preparation of [11C]COCl2 for the present radiosynthesis is
routinely performed in our facility.18,19 As shown in entry 1 of
Scheme 2, [11C]COCl2 was synthesized from cyclotron-produced
[11C]CO2 via [11C]CH4 and [11C]CCl4 using a home-made automated
production system.18 After irradiation, [11C]CO2 was recovered
from the cyclotron target and cryogenically concentrated in a
stainless steel tube. Release of [11C]CO2 from the tube, followed
by passage of [11C]CO2 (50 mL/min) through a methanizer, gave
Scheme 2. Chemical synthesis and radiosynthesis. Reagents and conditions: (a) 400 �C,
59%; (e) t-BuOK, DMF, 25 �C, 1 h, 97%. (f) THF, �15 �C, 1 min; (g) THF, �15 �C, 1 min; (h)
total radioactivity in the final reaction mixture); (k) THF, �15 �C, 1 min; (l) THF, 60 �C, 3
[11C]CH4,20 which was mixed with chlorine gas and passed through
a heated quartz tube at 560 �C to afford [11C]CCl4. [11C]CCl4 was
continuously passed through a pretreated tube containing oxidiz-
ing agents, which is known as a Kitagawa gas detection tube for
working-environmental CCl4 concentration measurement,18 at
room temperature to produce [11C]COCl2 at an average of 75% de-
cay-corrected radiochemical yield, based on the starting [11C]CO2.
This on-line production process took about 10 min from the end
of bombardment.

As shown in entry 2 of Scheme 2, aniline 3 was prepared by
reacting methyl 4-chloro-2-picolinate (4) with methylamine, fol-
lowed by reaction with p-aminophenol in the presence of potas-
sium tert-butoxide with a total chemical yield of 57% from 4.21

Before automated synthesis of [11C]1 using our own equipment,
we examined the reaction conditions for constructing the unsym-
metrical [11C]urea moiety, as shown in entries 3–6 of Scheme 2.
2 min; (b) 560 �C, 2 min; (c) rt, 2 min, 70–80% from [11C]CO2; (d) CH3OH, 50 �C, 5 h,
THF, 60 �C, 3 min; (i) THF, �15 �C, 1 min; (j) THF, 60 �C, 3 min, 91% (incorporation of

min, 40% (incorporation of total radioactivity in the final reaction mixture).
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The forming efficiency of [11C]1 (decay-corrected) in the reaction
mixture was analyzed by HPLC.

Firstly, [11C]COCl2 gas was bubbled into a THF solution contain-
ing a mixture of 2 (0.5 mg, 2.56 lmol) and 3 (0.62 mg, 2.56 lmol)
at �15 �C for 1 min (entry 3). However, no radioactive peak corre-
sponding to [11C]1 was detected in the reaction mixture, except for
two symmetrical [11C]ureas of 2 and 3, respectively.

The next approach was to apply isocyanate [11C]6 as a radioac-
tive intermediate, which was formed by the reaction of [11C]COCl2

with 2 in THF at �15 �C during the trapping process for 1 min (en-
try 4). Without purification of [11C]6, another aniline 3 was imme-
diately added to this reaction mixture. However, no [11C]1 was
Figure 1. Chromatograms from the HPLC separation (A) and analysis (B) used in the
radiosynthesis of [11C]1.
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Figure 2. PET imaging of the brains in wild-type and P-gp/Bcrp knockout mice. (A) and (
mouse. (A) and (C) are coronal images, and (B) and (D) are horizontal images. (E) shows th
are the means ± SD (n = 3 for each group).
found in the final reaction mixture except for the symmetrical
[11C]urea of 2. Increasing the amount of 3 from 1- to 100-fold rel-
ative to 2 did not achieve the formation of [11C]1, although this
treatment has been used to synthesize two PET probes containing
an unsymmetrical [11C]urea moiety, as reported previously.22,23

Changing the reaction solvent from THF to dioxane, CH3CN, DMF
or CH2Cl2 did not accelerate the synthesis of [11C]1 and even de-
creased the trapping efficiency of [11C]COCl2 in some solvents.

We assumed that [11C]6 was difficult to retain in the mixture
containing 2 within the trapping of [11C]COCl2. Because the mass
of 2 was excessive relative to that of [11C]COCl2, the formed
[11C]6 further reacted with 2 to produce the symmetrical [11C]urea.
To decrease the nucleophilicity of 2, we used hydrochloride of 2
(2�HCl) in place of the free 2 (entry 5). As expected, the nucleophi-
licity of 2�HCl was enough to react with [11C]COCl2 perfectly to give
[11C]6 even at �15 �C. After subsequent treatment of [11C]6 with 3,
the desired [11C]1 was produced with 91% incorporation of the to-
tal radioactivity in the reaction mixture. On the other hand, reac-
tion of hydrochloride of 3 (3�HCl) with [11C]COCl2, followed by
subsequent reaction with 2, also afforded [11C]1 with 40% incorpo-
ration of the total radioactivity in the reaction mixture (entry 6).

According to the reaction conditions determined here, we car-
ried out entirely automated synthesis of [11C]1. [11C]COCl2 gas
(50 mL/min) was bubbled into a solution of 2�HCl (0.25 mg,
1.08 lmol in 300 lL THF) at �15 �C for 1 min, followed by reaction
of 3 (0.52 mg, 2.16 lmol in 300 lL THF) at 60 �C for 3 min. After the
two-step reactions, THF was removed. The reaction mixture was
diluted with HPLC solvent and applied onto a reversed-phase HPLC
system. Figure 1A shows a representative HPLC chromatogram
for separation, which shows that [11C]1 was produced as the
main radioactive peak in the reaction mixture. Starting at
15.5–22.2 GBq of [11C]CO2, 1.2–2.5 GBq of [11C]1 was obtained at
the end of synthesis (n = 8). The total synthesis time was averaged
as 40 min from the end of bombardment.

The identity of [11C]1 was confirmed by co-injection with non-
radioactive 1 on analytic HPLC. In the final product solutions, the
radiochemical purity of [11C]1 was higher than 99% (Fig. 1B) and
specific activity was 20–56 GBq/lmol (n = 8). No significant UV
peaks corresponding to 2, 3 and other chemical impurities were ob-
served on HPLC charts of the finally-formulated product. Moreover,
the radiochemical purity of [11C]1 remained >98% after 120 min at
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room temperature, and this probe was radiochemically stable for
the time of one PET scan. These analytical results were in compli-
ance with our in-house quality control/assurance specifications.

To determine brain radioactivity (expressed as standardized up-
take value: SUV), we performed PET with [11C]1 on wild-type and
Pgp/Bcrp knockout mice using a small-animal PET scanner.24

Figure 2A and B shows representative brain PET images of coronal
and horizontal views in a wild-type mouse. The brain uptake of
radioactivity in wild-type mice was quite low. Figure 2C and D
shows representative brain PET images in P-gp/Bcrp knockout
mice, in which radioactivity accumulation was seen. The brain up-
take in the knockout mice was higher than that in wild-type mice.
Figure 2E shows the time-activity curves in the brains of two
groups. The radioactivity levels, represented as values of area un-
der the time-activity curves (AUC0–60 min, SUV �min), in the brain
between 0 and 60 min after injection of [11C]1 were 18.83 ± 1.80
(n = 3) for P-gp/Bcrp knockout mice and 6.72 ± 0.40 (n = 3) for
wild-type mice, respectively. The difference in the AUC0–60 min val-
ues of brains was statistically significant between the two groups
(P <0.05, Student’s paired t-test). As a control, there was no signif-
icant difference in the AUC0–60 min values of the cardiac blood pool
between the two groups of mice (data not shown).

These results indicated that the brain uptake related to [11C]1
was limited by P-gp and Bcrp at the BBB. The brain uptake of radio-
activity in P-gp/Bcrp knockout mice was increased by deficiency of
P-gp and Bcrp functions at the BBB. This Letter may enable evalu-
ation of the bioavailability of 1 in combination chemotherapy
against brain tumors. PET study with [11C]1 may provide useful
information for the treatment of renal cell carcinoma patients with
brain metastases, because a dual Bcrp and P-gp inhibitor, such as
elacridar,25,26 may improve brain permeability and thereby the
therapeutic efficacy of 1. Moreover, PET with [11C]1 may be used
to evaluate anticancer therapeutic effects of other molecular target
drugs, such as gefitinib15,27 and imatinib,28 which are also sub-
strates for P-gp and Bcrp.

In conclusion, [11C]1 was successfully labeled with carbon-11 at
its urea site using [11C]COCl2 as a labeling agent, via the intermedi-
ate preparation of isocyanate [11C]6. The preliminary results indi-
cated that [11C]1 is a promising PET probe for evaluating the
therapeutic efficiency of 1 for brain tumors. Studies on the effect
of P-gp or/and Bcrp modulators on the penetration of 1 into brain
tumors and imaging of modeled animals bearing tumor are in
progress.
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