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ABSTRACT

The synthesis of the new radiotracer precursor-NBiTP and the radiolabeling of the new
tracer 1-(4-bromo-2-nitroimidazol-1-yl)-3%]fluoropropan-2-ol  (4-BrifFJFMISO) s
reported. The cyclic voltammetry behaviour, neuforell toxicity, transport through the
brain endothelial cell monolayein vivo PET imaging and preliminary calculations of the
tracer uptake for a rodent model of stroke werdistlifor the new compound and the results
were compared to those obtained witfF[FMISO, the current gold standard PET hypoxia
tracer. The new PET brain hypoxia tracer is momgeaeduced, has higherLGgP than
[*®F]FMISO and it diffuses more rapidly through braimdothelial cells. The new compound
is non-toxic to neuronal cells and it allows thevivo mapping of stroke in mice with higher

sensitivity. 4-Br-f®F]JFMISO is a good candidate for further developnirnschemic stroke.
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1. Introduction

Stroke is an increasing common disease both ibviiosld and emergent countries as a
consequence of factors such as old age, high bpyedsure, previous stroke, transient
ischemic attack, diabetes, high cholesterol, tobasmoking and atrial fibrillation. As a
medical emergency, acute stroke requires quickndisig and treatment, i.e., within the first
minutes to hours after the stroke event. A rapgihoase is critical in order to initiate therapy
before the ischemic but still viable tissue becomasrotic. One goal in the clinical treatment
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of stroke is to identify the presence and to mapdktent, by neuroimaging techniques, of
hypoxic but still viable tissue — ischemic penumbrthat can be recovered through suitable
cerebral revascularization therapy. This possibibuld facilitate the selection of patients
who may benefit from revascularization treatmemts;luding those for whom the risk of

complications is very high or the brain damagerifgrict is irreversible [1,2].

The identification and mapping of ischemic penumizathe target for the current
diagnostic techniques used for the imaging of biaypoxia, such as X-ray computed
tomography (CT), magnetic resonance imaging (Mpdsitron emission tomography (PET)
and single photon emission computed tomography C3RE3]. In the context of improving
the sensitivity and accessibility of current nearaging techniques, hypoxia radiotracers
based on the nitroimidazole core have receivedcpdat attention due to their ability to
accumulate in hypoxic but viable tissue and thesg e good candidates for imaging in
ischemic stroke [4]. Once the radiotracer crosBesell membrane, in the first step, the nitro
group is reduced by intracellular reductases toraidical nitro anion which is rapidly
reoxidized in normoxic cells and the tracer retumblood flow. In hypoxic cells, the radical
nitro anion is then reduced in further stages &ceEs that bond to cell components and the
modified tracer is unable to diffuse out from thedl,cthus allowing the imaging of hypoxic

cells [5-9].

Fig.1. (2-column size)

[*®F]Fluoromisonidazole {fFJFMISO, ['%F]1) is currently the gold standard for PET
imaging in oncology [10]. In acute stroke the udethos tracer is limited by poor brain

penetration, slow accumulation in the penumbrabard slow clearance from normoxic
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regions. As a consequence, long acquisition timesequired late after the stroke event and
this compromises the early start of the therapy thredlifespan of recoverable tissue [4].
Researchers have focused on new hypoxia radiosrangth better pharmacokinetic
properties. TFIFMISO ([**F]1) is a low lipophilicity compound (Ld®bctanoiiwater —0-40) [11]
and more lipophilic analogs have been preparedu(Eigl). The concentration of 4-
[32Brlbromomisonidazole (4%Br]BrMISO, [**F]2) increased in the hypoxic portion of
EMT-6/UW tumor at 2 hours, but high blood levelsttdbuted to excessive background
[12,13]. The initial uptake of 4-Br{F]JFPN (4-bromo-1-(3*fF]fluoropropyl)-2-nitro-H-
imidazole,[**F]3) into rat brain was significantly higher than tHat [**F]FMISO ([*°F]1)
and this was followed by a rapid washout from therb The uptake in mice muscle tumor
was somewhat enhanced compared to the levels ebtaiith [°FJFMISO ([*%F]1) and
[*®F]FPN (°F]4), but with lower tumor localization than™F]JFMISO ([**F]1) [14].
[*®F]FON (1-(8-f®F]fluorooctyl)-2-nitro-H-imidazole, [**F]5) and [°F]JFPN ([°F]4) had
increased initial uptake in normal rat brain relatto f°FJFMISO ([*°F]1), and this was
followed by a rapid washout from brain. BotfH]4 and [°F]5 had significantly lower tumor
uptake and lower tumor-to-blood ratios tha?F[FMISO ([*°F]1), a finding that suggests a
poor trapping mechanism within the tumor tissueitiée [-*F]4 nor [:°F]5 offered improved

biological properties ovetF]JFMISO ([*°F]1) [11,14].

On the other hand, a newer generation of hypoxdetacers (Figure 1) includes 2-(2-
nitro-1H-imidazol-1-yl)N-(2,2,3,3,3-f°F]pentafluoropropyl)-acetamide {F]EF5, [°F]6)
[15], [**F]fluoroazomycin arabinoside ‘{FJFAZA, [®F]7) [16,17], 3-{%F]fluoro-2-(4-((2-
nitro-1H-imidazol-1-yl)methyl)-H-1,2,3,-triazol-1-yl)-propan-1-ol  {{F]HX4,  [*°F]8)
[18,19] and Cu-labeled bis(thiosemicarbazone) cemesd such as$’Cu-diacetyl-biskl’*-
methylthio-semicarbazone) ®?Cu-ATSM, [°F]9) [20] and ®Cu-diacetyl-bisk’*-

ethylthiosemicarbazone§*Cu-ATSE, [°F]10) [21], all of which have been studied for tumor



hypoxia imaging without consensus on the best teaier [18,22]. It has been suggested that
tracer [°F]10 is a more sensitive marker of neurological hypdkian analog’fF]9 as the
former is reduced at higher tissue oxygen conceotr®[21]. To the best of our knowledge,
there is only one report in which compoun®&T7, [*°F]9 and }*F]10 have been compared
as PET tracers for brain hypoxia mapping in a rodsodel of strokeUnfortunately, none of
the examples surpassed or even equafedAMISO ([**F]1) for the early detection of acute
focal brain hypoxia and further development of hesmpounds in ischemic stroke is not

warranted [23].

In the field of stroke imaging there is still a de® find suitable tracers that can be
developed into radiopharmaceuticals for general insgcute stroke events in an effort to
allow patients to overcome the event with the ldwesel of brain alteration. Important
issues that require improvement include: the amofdirtitacer that reaches the hypoxic cell
through cerebral blood flow (CBF) and blood flowass the blood-brain barrier (BBB), the
fraction that is further reduced from the radiciéaanion, the washout from normoxic cells,
the rate of trapping in hypoxic tissue which inntyields better or worse imaging contrast

and the presence of cytosolic biomolecules that torthe tracer.

We hypothesized, as it was also suggested befb?§ fhat the modification of
[*®F]FMISO ([*%F]1) by the addition of bromo-substituents on the eminle ring could have a
positive effect on the pharmacological propertieshe radiotracer, such as redox potential
and BBB permeation. Thus, the tracer would probdger PET imaging at shorter times
after injection because of an easier reductionhagider lipophilicity. A nitroimidazole-based
tracer that bears a bromine on the imidazole rik{f4Br|BrMISO, [**F]2) was reported to
have increased concentration in the hypoxic portibtumors at 2 hours whilé®F]FMISO

([**F]1) showed to be useful at 4 hours. However, higlodblievels of {F]2 contributed to



high background, incompatible with imaging [12] t#dugh [°F]2 could be prone to loose
the radiolabel since a bromine on the imidazolg rinless stable than a fluorine at the end of
an alkyl chain [12], the label remains on the irzinla ring, and fF]2 is stable and appears
to retain its labelin vivo [13]. Furthermore, the major metabolite corresgond the
desmethyl derivative [12,24] Herein, we report slyathesis of 1-(4-bromo-2-nitroimidazol-
1-yl)-3-fluoropropan-2-ol  (4-Br-FMISO) and 1-(4,%domo-2-nitroimidazol-1-yl)-3-
fluoropropan-2-ol, and the pharmacological study aadiolabeling of (4-Br’fFJFMISO).
The imaging of ischemic penumbra in an experimentatlel of stroke in mouse is also
reported in order to evaluate 4-BffJFMISO as a more lipophilic and easier to reduce

nitroimidazole-based brain hypoxia PET tracer.

2. Results and discussion
2.1. Chemistry

The synthesis of precursors started from dibl which was prepared as reported in a
synthesis of NITTP 12) (Scheme 1) [25]. Bromination df1 with N-bromophthalimide
(NBPht) using 1.4 and 4.0 equivalents in DMF preddl3 (79%) and 14 (36%),
respectively. Subsequent selective tosylation gldl5 (72%) and16 (51%) as single
regioisomers [26]. Finally, the protection of thedloxyl group as a tetrahydropyranyl (THP)
ketal provided the precursat3 (4-Br-NITTP, 68%) and.8 (69%) as 1:1 and 44:56 mixtures
of diastereomers, respectively, for radiolabeliRgecursorl7 (69%) was also prepared as a
67:33 diastereomeric mixture by bromination 1 using N-bromosuccinimide (NBS).
Compoundsl?2, 17 and18 were used for radiolabeling. Compourid®(69%) and20 (31%)
were prepared as 45:55 diastereomeric mixtureslunride nucleophilic displacement of
tosylate, using CsF itert-amyl alcohol [27]. Subsequent removal of the THBtgxting
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group by treatment with AcOH gaw (4-Br-FMISO, 65%) an@2 (69%). FMISO {) was
also prepared by fluorination df2 to give 23 (82%) as a 66:34 mixture of diastereomers
followed by hydrolysis of the ketal (55%). The dexgomeric ratios were measured by
NMR. They were calculated by integration of theresponding signals to the proton on the
ketal carbon at the THP ring. FA2, 17, 19 and 23 the signals for the protons on the

imidazole ring were also used.

Scheme 1(2-column size)

Compoundsl7 and18 could not be prepared by reaction of 4(5)-bromdamole 24) or
4,5-dibromoimidazole25) with ditosylate26 using the reported procedure for NITTE2Y
(Scheme 2) [28]. Firstly, the stoichiometric broation of 2-nitroimidazole4d7) has been
reported to give a mixture @5 and27 and only a trace amount 8fl, while 25 (97%) was
prepared quantitatively when 2 equivalents of NBS8revused [29]. Furthermore, the
reactions o5 and26 only gave trace amounts ®8 even under harsh conditions, probably

due to the low nucleophilicity of imidazolate anid®

Scheme 2(1-colunm size)

2.2. Radiosynthesis

The radiosynthesis ot¥]1 was performed as reported [28]. The labeling effitotected
tosyl precursofl7 with [*°F]fluoride was carried out on an automated raditd®sis platform

(Scheme 3). In the synthesis &1H]21, the {°F]fluoride was separated from the bulls#®



solution by anion exchange chromatography followieggntion in a quaternary ammonium
cartridge and elution with #0O; in an HO/MeCN solution containing kryptofix.
[*®F]Fluoride was dried at 100 °C under reduced presand a solution of precursb¥ (9 +

3 mg in 2.5 mL MeCN) was added. Labeling was penfat at 130 °C over 5 minutes and

the reaction vessel was then cooled to 100 °Cydrdlysis of the THP ketal with 1N HCI.

The reaction mixture was transferred to a semigmape HPLC column for purification
and approximately 80% of the total activity wassterred. Free'fF]fluoride eluted after 3
minutes and a number of minor radiolabeled impesitiere observed. A major impurity
eluted after 21 minutes and the major product dlatier 33 minutes. Both impurity and
product were collected and analyzed by HPLC andpewed with the cold standagd. The
peak for the product with a retention time of 33wates corresponded to the peak of the cold
standard. The impurity could not be identified lmynparison with any known standard. The
total synthesis time was 55 minutes alff|R1 (4-Br-["*F]FMISO) was synthesized in 18%
yield (decay corrected) with a specific activity #60 + 15 GBg/umol (at the end of

radiosynthesis).

Radiosynthesis conditions were also applied&dut unfortunately evidence fot’f]22
was not observed. This result can be understoodadmgidering the good leaving group
character of the very weakly basic imidazolate aré8 and the presence of excessCKs
under radiolabeling conditions, which could giveerto substitution or elimination reactions
involving the base. Further studies were only edrout withl, [**FJFMISO ([*°F]1), 21 and

4-Br-[*|F]FMISO ([*°F]21).

Scheme 3(1-column size)



2.3. Cyclic voltammetry

The in vivo reduction of nitroimidazole compounds is performég cytosolic
nitroreductases through an initial single electiramsfer to the nitro group to give the radical
nitro anion (Eq. 1), which under anaerobic condsgiocan be reduced to the nitroso,
hydroxylamino and amino compounds (Eq. 2—4) [30-BRjwever, in aprotic media, such as
DMF, the radical nitro anion is reduced to themiianion under a more negative potential

(Eq. 5) [33,34].

R-NO;+e =" R-NG; ~ (Eq. 1)
R-NO, ~ +e€ +2H —= RNO+HO (Eqg.?2)
RNO +2&+2H  —» RNHOH (Eq. 3)
RNHOH + 2 &+ 2H —» RNH, + H,O (Eq. 4)

R-NO, ~ +& —»= RNO> (Eq. 5)

In order to ascertain the influence that the 4-lresumbstituent on the nitroimidazole ring
has on the redox potential, compouritisand 1 were studied by cyclic voltammetry in
aprotic media (BiNBF,/DMF) and under anaerobic conditions (Table 1, Fege). A first
reversible peak (la) was observed for the reductibthe nitro group to the radical nitro
anion (Eq. 1;1: -1.04 V;21: -0.89 V), and a peak (Ib) was also observedheroxidation of
the radical nitro anion to the nitro group (Eg.elrerse). A second irreversible peak (1) for

the reduction of the radical nitro anion to theaiianion (Eq. 51: —1.97 V;21. -1.64 V)
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was also observed. Compoudtlis more easily reduced tharto both the radical anion and

dianion, thus makingl a better hypoxia probe.

Table 1

Fig.2. (1-column size)

2.4. Toxicity

Before carrying out animal experimentation in orderstudy21 asin vivo tracer, its
toxicity was evaluated by viability/mortalityy vitro assays performed in parallel with the
cold tracerl as reference (Figure 3). Assays were carried aupramary cultures of rat
cortical cells, both neuronal (see supplementatg)dand mixed. Toxicity was determined by
LDH (lactate dehydrogenase) and MTT (3-(4,5-dimithgzol-2-yl)-2,5-
diphenyltetrazolium bromide) assays. Compogadhowed a toxicity profile similar to that
of 1 at the concentrations assayed. It did not showitgxwhen compared to vehicle (0 pM)
— even at the highest concentration assayed (109 ¢#Mnd did not show higher cell

mortality (P>0.05; one-way ANOVA and pos hoc Tuketgst; Figure 4).

Fig. 3. (1.5-column size)

Fig. 4. (1-column size)

2.5. Lipophilicity
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The ability to cross the BBB and reach the therapdarget is the major challenge for
CNS drug candidates and it has been estimated 984t fail to reach the target [35].
Important concepts in brain penetration such usund drug concentration, unbound brain-
to-plasma ratio, total brain-to-plasma ratio, firaetunbound, BBB passive permeability and
efflux ratio have to be considered together. A agmeg paradigm for the key brain
penetration properties has recently been develtpegliide CNS compound optimization
[36]. Lipophilicity, measured as L&Yy is a parameter that is intimately related withBBB
passive transport and a mean CRogalue of 2.5 for the marketed CNS drugs has been
reported [37]. The Ld8cywaterand CLoOG values for previously reported tracerslO and
compound®1 and22 are shown in Table 2. Compougd has a CLoB higher than most of
the nitroimidazole radiotracers in Figure 1, but@plly higher than FMISO. Further vitro

andin vivo experiments (see sections 2.6 and 2.7) showe@1ilabsses BBB.

Table 2

Compound21 showed a better reduction potential and higher gPLthan 1, it had a
comparable toxicity, and it was possible to radielahis compound!{F]21 was therefore a

good candidate for further PET imaging in a rodantlel of stroke.

2.6. Blood-brain barrier permeability

As shown in Figure 5, FMISQL) diffused across the bEnd-5 cell monolayer. Mdwant

50% of the drug was present in the lower compartragrl5 min after the addition of the

12



drug. Similar amounts of transportédwere observed at 30 and 45 minutes and the level
increased slightly at 60 minutes. The diffusiorire bromo-derivativ21 was also rapid and

it tended to be higher compared toat 15 min, although the difference did not reach
statistical significance. However, at longer tim@9-60 minutes) compoun®l attained
significantly higher transport in comparisonlt@and almost all of it was present in the lower

compartment (99.4%).

The rapid initial diffusion of both compounds isngeatible with a rapid access to the
brain. The limited permeability ol may be related to its lower LBgvalue, but the
possibility that the compound is retained in théscand/or is metabolized cannot be ruled
out. In contrast, compour2ll completely diffused over time and its higher peabikty is

consistent with its higher CL&compared to FMISO.

Fig. 5. (1-column size)

2.7. ['®F] 21 PET imaging of the hypoxic area

In order to evaluate 4-Br§F]JFMISO ([*°F]21) as an in vivo tracer, this compound, and
FMISO (1) as control, were assessed in an experimental Imaidérain ischemia by
permanent occlusion of middle cerebral artery (pMBJAn male Fischer rats. The image
analysis revealed that 3 hours after pMCAO, theioteaters {*F]21 and [*F]FMISO
([*®F]1) were accumulated in the frontoparietal corticalsacorresponding to middle cerebral
artery occlusion. The retention of both hypoxia#éra corresponds to the hypoxic region, as
revealed by PF]fluorodeoxyglucose {fF]JFDG)-PET neuroimaging performed 24 hours

after the ischemic onset. The degree of lesiormaséid as the reduction of glucose brain
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metabolism 24 hours after pMCAO was in the range41% from the non-affected
contralateral area ofJ]JFDG uptake. Representativef]21 and [°F]FDG-PET images are

shown in Figure 6.

Fig. 6. (1-column size)

To compare the labeling capability dff]21 and [°F]JFMISO ([*®F]1) to the hypoxic
area, accumulation in the injured region for baticeérs were calculated. The uptake (see
Experimental section for a detailed descriptionhofv this parameter was obtained) for
['®F]21 corrected for lesion severity was 54% higher ttaat of the standard¥F]FMISO
([**F]1) (Table 3). Therefore, this result shows tH4E]R1 yields an improved sensibility
compared to*fF]JFMISO ([*®F]1). This would allow an earlier and more sensitietedtion
of the eventual brain damage generated by isch#raia[*F]FMISO ([**F]1), thus enabling
an earlier pharmacological treatment for preventargminimizing the potential stroke-

induced consequences.

Table 3.

PET-CT rat brain coronal images off]JFMISO ([**F]1) and [°F]21, for which the
uptake at the hypoxic tissue 3 hours after pMCA® loa compared, are shown in Figure 7.

As observed, the areas visualized by both hypoaiets are fairly similar.

Fig. 7. (1-column size)
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In order to study the ability of the tracer to il up the progression of the ischemic
lesion, [®F]21 was injected at 3 different time points after tmeset of the pMCAO. This
tracer enabled the evolution of hypoxia to be eat&@ld. At 3 hours after ischemia onset, the
hypoxic area was clearly visualized (Figure 8, |ghel). When evaluated at 9 hours, the
['®F]21 uptake was spread out to the neighbouring areui&i8, central panel), suggesting
that the penumbra area showed hypoxia signs. Afiehours, a sharply reducetf]21
uptake in the center of the injury was detectedb@ably as a consequence of neuronal death
located at the level of the core. On the other hahd surrounding penumbra area still

showed clear signs of hypoxia (Figure 8, right pane

Fig. 8. (1-column size)

3. Conclusions

The radiotracer 4-BrfF]FMISO (['°F]21) is an interesting probe with medicinal
chemical properties as a potential radiopharmacalutior the imaging of stroke. In
comparison with the gold standard PET hypoxia r&&]FMISO ([**F]1), compound21
shows comparable vitro low toxicity on neuronal cells, better reductiootgntial, higher
Clog P and faster and total permeability throughimrvitro model of the BBB. Thén vivo
PET molecular imaging of§F]21 in a rodent model of stroke shows a relative acdation
that is 54% higher than that obtained with the refee {°FJFMISO ([**F]1). In short,
[*®F]21is a new radiotracer with improved properties witkpect tofFJFMISO ([*®F]1) for
thein vivo mapping of the brain ischemic area developed afteexperimental stroke event

in rodents. This radiotracer could be a good caatdifbr further development in the study of
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ischemic stroke. The ongoing research is focusm@lmarmacokinetic and imaging data and

results will be published elsewhere.

4. Experimental section

4.1. Chemistry

Solvents (HPLC quality, Scharlau) were dried incdvE&nt Purification System (MBraun)
by passing through a pre-activated alumina columwere purchased as anhydrous quality.
Reagents were purchased from Sigma-Aldrich and wseel as received. The reactions in
which moisture-sensitive compounds were handled@werformed under an atmosphere of
dry argon. The reactions were monitored by thiretaghromatography (TLC) on silica-
coated aluminum sheets (Alugram silica gel 6§)FThe compounds were visualized by UV
light (254 nm). Column chromatography was carriatwith Merck silica gel (0.030-0.075
mm) and the solvents were used as received (Sohaltdrared spectra (IR, NaCl windows)
were recorded on a Perkin-Elmer FTIR 1725X instmim&he frequenciesyf of the more
intense bands are given in @mNuclear magnetic resonance spectrhgnd™*C NMR) were
recorded using a Varian Gemini 200 (200 and 50 MBEgpectively), a Varian Mercury-VX-
300 MHz (300 and 75 MHZ, respectively) and a Vai#ITY P-Y5-500 (500 and 125 MHz,
respectively) instrument. Chemical shift§) @re given in ppm and are referenced to the
residual signal of the non-deuterated solvent. Gogpconstants J) are given in Hz.
Elemental analyses (C, H, N) were determined oie@Q CHNSO-932 elemental analyzer
and were within £0.4% of the theoretical values. @dmpounds were analyzed by tandem

HPLC-MS. HPLC was performed on a C18n8 column (Luna, Phenomenex, 3 x 100 mm)
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using a gradient of MeOH/water/4% formic acid dlcav rate of 1.0 mL min'. Products
were detected at = 254 nm. Compounds wer®5% pure. Mass spectra were recorded on a
Hewlett-Packard 5988A mass spectrometer. High-néisol mass spectra were recorded on

an Agilent 6210 LC/MS TOF mass spectrometer.

4.2. General procedure for bromination i

A solution of diol11 and N-bromophthalimide in anhydrous DMF was stirred unale
argon atmosphere. The solvent was removed undaceddpressure. Cold MeOH (20 mL)
was added and the phthalimide was filtered off. $blvent was removed under reduced
pressure and the residue was chromatographed ioa gél using hexane/AcOEt 2:1 as

eluent.
4.2.1. 3-(4-Bromo-2-nitroimidazol-1-yl)propane- il (13)

A mixture of diol11 (2.25 g, 12.03 mmol) and-bromophthalimide (3.80 g, 16.84 mmol)
in DMF (12 mL) was stirred at rt for 3 h. Compoutigi(2.51 g) was obtained as a yellowish
oil. Yield: 79%; Rfnexacoet 215 0.32;"H NMR (300 MHz, CROD) 6 7.56 (s, 1H, Blim), 4.75
(dd, 1H,J = 13.8 Hz,J = 3.3 Hz, CH-Im), 4.37 (dd, 1HJ = 13.8 Hz,J = 8.5 Hz, CH-Im),
4.00-3.93 (m, 1H, CH-OH), 3.60 (m, 2H, €BH) ppm;*C NMR (75 MHz, CROD) &
145.3 (C2n), 128.6 (C%,), 114.4 (C4), 71.3 (CH-OH), 64.6 (CHOH), 54.0 (CH-Im)
pPM; IR (Vmax KBF): 3369 (OH), 15943 (C=N), 1469 (NP 1369 (NQ) cni'’; HRMS (TOF-

APCI-POS)mWz calcd forCgHoBrNzO4[M] * 265.9776, found 265.9777.

4.2.2. 3-(4,5-Dibromo-2-nitroimidazol-1-yl)propaide2-diol (14)
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A mixture of diol11 (1.56 g, 8.38 mmol) anN-bromophthalimide (7.57 g, 33.53 mmol)
in DMF (5 mL) were stirred at 10 °C for 18 h. Corapd 14 (1.03 g) was obtained as a
yellow solid. Yield: 36%; mp: 98-100 °C; Rfuacort 2:1 0.26;'H NMR (300 MHz, CROD)
0 4.70 (d, 2HJ = 5.9 Hz, CH-Im), 3.95 (q, 1HJ = 5.9 Hz, CH-OH), 3.62 (dd, 2H,= 5.9
Hz, J = 3.9 Hz, CH-OH) ppm;**C NMR (75 MHz, CRQOD) 6 117.5 (C%.), 114.5 (C4y),
71.3 (CH-OH), 65.1 (CKHOH), 53.8 (CH-Im); (vmax, KBr): 3392 (OH), 2933; 1543 (C=N),
1478 (NQ), 1363 (NQ) cmi; HRMS (TOF-APCI-POS)z calcd for CgHgBroN3O4 [M]*

343.8876, found 343.8847.
4.3. General procedure for regioselective tosylatio

A solution of diol13 or 14, tosyl chloride, triethylamine and dibutyltin ogidh anhydrous
CH3CN was stirred under an argon atmosphere at rtsdohent was removed under reduced

pressure and the residue was treated as indicated.b
4.3.1. Toluene-4-sulfonic acid 3-(4-bromo-2-nitradarol-1-yl)-2-hydroxypropy! estetR)

A mixture of diol 13 (50.0 mg, 0.267 mmol), tosyl chloride (50.0 mg28Y. mmol),
triethylaming(0.037 mg, 0.267 mmol) and dibutyltin oxide (1.3,Md@53 mmol) in CECN
(4 mL) was stirred for 5 h. The residue was chrageatphed on silica gel using
AcOEt/hexane 8:2. Compourd (76.0 mg) was obtained as a yellow solid. Yiel8¥8 mp:
140.9-143.5 °C; Rf:oevhex 8:2) 0.45;"H NMR (300 MHz, CROD) 47.85 (d, 2H,) = 8.2 Hz,
HoTo), 7.49 (d, 2HJ = 8.2 Hz, Kh19, 7.41 (S, 1H, Bly), 7.13 (s, 1H, b, 4.66 (dd, 1H,J
= 13.8 Hz,J = 3.3 Hz, CH-Im), 4.36 (dd, 1H,) = 13.8 Hz,J = 8.2 Hz, CH-Im), 4.12-4.05
(m, 3H, CH, CH-OTs), 2.50 (s, 3H, C#} ppm; **C NMR (50 MHz, DMSO-¢) J 144.6
(C4ry), 144.38 (CR), 131.4 (C%y), 129.7 (2C, CR), 127.9 (C%,), 127.2 (2C, CR), 126.8

(C4m), 71.0 (CH-OH), 66.2 (CHOTS), 50.7 (Chm), 20.6 (CH) ppm; IR {max KBI):
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3204 (OH), 1539 (C= N), 1492 (ND 1365 (SQ), 1171 (SQ) cnmi’; HRMS (TOF-APCI-
POS) miz calcd for CigH1gNsSOs [M]* 342.0706, found 342,0624; Anal. 148:5N306S)

theoretical: C, 45.74; H, 4.42; N, 12.31; S, 9B8und: C, 45.58; H, 4.42; N, 12.11; S, 9.61.

4.3.2. Toluene-4-sulfonic acid 3-(4,5-dibromo-2ithidazol-1-yl)-2-hydroxypropyl ester

(16)

A mixture of diol 14 (0.905 g, 2.64 mmol), tosyl chloride (0.503 g, £.6:mol),
triethylamine (0.268 g, 2.64 mmol) and dibutyltxiae (0.013 g, 0.052 mmol) in GBN (40
mL) was stirred for 24 h. The residue was dissoiwe@H,Cl, (20 mL), filtered and washed
with brine (2 x 10 mL). The aqueous phase was etadawith CHCI, (3 x 10 mL) and the
combined organic extracts were dried over anhydidas$QO,, filtered, and evaporated to
dryness. Finally, the residue was chromatographedsitica gel using a gradient of
hexane/AcOEt from 8:2 to 6:4. Compoub@l (0.67 g) was obtained as a yellow solid. Yield:
51%; mp:44—46 °C; Rfiexacort 6:4; 0.50;'H NMR (300 MHz, CDC}) 6 7.84 (d, 2H,J = 8.0
Hz, Hor9), 7.48 (d, 2HJ = 8.0 Hz, K19, 4.62 (m, 2H, CktIm), 4.11 (gp, 3H, CH-OH,
CH,-OTs), 2.50 (s, 3H, CH ppm; **C NMR (75 MHz, CRQOD) ¢ 146.8 (C4s), 133.9
(Clry); 131.1 (2C, C3), 129.1 (2C, CR), 117.6 (C5y), 114.6 (C4n), 72.1 (CH-OH), 68.3
(CH,-QOTs), 52.8 (Ck+Im), 21.6 (CH) ppm; IR §max KBr): 3413 (OH), 1597 (C=N), 1474
(NO,), 1362 (NQ), 1175 (S@ cm:; HRMS (TOF-APCI-POS)mz calcd for
C13H14BroN2O6S [M]* 497.8965, found 497.8991; AndICi13H13BrNz0sS) theoretical: C,

31.28; H, 2.65; N, 8.42; S 6.42. Found: C, 31.392187; N, 8.61; S, 6.49).
4.4. General procedure for tetrahydropyranyl kdtaination

A solution of15 or 16, DHP and PPTS in anhydrous &, was stirred at 0 °C under an
argon atmosphere. The solvent was removed at grurdluced pressure. The residue was
chromatographed on silica gel using AcOEt/hexardea6:eluent.
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4.4.1. Toluene-4-sulfonic acid 3-(4-bromo-2-nitraarol-1-yl)-2-(tetrahydropyran-2-

yloxy)propy! esterX7)

A mixture of alcoholl5 (1.2 g, 2.85 mmol), DHP (0.74 g, 8.83 mmol) and 8K0.89 g,
3.54 mmol) in CHCI, (78 mL) was stirred for 22 h. Compoufhd (1.0 g) was obtained as a
yellow solid. Yield: 68%; mp: 120.0-122.3 °C; Rf/acoet 6:4j 0.44; 'H NMR (500 MHz,
CDCl) § 7.79 (d, 2H,J = 8.1 Hz, H.1, dias. A), 7.78 (d, 2H] = 8.1 Hz, H.1s dias. B), 7.36
(d, 2H,J = 8.1 Hz, H,.1s, dias. A+B), 7.09 (s, 1H, &, dias. B), 7.01 (s, 1H, H, dias. A),
4.79 (dd, 1HJ = 14.0 HzJ = 3.3 Hz, CH-Im, dias. A), 4.68 (dd, 1H] = 14.0 Hz,J = 3.3
Hz, CH-Im, dias. B), 4.44 (m, 1H, Hp, dias. B), 4.34 (m, 2H, CHm dias. A+B), 4.27
(m, 1H, H-up, dias. A), 4.21 (m, 2H, CH-OTHP, dias. B + £6Ts, dias. A), 4.11 (dd, 1H,
J=11.2 Hz,J = 4.5 Hz, CH-OTs, dias. B), 4.05-3.98 (m, 3H, CH-OTHP, diast BEH,-
OTs, dias. A+B), 2.45 (s, 3H, GHdias. A+B), 1.67-1.38 (m, 6H,3ts.thp dias. A+B) ppm;
3C NMR (75 MHz, CDCJ) § 145.8, 132.5, 130.1 (2C), 128.0 (2C), 126.3, 115®.9,
97.8, 74.1, 70.3, 68.5, 67.0, 63.2, 51.1, 50.53,38B0.1, 24.9, 24.8, 21.7, 19.7, 19.3 ppm; IR
(Vmax KBr): 3449 (OH), 1535 (C=N), 1499 (N 1350 (SQ), 1168 (SQ) cnmi’; HRMS
(TOF-APCI-POS)m/z calcd for CigH23BrN2O;S [M]* 504.0440, found 504.0400; Anal
(C1gH22BrN30;S) theoretical: C, 42.86; H, 4.39; N, 8.33; S, 6Bbdund: C, 42.60; H, 4.46;

N, 8.24; S, 6.36.

4.4.2. Toluene-4-sulfonic acid 3-(4,5-bromo-2-nimaazol-1-yl)-2-(tetrahydropyran-2-

yloxy)propy! ester8)

A mixture of alcoholl6 (0.62 g, 1.25 mmol), DHP (0.34 g, 3.75 mmol) airi’B (0.38 g,
1.5 mmol) in CHCI; (35 mL) was stirred for 4 h. Compoud8 (0.5 g) was obtained as an
oil which was treated with ED to give a yellow solid. Yield: 69%; mp: 51.0-53C;

Rf(Hex/ACOEt 6:4) 0.54; lH NMR (300 MHz, CDC;!) 0 7.78 (d, 2H,J = 8.3 Hz, H.1s dias.
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A+B), 7.36 (d, 2HJ = 8.3 Hz, H.1s dias. A+B), 4.66 (m, 2H, Hryp, CHe-Im, dias. A+B),
4.36-3.95 (m, 4H, CHIm + CH-OTHP + CH-OTs dias. A+B), 3.67-3.27 (m, 1Hgkhp,
dias. A+B), 3.13 (m, 1H, kryp, dias. A+B), 2.45 (s, 3H, G§idias. A+B), 1.54-1.18 (m, 6H,
Hs4s-mhp dias. A+B) ppm;*C NMR (75 MHz, CDCY) ¢ 145.8, 145.4, 132.4, 132.2, 131.8,
130.0 (2C), 127.9 (2C), 101.3, 97.5, 74.7, 70.69683.9, 62.9, 51.5, 50.5, 30.3, 24.7, 21.7,
20.2, 19.2 ppm; IRVfax KBr): 3435 (OH), 2945, 1597 (C=N), 1545, 1474 ()0OL363
(NO,), 1176 (SQ) cm’; HRMS (TOF-APCI-POS)m/z calcd for CigH2oBrNsO;S (M)
581.9540, found 581.9545; Anal {El,1Br,Nz0,S) theoretical: C, 37.06; H, 3.62; N, 7.20; S,

5.49. Found: C, 37.13; H, 3.63; N, 7.25; S, 5.67.
4.5. General procedure for fluorination

A solution of sulfonatd 7 (0.99 mmol) orl8 (0.35 mmol) and CsF (3 equiv) fart-amyl
alcohol (3.3 mL per mmol of sulfonate) was heated.20 °C for 3 h. The solvent was

removed under reduced pressure and the residuehn@smatographed on silica gel.
4.5.1. 4-Bromo-1-[3-fluoro-2-(oxiran-2-yloxy)-projpLH-2-nitroimidazole (9)

Compoundl7 (0.50 g) gavel9 (0.24 g) as a yellowish oil after chromatograplsyng
AcOEt/hexane 6:4 as eluent. Yield: 69%{aRfcyrex 6.4) 0.42;"H NMR (300 MHz, CDCY) ¢
7.17 (s, 1H, K, dias. B), 7.11 (s, 1H, 4, dias. A), 4.81 (dd, 1H] = 14.1 Hz,J = 3.6 Hz,
CH-Im, dias. A), 4.73 (dd, 1H] = 14.1 HzJ = 3.6 Hz, CH-Im, dias. B), 4.65-4.30 (m, 4H,
Ho1uptCHo-Im+CH,-F, dias. A+B), 4.28-4.16 (m, 1H, CH-OTHP, dias, A)11-4.01 (m,
1H, CH-OTHP, dias. B), 3.81-3.74 (m, 1Hs.Hip, dias. A), 3.45-3.38 (m, 1H,eHyp, dias.
A), 3.25-3.21(m, 2H, Eyp, dias. A+B), 1.70-1.37 (m, 6H,3Hs.thp, dias. A+B) ppm; IR
(Vmax KBI): 3420 (OH), 1595 (C=N), 1462 (N{D 1354 (NQ), 1358 (SQ), 1178 (SQ) cni™;

HRMS (TOF-APCI-POS)/z calcd forCiiH16BrFN;O4[M] * 352.0303, found 352.0315.
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4.5.2. 4,5-Dibromo-1-[3-fluoro-2-(oxiran-2-yloxy)ymoyl]-1H-2-nitroimidazole 20)

Compoundl8 (0.20 g) gave20 (0.045 g) as a yellowish oil after chromatograpising
AcOEt/hexane 7:3 as eluent. Yield: 31%{aRfcyrex 735 0.48;"H NMR (300 MHz, CDCY) ¢
4.81-4.40 (m, 5H, HryptCHy-Im+CH,-F, dias. A+B), 4.24-4.16 (m, 2H, CH-OTHP, dias.
A+B), 3.80 (m, 1H, H.ryp, dias. A), 3.46 (m, 1H, e dias. A), 3.20 (m, 2H, Hryp, dias.
B), 1.64-1.22 (m, 6H, & s.1p, dias. A+B) ppm; HRMS (TOF-APCI-POSiVz calcd for

C]_]_H15BI’2FN304 [M] " 429.9408, found 429.9404.
4.6. General procedure for tetrahydropyranyl ketaprotection

The THP ketall9 (0.59 mmol) or20 (0.10 mmol) was dissolved in AcOH (4.1 mL per
mmol), THF (2.2 mL per mmol) and.,B (1.1 mL per mmol) and the mixture was heated at
65 °C. The solvent was removed under reduced peessind the residue was
chromatographed on silica gel using hexane/AcOR&e fesulting thick oil was treated with

Et,O to give a pale-yellow solid which was filtered ahd dried.
4.6.1. 1-(4-Bromo-1H-2-nitroimidazol-1-yl)-3-fluqoopan-2-ol 1)

Compound19 (0.209 g) was heated for 6 h to gi2& (0.103 g) after chromatography
using AcOEt/hexane 4:6 as eluent. Yield: 65%; m4-1105 °C; Rhcoeyhex 465 0.44; 'H
NMR (500 MHz, CROD: ¢ 7.57 (s, 1H, Bim), 4.75 (dd, 1H,) = 13.8 Hz,J = 3.3 Hz, CH-
Im), 4.47 (dd, 2H!Jy.r = 47.1 HzJ = 4.3 Hz, CH-F), 4.44 (dd, 1HJ = 13.8 Hz,J = 8.9 Hz,
CH,-Im), 4.18 (dq, 1H2Jhr = 19.8 Hz,J = 4.0 Hz, CH-OH) ppm**C NMR (75 MHz,
CD30D) 6 146.0 (Czn), 128.7 (C%n), 114.6 (C4), 85.3 (d, 1Clcr = 171.2 Hz, CHF),
69.5 (d, 1C2Jcr = 19.8 Hz, CH-OH), 53.1 (d, 1CJcr = 7.4 Hz, CH-Im) ppm; IR {max

KBr): 3398, 3103, 1541, 1510, 1470, 1400, 1377, 12612,19489, 845 ci; HRMS (TOF-
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APCI-POS) m/z calcd for CgHgBrFN:Os [M]* 267.9733, found 267.9719; Anal

(CeH;BrFN3O3) theoretical: C, 26.89; H, 2.63; N, 15.68. Fou@d26.67; H, 2.82; N, 15.91.
4.6.2. 1-(4,5-Dibromo-1H-2-nitroimidazol-1-yl)-34firopropan-2-ol 22)

Compound20 (0.045 g) was heated for 3 h to gi22 (0.025 g) as a yellowish oil after
chromatography using AcOEt/hexane 4:6 as eluergldYi69%,; RfacoeuHex 46 0.44; H
NMR (300 MHz, CROD) 6 4.75 (dd, 2H,) = 6.6 Hz,J = 0.6 Hz, CH-Im), 4.50 (dd, 2H}J,.

r = 47.1 Hz,J = 4.4 Hz, CH-F), 4.24-4.12 (m, 1H, CH-OH) ppm®C NMR (125 MHz,
CD;0D): ¢ 146.3 (Czn), 117.7 (C%,), 114.7 (C4y), 85.3 (d, 1C}Jcr = 170.7 Hz, CH-F),
69.3 (d, 1C2Jc.r= 20.0 Hz, CH-OH), 52.5 (d, 1CJcr= 7.6 Hz, CH-Im) ppm; IR {max
KBr): 3404, 1547, 1473, 1361, 1248 ¢mHRMS (TOF-APCI-POS)m/z calcd for

CeH7BroFN3;O3 [M] " 345.8833, found 345.8879.
4.7. Cyclic voltammetry

Compounds were dissolved in 0.1 M jBiBF, in DMF as SSE (solvent support
electrolyte) to a concentration of 4 x 1. Cyclic voltammetry was carried out in a
VoltaLab PGZ100 potentiostat at 25 + 1 °C undemion atmosphere using glassy carbon
electrode, platinum as auxiliary electrode and AigfsAg” as reference electrode at a scan
speed of 100 mV/s. In the procedure, SSE (20 mls adaled to the cuvette, electrodes were
submerged into the solution, solvent was deoxygehasing a flow of argon for 15 min and
a scan of SSE was carried out. The compo@aa( 1) was added and the solvent was again
deoxygenated for 15 min. Finally, scans were peréat using cycles from 0 to —-2,5 V and

from —2,5 to 0 V recording cyclic voltammograms éarch compound.

4.8. bEnd5 cell line cultures
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Murine brain endothelial cells (b.End5), which arecognized as having brain
endothelium-like properties, were obtained from Ewwopean Collection of Cell Cultures
(UK). This cell model is an appropriate choice tiady blood-brain barrier function [38,39].
The cells were grown in Dulbeccos’s Modified Eagl&ledium, with high glucose content
(4.5 g/L; Lonza), supplemented with 10% heat inatéd fetal bovine serum (FBS, Gibco)
and gentamicin (40 pg/mL), and samples were maiethiunder standard cell culture
conditions at 37 °C and 5% G a humid atmosphere. The cells were trypsiniZagigsin
0.5 mg/mL/EDTA 0.2 mg/mL, in Hank’s balanced saltusion, Sigma) and 50,000 cells in
100 pL of medium were seeded in inserts (cultweatéd polycarbonate membrane, pore size
0.4 um; 9 mm diameter; Costar). 700 pL of medium wasedd the lower compartment.
Cultures were incubated for 24 h and the mediumahasged to the same medium but without
phenol red and FBS prior to the assessment oftdangport. Sister cultures in P96 plates were
used to assess confluency. The drugs at the coatiens used did not alter the viability of the

cells at 24 h after the addition (not shown; MT$as.

4.9. Transport across an endothelial cell monolayer

The transport of the compounds under study wasssden ann vitro system consisting
of a confluent endothelial cell monolayer on anemqupper compartment), which was
placed onto a P24 well plate (lower compartmenteits placed in P24 transwell plates
consisted in 6.5 mm diameter inserts, with tissulice treated polycarbonate membrane and
0.4 um pore size (Costar, Corning Inc., NY, USA)eTcompounds were added to the upper
compartment and the medium in the lower compartme# collected (600 pL) at 15 min
intervals up to 60 min after its addition. Dupleatultures were used for each drug and for

each time. The media samples were freeze-dried aexk stored at 4 °C prior to
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guantification by HPLC analysis. Transport was esped as percentage of the actual amount

used each day, which was also measured by HPLC.

4.10. Primary cultures and assessment of neuranaty

Primary mixed cultures were prepared from the aatetortex of 18-day-old Wistar rat
embryos and were grown in minimum essential med{lmuitrogen-Life Technologies,
Carslbad, CA, USA) as described previously [40].ar¢hindicated, primary cultures were
also grown in neurobasal medium (Invitrogen-Lifechiieologies) with serum-free B-27
supplement. Stock solutions (20 mM) in DMSO werepared forl and 21. From these
solutions, new stock solutions (2 mM) in DMSO wemnade for each compound. The same
was carried out from the former solutions to prepaew stock solutions (0.2 mM) for both
compounds. Aliquots (1QlL) were taken from the 20, 2 and 0.2 mM solutiomptepare
100, 10 and UM solutions in DMEM medium (2 mL), respectively. §final concentration
of DMSO in these solutions was 0.5 %. Cultures wéren treated with different
concentrations (0, 1, 10, 1Q®/) of compoundsl and2 at 7-9 days oih vitro culture. The
MTT and LDH reduction assays were used to measlteviability after 24 h of incubation
with compounds. MTT (Aldrich, M2128) (0.5 mg/mL) sadded to the medium and, after 2
h at 37 °C, the resulting formazan salts were ¢issb in DMSO and were
spectrophotometrically quantified (OD, optical dépsat 540 nm (Thermomax, Molecular
Devices). Viability percentage was calculated a¥i&bility = (OD treated cells / OD control
cells) x 100. Extracellular and intracellular LDHttigities were spectrophotometrically
measured by following tetrazolium reduction at amsabance wavelength of 490 nm
(Boehringer Mannheim kit). Total LDH activity wagfthed as the sum of intracellular and
extracellular LDH activity. Released LDH was definas the percentage of extracellular

compared to total LDH activity.
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4.11. Radiosynthesis
4.11.1. Generation dfF~

%= was produced by afiO(p,n)®F reaction in an IBA cyclotron following bombardnten
of enriched H®*0 (ROTEM Industries). When the theoretical activitgs in the range 100
mCi to 3000 mCi (3.7 GBq to 111.0 GBq) the mateniab transferred in solution with,&"

to the synthesizer.
4.11.2. Radiolabeling of{F] 21

The radiosynthesis was undertaken on a Syntherd®\ (Molecular) automated
synthesizer using an Integrated Fluidic Proces#d®X|. Reagents, including cryptand
solution, HCI, MeCN and citrate buffer were puradt&om ABX. Cartridges for solid phase
purification were purchased from the Waters Corfiona The '®F was trapped on a pre-
conditioned Waters Sep-Pak QMA Light (quaternarythyleammonium) anion exchange
cartridge (46 mg, ABX) and washed with® before it was eluted with cryptand solution
(2.2 mg kryptofix-222 and 7 mgJX0Os in 600 pL of a 1:1 mixture of # and MeCN). The
eluate was dried under reduced pressure and tbhoregas heated to 130 °C over 5 mintues.
Following addition of the precursor solution (6—f) dissolved in 2.5 mL MeCN), the
reactor was sealed and the mixture was heated f@n5The reaction mixture was cooled to
100 °C over 3 minutes before a solution of HCI (1IVinL) was added to effect hydrolysis,
which was carried out at 100 °C over 5 minutes. fidaction mixture was buffered (pH =
5.8) with a solution (4.5 mL, Synth&rE°F]FLT reagent sets buffer solution, ABX)
containing 1M AcONa (0.5 mL), 1M NaOH (0.45 mL),(# (0.25 mL) and water (3.3 mL),

mixed, and transferred automatically to the HPLEtem.

4.11.3. Purification
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The crude reaction mixture was purified by automatgection onto a semi-preparative
C18 HPLC column (250 mm x 10 mm, 100 A, Phenomeires) Synthera® HPLC system
(ABX Molecular). Separated compounds were elutethi @b:5 HO/EtOH and a flow rate of
4 mL/min, and fractions were collected using theakpeollection tool of the operating
software. Under these conditions the retention thg°F]21 was 33 minutes and a major
radiochemical impurity eluted after 21 minutes. Totl synthesis time was 55 minutes and
the radiochemical yield was 18% (decay correctedh & specific activity of 150 + 15

GBg/umol (at the end of radiosynthesis).
4.11.4. Formulation

Fractions were prepared for injection by dilutiorthna 0.9% saline solution in order to

reach the desired activity concentration (mCi/mL).
4.11.5. Quality Control

Radiochemical purity was determined by analyticBRILE (Agilent 1200 series, Zorbax
Eclipse Plus C18 Column, an, 4.6 x 100 mm; pD:EtOH = 95:5, flow rate = 1 mL/min)
and was greater than 99%. The identity of the camgavas confirmed by comparison of the
radiolabeled peak with the UV peak contributed bg teference standard. Radionuclide
identity was confirmed by GENIE multichannel an&yswith the area of the peak at 511
keV in excess of 97%. In addition, the half-life thie sample was determined by taking
twenty-one activity measurements over a 20 minaterval and the use of the decay
equation. The half-life was calculated to be 108utes. The pH of the sample was measured

with colored pH strips and was found to be 6.9.

4.12. Permanent middle cerebral artery occlusioM@AO)
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Male Fischer rats (250-300 g body weight; Harlaard8lona, Spain) (n = 7) were used
in the study. All experimental protocols adheredttie guidelines of the Animal Welfare
Committee of the Universidad Complutense (followikfy directives 86/609/CEE and
2003/65/CE). Animals were housed individually unde&andard conditions of temperature
and humidity and a 12 hours light/dark cycle (lggbh at 08:00) with free access to food and
water. Rats were anesthetized (isoflurane 1.5-2%00% oxygen) and underwent analgesia
(metamizole 100 mg/kg ip). Body temperature wasntazned at physiological levels with a
heating pad during the surgical procedure and hesist recovery. The permanent cerebral
ischemia model consisted of right pMCAO and of hbobmmon carotid artery occlusion
[40]; after 75 min, the contralateral common caratitery was de-occluded to reduce animal
death rate. In this model, the characteristic ckangf ischemic necrosis are limited to the
parietal and sensory-motor cortex and large indaace reproducibly generated in the right
MCA territory after 24 h of surgery. The injurecear— seen at 3 h after surgery — showed a
variable staining throughout the MCA territory camhg: 1) areas with loss of cytoplasmic
Nissl staining and rounded with swollen neurondilscand 2) areas showing a triangular
morphology with a reduced size of cell body andcpsses, indicating cellular damage, as
reported previously [40]. After the surgery, animalere returned to their cages to recover

from anaesthesia. The animals were then subjestB&T imaging study.

4.13. Positron emission tomography

For in vivo comparison of the hypoxia-imaging compounds, bREBT scans were
performed in a dedicated small animal PET-CT hybsidograph (Albira ARS, Oncovision,
Valencia, Spain). Briefly,'fFJFMISO ([**F]1) or [**F]21 (55.5 MBq in approx. 0.2mL 0.9%
NacCl, i.v.) were injected into animals 30 minutéersurgery. After an uptake period of 150

min, the rats were anesthetized with isofluranes%#.for induction and 1.5% for
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maintenance) and placed on the bed of the scanttethe head centered in the field of view
in a spread prone position to perform a static stopn of 20 minutes. PET acquisition was
immediately followed by a CT scan. After the acgioss, tomographic images were
reconstructed using 3D OSEM algorithm for PET afiéréd back projection for the CT
images. Corrections for decay, death-time, scatted, random coincidences were applied
during the PET reconstruction process. In ordesstimate the degree of the ischemic lesion,

a ["*F]FDG-PET was performed 24 hours after the pMCASxeported previously [40].
4.14. Image analysis and calculation of the uptataperties of the'fF] 21

For imaging analysis, thé’F]JFMISO ([*®F]1) or [*®F]21 scans were co-registered with the
FDG scan of the same animal. For this purpose fhén@ge of the skull from'fF]1 scan
was co-registered to the CT image YF|FDG scan. After the CT images were co-registered,
the spatial mathematical transformation was savetitaen applied to its own fused PET
image as described previously [41]. This proceksvald the correct matching between the
two PET brain images. Due to the unavoidable vditglof the damage generated by the
ischemic surgical process, the simple calculatibft®]FMISO ([**F]1) or [**F]21 uptake in
the brain damage area did not provide a relialdexrof the radiotracer ability to bind to the
hypoxic area. To overcome this drawback, this patamwas calculated as the ratio of the
specific accumulation of tracer to hypoxic areao8rs after the ischemic onset and the level
of metabolic dysfunction in the same area obtai@dours later by using®F]JFDG as a
brain metabolism tracer. To this end, a 4.5%spherical VOI was placed in the center of the
hypoxic area and it was mirrored to the non-aff@éatentralateral brain hemisphere. These
two VOIs were transposed to th®H]JFDG PET images. The standardized uptake values
(SUV) of the hypoxia tracers and®f]JFDG in both two areas were then obtained. This

allowed us to calculate the specific accumulatiérthe hypoxia tracers and the level of
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hypometabolism. Afterwards, for each tracer therat both parameters was obtained (i.e.,
the binding of the tracer in relation to hypometa). This ratio can be considered to be a
valid estimative quantifier of'fF]1 and [°F]21 to specifically accumulate in the hypoxia
area. All of these processes of visualization, emistration, and quantification were
performed using the PMOD 3.1 software (PMOD Tecbgw@s, Zurich, Switzerland). In
order to check iffF]21 was able to follow up the evolution of the hypoaiea, additional

PET scans with this tracer were performed at 91&ndours after ischemic onset.
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Experimental procedures for the synthesis andduodiracterization of compoundsand
23 'H and *C NMR, IR and HRMS spectra of compountis13-19, 21-23. Graph for
toxicity of FMISO (@) and21 in rat embryo cortical neuron cell culture. Seneymarative
radio-HPLC of crude fF]21 showing fractioning. Analytical radio-HPLC of pfied

[®F]21. This material is available free of charge via thternet at http://
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Fig. 3. Scheme for cell toxicity assays in primary cultuoé rat cerebral cortical cells.
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Fig. 4. Dose-response histograms fbrand21 in a rat cortical mixed neuronal culture. A:

Cell viability measured by MTT assay 24 h afteruipation with the compounds. B: Cell

death measured as (LDHe/LDHe+LDHi)*100, 24 h afteubation with the compounds. 0

MM corresponds to vehicle (0.5% DMSO),®3 was used as a control for toxicity under our
conditions. Data represent meanstSD and corresfgoNd= 3 mixed neuronal culture, with

six different wells used for each condition. (LDHxtracellular LDH; LDHi: intracellular

LDH).
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Fig. 6. PET/CT fused images (in coronal, sagittal andsiaxial views) of the same rat
showing the hypoxic area as visualized BF[21 PET (pink arrow; upper row) 3 h after
PMCAO onset and the reduction of the glucose bmadtabolism as detected bYH]FDG
PET (white arrow; bottom row), 24 h after the isoihe procedure. As this figure shows,
there is a good agreement between the hypoxic gpdnmetabolic areas as detected by

[*®F]21 and[*®F]FDG, respectively.

[8F]FMISO [8F]F21

Fig. 7. Six consecutive PET/CT rat brain coronal sectiohpMCAQO injured rats, injected
with [**F]FMISO (1) (left) and [®F]21 (right) obtained 3 h after the ischemic onsetyshg
the accumulation of the hypoxia tracers at thellet¢he damaged brain areas (marked with

white arrows).
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Fig. 8. [*®F]21 PET-CT coronal images obtained 3, 9 and 15 h #feeiischemic onset. The
progress of the hypoxic area can be observed! tasés, the tracet®F]21 was injected 150

min before each PET acquisition.
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5 min; then 1N HCI, 100 °C, 3 min.
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Tables

Table 1

Peak potential of and21 (4 mM)vsAg/Ag’in DMF/TBABF,

Com pd Epcl (V) ? Epc2 (V) ° Epal (V) ¢

1 -1.04 -1.97 -0.97
21 -0.89 -1.64 -0.82

®Epc1: cathodic potential at peak 1.
PEpc2: cathodic potential at peak 2.

“Epal: anodic potential at peak 1.

Table 2

LogPoctywaterand CLoGP values for tracer$-10 and compound®1 and22

Compd 1° 2z 4° 5 6 7 8 9 10 21 22
LogP -0.40 2.87 1.09 028 272 - - - - - - -

(CLogP)! 0.27 1.00 1.94 096 3.26 1.25 -0.19 0.13 2.26 352 1.25 1.79

Ref. 11.
bRef. 12.
°Ref. 14.

dCalculated using licensed Marvin software from Chson.
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Table 3

Relative binding affinities of fF]21 (n = 2) and ¥F]JFMISO (1) (n = 3).

[**F]21 [*°FIFDG [**F]21
SUV? SUV? Binding affinity’
Ipsilateral 1.03 £ 0.250 1.37 = 0.096
Contralateral 0.42 £ 0.001 1.96 £0.189 9.16 + 1.70
Ratio 2.47 +0.580 0.29 +0.120
[**FIFMISO (1) [*°FIFDG [**FIFMISO (1)
SUV? SUV? Binding affinity”
Ipsilateral 0.62 £ 0.019 1.56 £0.117
Contralateral 0.44 +£0.249 2.10 £0.249 594 +0.63
Ratio 1.40 + 0.060 0.25 +0.020

2 Mean + SEM. SUV was assessed at 3 h after thet ofigCAO for [°F]21 and [°F]1,

and at 24 h for'fF]FDG.

P See experimental section for details of the calbor
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Highlights

4-Br-[*®*F]FMIS0 and its precursor 4-Br-NITTP were synthesised

Cyclic voltammetry and neuronal toxicity were studied for 4-Br-FMISO

It ismore easily reduced than FM1SO and it shows similar neuronal toxicity
It crosses more rapidly than FM1SO through brain endothelial cells

4-Br-[*®*F]FMIS0O accumul ates 54% more than [**F]FMISO in ischemic tissue
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Fig. SD.3. Analytical radio-HPLC chromatogram dfff]21 (27.47 min) after purification.



Synthesis of 1-[3-fluoro-2-(oxiran-2-yloxy)-propyl)]-1H-2-nitroimidazole (23)

A solution of NITTP {2) (0.4 g, 0.94 mmol) and CsF (0.428 g, 2.82 mmolgit-amyl alcohol
(3.13 mL) was heated at 120 °C for 3 h. Then tinesb was removed under reduced pressure and
the residue was chromatographed on silica gel usiimg acetate/hexane as eluent to §8€0.21
g) as a yellowish oil. Yield: 82%; REoeyHex 6:4 0.49:'H NMR (300 MHz, CDC}) § 7.18 (s, 1H,
Hs.m, dias. B), 7.13 (s, 2H, 44y, dias. A H.n, dias. B), 7.12 (s, 1H, Hmw, dias. A), 4.85 (dd, 1H]
=14.1 Hz,J = 3.6 Hz, CH-Im, dias. A+B), 4.75 (dd, 1H] = 14.1 Hz,J = 3.6 Hz, CH-Im, dias.
A+B), 4.66—4.22 (m, 5H, Hrpy + CHx-Im + CH,-F, dias. A+B, CH-OTHP, dias. B), 4.15-4.04 (m,
1H, CH-OTHP, dias. A), 3.81 (m, 1Hchkp, dias. A), 3.45 (m, 1H, ke, dias. A), 3.28-3.15 (m,
2H, He.tup, dias. B), 1.71-1.46 (m, 6H,3Hs.11p, dias. A+B) ppm°C NMR (75 MHz, CROD) 6
144.8 (CZn), 127.9 (Chy), 127.7 (C4y), 100.6 (C24p dias A), 96.9 (C24p, dias B), 82.6 (d, 1C,
YJe.r = 172.6 Hz, CHF, dias A), 81.2 (d, 1C)c.r = 172.6 Hz, ChHF, dias B), 75.2 (d, 1G)c.r =
20.7 Hz, CH-OH, dias. A), 71.4 (d, 18c.r = 19.1 Hz, CH-OH, dias. B), 63.0 (g6 dias A), 62.6
(C6rup, dias B), 50.5 (d, 1CJc.e = 7.6 Hz, CH-Im dias. A+B), 30.5 (Cayp dias. A), 30.2 (Cayp,
dias. B), 24.9 (Chyp dias. A), 24.8 (Chyp dias. B), 19.4 (C4sp, dias. A), 19.3 (C44p, dias. B)
ppm; IR ¢max KBr): 3419 (OH), 1596 (C=N), 1465 (N 1364 (NQ), 1365 (SQ), 1177 (SQ)
cm; HRMS (TOF-APCI-POS)mvz calcd forCyiH17FNO4[M] © 274.1203, found 274.1228.

/~  OTHP
NYN\)\/F
ON

23

Synthesis of 1-(1H-2-nitro-imidazol-1-yl)-3-fluor o-propan-2-ol (1, FM1S0)

A mixture of23 (0.185 g, 0.67 mmol), AcOH (2.8 mL), THF (1.45 mdand HO (0.73 mL) was
heated at 65 °C for 4 h. The solvent was removeattrureduced pressure and the residue was
chromatographed on silica gel using AcOEt. Thelteguthick oil was treated with ED to give a
solid which was filtered and dried. Compouh(D.07 g) was obtained as a pale-yellow solid. ¢iel
55%; mp: 108-109 °C; Rfoer; 0.52;'H NMR (500 MHz, CRQOD) § 7.48 (s, 1H, Bm), 7.17 (s,
1H, Ham), 4.76 (dd, 1H,) = 14.2 Hz,J = 3.6 Hz, CH-Im), 4.47 (dd, 2HJy.r = 47.4 Hz,J= 4.6
Hz, CH-F), 4.47 (dd, 1H) = 14.2 Hz,J = 8.6 Hz, CH-Im), 4.23-4.12 (dg, 1HJy.r = 19.6 Hz J=
4.4 Hz, CH-OH) ppm*C NMR (75 MHz, CROD) 6 146.2 (C2.), 128.9 (C%), 127.8 (C4),
85.1 (d, 1CNc.r = 171.5 Hz, CHHF), 69.4 (d, 1C%Jc.r = 19.9 Hz, CH-OH), 52.3 (d, 1C)cr =
7.5 Hz, CH-Im) ppm; IR §max KBr): 3255, 2951, 2420, 1537, 1490, 1509, 1366 cHRMS



(TOF-APCI-POS):nvz calcd for CgHgFN3O3 [M] ™ 190.0628, found 190.0615; Anal ff@sFN3Ox3)
theoretical: C, 38.10; H, 4.16; N, 22.22. Found38.34; H, 4.38; N, 22.03.

/§\ OH
N\ F
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ACCEPTED MANUSCRIPT

HRMS (TOF-ESI-POS) compouniB

W +TOF MS: 0.157 to 0,282 min from ENA-483-ES| TOF pos masa exacta.wiff Agilent, subtracted (3.161 to 4.859 min) Max. 1.9e5 counte !

267.9756

1.9e5 Br
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1.6e5 OH

1.5e5
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! 5220176 | 559.9563
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'H-RMN (300 MHz, CRROD) compound.5
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BC-.RMN (125 MHz, CDC}) compoundL5
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ACCEPTED MANUSCRIPT

HRMS (TOF-ESI-POS) compountb

B TIC of +TOF MS: from ENA-363-T-20-25ESI-TOF pos masa exacta.wiff

H / N&\NOZ

OTs

8.666 421.97

8.066 |
70e6- | |
6.0e6
5066 |

4.0e6

Intensity, cps

3.0e6

0.0 T T T T T T T T T T T T
18 20 22 24 26
Time, min

2.8

3.0

Max. 8.6e6 cps.

e S R R T T
32 34 36 38 40 44 46 48 50

| M +TOF MS: 0.688 min from ENA-363-T-20-25ESI-TOF pos masa exacta.wiff Agilent, subtracted (2.618 to3.905 min)
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1.0e5 |
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8.0e4
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| 1
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|
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ACCEPTED MANUSCRIPT

'H-RMN (300 MHz, CRROD) compound.7
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IR (KBr) compoundl?7
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HRMS (TOF-APCI-POS) compountl’

9.7¢6
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'H-RMN (300 MHz, CRROD) compound.9

Br
N
H’%N)'\NOZ

OTHP
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1 {ppra)
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HRMS (TOF-ESI-POS) compount®d

x10 &

9.5 1
8.5+

7.5+

+ TIC Scan ENA-701-T-3-6-ESI-TOF-pos masa exacta.d

Br
N
H / N»\No2

THP

£ N | NS IS (NG WOSPV | WUUUA OWS | SONG) VAN |V N PN O s | S| Y |

01 0.2 0.3 04 05 06 0.7 0.8 09

i

T 12 13 14 15 16 17 18 19 2 21 2.2 23 24 25 26 27 28 29 3 31 32 33 314 35 36 37 3.8 39 4 41 42 43 44 45 46 47 48 49 5
Counts vs. isition Time (min)

Best

Mame

Foimdla Mass (Tal hass [DE] Mass (MFG)

Score (MFG)

Scome [MFG, MS

lor Foimula | miz Height | Score (MFG, M54 | Score (MFG, mass | Score (MFG, abund) core [MFG, iso. spa |
|c1iHieBiFNZOs | 3520303 264963 |95f73 TR |9573 e SRl s |S§D_8 |98.84 R | 9OT it ]
- m/z[Calc] | miz [ Diff {ppmi | ~ Diff jmDa] _ Height[Cale) | Height Sum# [Cale | Height % (Calc] Height Height %
- | 3520303 3520315 356 T 24965 44 100 | SR e
3530332 353.0348 -4.6 -1.6 37985 3 5:9 133 3688.2 12.8
354.0283 354.0294 -2.88 e 281833 ¢ 436 98.9 23410 98.4
355.0312 355.0332 -5.57 2 37351 5.8 1321 3305 11.5
356.0333 356.0345 339 52, 458.6 07 16 399 14
- [357.0357 357.0298 16.4 5.9 331 0.1 0.1 54.1 0.2
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ACCEPTED MANUSCRIPT
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. , [ — —T — 1
140 Lan 120 110 1on a0 an o G0 ppm

21



ACCEPTED MANUSCRIPT

IR (KBr) compound21
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HRMS (TOF-APCI-POS) compounzil

[H TIC of +TOF MS: from ENA 222 APCI pos masa exacta2.wiff - - Max. 3.9e6 cps..
5628 222.96
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Time, min
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'H-RMN (300 MHz, CRROD) compound.4

24



BC.RMN (125 MHz, CDC}) compoundl4
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IR (KBr) compoundl4
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ACCEPTED MANUSCRIPT

HRMS (TOF-ESI-POS) compounth

x10 8+ TIC Scan ENA-722-(28-05-2012)ESI-TOF-pos masa exacta.d OH
1 - ’ s 55

45+

4

354

34

254

010203040506070809 1 11121314151617 1819 2 212223242526272829 3 313233343536373839 4 414243444546474849 5 51525354 555657 5859 6
Counts vs. Acquisition Time (min)

Be.

Form Diff [ppen) Diff [a P Diff [

core (MFG, mass

CEHBB2 N304 345.8856 [ 11934 91.62 91.62 | 9977 | 728 9659

Score (MFG, abund)]

3438876 343.8847 833 283 727 236 51.1 7709 E18 25
344.89m 3448323 81 -2.8 56.9 18 4 745 6 24
345.8856 345.8845 31 11 1422.4 461 100 12484 100 40.5
346.8881 3468853 an3 28 1.3 36 78 1017 81 33
347.8837 347.8834 067 02 703.4 228 495 668.8 53.6 21.7
348.8661 348.8853 230 08 549 18 38 11986 96 39
349.888 3438346 -18.86 66 76 02 05 995 8 32
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'H-RMN (300 MHz, CRROD) compound.6
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BC-.RMN (125 MHz, CDC}) compoundL6
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IR (KBr) compoundl6
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ACCEPTED MANUSCRIPT

HRMS (TOF-ESI-POS) compountb

Br: / >\N02

425 E Ts

4 . OH

Br
x10 8+ TIC Scan ENA-724-ESI-TOF-pos masa exacta.d

01020304 0506070809 1 111213 14151617 18 19 2 212223 242526272829 3 31323334 353.6373839 4 414243444546474849 5 51525354 5556575859 6
Counts vs. Acquisition Time (min)

Mar Forrnula

I8) Mass (MFG) Diff {pipra] 0

abs. ppm Diff [mDa)

lan Fo /2 Scare [MFG) Se E i S0 i 5 3
C13H14B2N30ES 439.8944 133036 931 931 99.58 97.61 I
497 8965 497.8991 5.4 2.7 B246.6 207 496 6079.5 454 201
498.8992 438.9M16 -4.65 23 1020.4 34 a1 9835 66 29
499.8344 499.8961 -3.38 17 12587.9 LIRS 100 133869 100 443
5008972 500.8988 -3.28 16 2045 68 16.2 1848.4 138 6.1
501.8925 501.8345 3493 -2 6765.8 224 537 £581 492 218
502.8952 502.8976 -4.84 -2.4 1082.8 36 86 10143 76 34
503.8916 503.8345 574 28 4285 14 34 3716 28 12
604.8936 504.9008 1418 7.2 583 02 05 Ed.1 05 0.2
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'H-RMN (300 MHz, CRROD) compound.8
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BC-.RMN (125 MHz, CDC}) compoundL8
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IR (KBr) compoundl8
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ACCEPTED MANUSCRIPT

HRMS (TOF-ESI-POS) compourtB

b 4 File v Mass v

Base Peak W m/z 7 Polarity v Aea W Width W7 Abund ¥ score W

Diff (abs. ppm) 3 w Mass k4 v Diff lppm) W T g
| 89| | | C18H21B2N3.. | 580.9463| 95.96 069| 0,166 580.9
Heiaht e ; v i
3 | 9122| el 583.952
581954 083 581.9545 4711 49.9 193 05
582.9569 478 582.9597 1453 155 3 28
583952 0.09 583952 9432 100 87 01
584.9543 113 584.9556 231.4 245 95 0.7
5859502 01 5859503 5096 54 209 -0
586.9529 1.04 586.9523 8.7 92 38 06
587.9502 7.03] 587.9543 50.7 5.4 21 41
v s e ri'z v
5 154 (M+K)+| £21.3079
£21.9079 549 6219113 1543 9.7 409 3.4
622.9108 1,93 622,912 6.5 423 176 a2 Br
23,9061 342 6239144 157 100] 415 84 N
Hiight v 5 iz B / »\N o
r
3 7901.3] (M+Naj+] 505,934 N 2
6039353 052| £03,9362 3779 463 181 03 OTs
£04.383 0.6 604.9333 7758 98 38 0.4 THP
£05.934 072 £05.9335 7951 6 100 331 0.4
606.9368 0.23 606,937 1593.4 201 7.9 01
607.9221 1.03 607.9315 46318 58.2 228 06
608.9343 216 6089362 9285 117 46 13
609.9322 -2.31 £09.9336 7507 94 37 4]
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BC.RMN (125 MHz, CDC}) compound22
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IR (KBr) compound22
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ACCEPTED MANUSCRIPT

HRMS (TOF-ESI-POS) compouriP

x104 |Cpd 1:: + EIC(173.4453, 174.4443, 175.4433, 345.8833 ...) Scan ENA-727-ESI-TOF-pos masa exacta.d

525
5 0.155
475
45
425]
4-
375+
35
325
34
275
25
2.25{
2

Br

Br / N)\NOZ

OH

010203040506070809 1 111213141516171819 2 212223242526272829 3 313233343536373839 4 414243 444546474849 5 515253545556575859 6
Counts vs. Acquisition Time (min)

Show/Hide Farmiula W Diff[Tat, ppm] File hé Mass §7d miz V¥ Polaity ¥ Abund ¥ Score W Diff (Tat, mDa] ¥ Score (Tgt] W
Diff (abz, ppra) Best v Marme kT Diff (D= kd Formula W Mass T Scom Diff [ppm) 7 RT ¥ Mass(Tatl 7 Geoe(Tg) W
| 1379]% | | 476 CBHBR2FNI03| 344.8808 75| 1378 0.155| 3449 575
Height aTd Species b 'z A
4 | 5745.2| (M+H)+ | 347.8813]
345.8833 -13.46 345.8879 3448 54.8 247 4.7
346.8858 48,15 346,891 283 4.5 2 5.3
347.8813 13281 347,886 B292.6 100 451 4.7
348.8838 1612 348.8834 517.5 82 37 LA
349.8793 146 349.8844 30671 487 22 5.1
350.8818 -15.24 3508871 2741 44 2 5.3
351.8837 1114 351.8876 62.8 1 0s 39

39



'H-RMN (300 MHz, CRROD) compound3

il
M«wm)‘* vt

T T T
7

40



3C-RMN (125 MHz, CDC}) compound23
[)\Noz

OTHP
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'H-RMN (300 MHz, CRROD) compoundL
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BC.RMN (125 MHz, CDC}) compoundL
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