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9-Substituted analogues of (-)-cytisine were synthesized in high yields via palladium-mediated couplings of either 9-(-)-bromocytisine and
organostannanes or 9-(-)-trimethylstannylcytisine and fluorobromobenzene. The protection of the amine with a nitroso group and the use of
PdCI,(PPhs), to carry out the Stille reaction allowed the rapid synthesis of 9-(4'-[*8F]fluorophenyl)cytisine (*F: t;, = 109.7 min), a new promising
radioligand (radiochemical yield: 10% from [*8F]KF, 150 min, four steps) for positron emission tomography studies of a8, nicotinic receptors.

Nicotinic acetylcholine receptors (nAChRs) are involved in due to their toxicity (i.e.,F]fluoroepibatidine) or their high
the various physiological effects observed with nicotine. nonspecific binding (i.e.N-[*!*C]methylcytisine), none of
Accumulating evidence suggests that compounds that activatehese ligands are ideally suited for PET imaging studies of

neuronal NAChRs may be of therapeutic valudoreover, the human brain. It is therefore crucial to develop a
the nAChR densities are altered in various pathologies such
as Alzheimer’s and Parkinson’s disea3éss a result, the () (8) Muzic, R. F.; Berridge, M. S.; Friedland, R. P.; Zhu, N.; Nelson,

. . L . . .. A. D. J. Nucl. Med 1998,39, 2048. (b) Sihver, W.; Fasth, K. J..gén,
in vivo quantitation of receptors using positron emission \ ; ivehed, H.; Bergstrom, M.; Nordberg, A.; Watanabe, Y.; Larigstro
tomography (PEP)has attracted tremendous interest as a B. J. Neurocheml998,71, 1750. (c) Kassiou, M.; Scheffel, U. A.;; Ravert,

. . . _ . H. T.; Mathews, W. B.; Musachio, J. L.; London, E. D.; Dannals, R. F.
tool to investigate the role of the nicotinic system in | dci1998 63, PL13. (d) Valette, H.: Bottlaender, M. Dolle, F.: Dolci,

neurodegenerative diseaddRecently, several radioligands  L.; Syrota, A.; Crouzel, CNucl. Med. Commurl997,18, 164. (e) Patt, J.
; ; ; ; T.; Spang, J. E.; Westera, G.; Buck, A.; Schubiger, PNAcl. Med. Biol.

have been prepared to visualize NAChRS in vivo by PET 4 P7d9, .m0 Bt (o s el U Kimes, A, S.: Musachio, J.
or single photon emission tomography (SPEHowever, L.; Ravert, H. T.; Mathews, W. B.; Zhan, Y.; Finley, P. A. London, E. D.;
Dannals, R. FJ. Med. Chem1998,41, 4199. (g) Ding, Y. S.; Molina, P.

(1) For a review on nAChRs as targets for drug discovery, see: Holladay, E.; Fowler, J. S.; Logan, J.; Volkow, N. D.; Kuhar, M. J.; Carroll, F. I.
M. W.; Dart, M. J.; Lynch, J. KJ. Med. Chem1997,40, 4169. Nucl. Med. Biol.1999,26, 139.

(2) (a) Williams, M.; Sullivan, J. P.; Arneric, S. Prug News Perspect. (6) (a) Saji, H.; Watanabe, A.; Magata, Y.; Ohmomo, Y.; Kiyono, Y.
1994,7, 205. (b) Perry, E. K.; Morris, C. M.; Court, J. A,; Cheng, A.; Chem. Pharm. Bull1997,45, 284. (b) Musachio, J. L.; Villemagne, V. L.;
Fairbairn, A. F.; McKeith, I. G.; Irving, D.; Brown, A.; Perry, R. H. Scheffel, U.; Stathis, M.; Finley, P.; Horti, A.; London, E. D.; Dannals, R.

Neurosciencd 995,64, 385. F. Synapsdl 997,26, 392. (c) Musachio, J. L.; Scheffel, U.; Finley, P. A;;
(3) Fowler, J. S.; Wolf, A. PAcc. Chem. Red.997,30, 181. Zhan, Y.; Mochizuki, T.; Wagner, H. N. J.; Dannals, R.LFe Sci.1998,
(4) Maziere, M.Pharmacol. Ther1995,66, 83. 62, PL351.
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radiotracer to allow for mapping of these receptor sites in
vivo. With this aim, we have envisaged structural modifica-
tions of (—)-cytisine 1la (Scheme 1). Surprisingly, the
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(i) (@) HSOy, HNO;s, 1t, 5 h,6a: 77%;7a: 11%. (b) AgO,
DMAP, pyridine, rt, 12 h;6b: 100%. (ii) H, Pd/C, MeOH, rt, 4
h, 9b: 100%. (iii) NHyNOs, TFAA, CHCI,, rt, 16 h,8b: 70%.
(iv) NaNO,, HBF,; 10b: 71%. (v) NBS, DMF, 30 min, rtlilc:
57%,12c: 17%,13c: 2%; NBS, CHCI,, 4 h, 0 °C;11d: 50%;
CR;COOAg, b, CH,Cl,, 0°C thenrt, 12 hl4c: 55%;14d: 50%.
(vi) (Me3Sn), Pd(PPh)4, dioxane;15d: 70%. (vii) P4, HMPA or
dioxane (cf Table 1).

chemistry of this alkaloid, extracted from many Legumino-
sae’ is not well documented. It has been limited until

of 9-methylcytisine2a. Since the time for cytisine to reach

a maximum concentration in mouse brain is relatively long
(30 min)!® the syntheses of 9-(4'-fluorophenyl)cytisiBa

and allyl and vinyl cytisinetaandba, respectively (Scheme
1), precursors of fluoroethyl or fluoropropyl chains, were
also envisaged. Possible hypoglycemic and antiinflammatory
activities of cytisiné® and the development of cytisine
analogues for the treatment of neurodegenerative deseases
prompted us to report our preliminary results on the synthesis
of pyridone-substituted cytisines and on the radiosynthesis
of 9-(4'-[*8F]-fluorophenyl)cytisine F]3a.

The most common method for introducing a fluorine-18
atom onto an aromatic ring is nucleophilic substitution of a
nitro (or trimethylammonium) group for a fluoridé9-Nitro-
cytisine6b (R, = COMe, R = H) and 9,11-dinitrocytisine
8b (R, = COMe, R = NO) were prepared in 77% and
54% vyields from (~)-cytisine easily extracted froiabur-
num anagyroideseeds? All attempts of radiofluorinations
([*®F]KF/K 22, DMSO, 15 min, 150°C) of these nitro
compoundsb and 8b failed.

The Balz—Schiemann reaction is another route for syn-

thesizing fluoroaromatic or heteroaromatic compoufidsd

the pyrolysis of {¥F]tolyldiazonium fluorotrichloroborate was
shown to be a possible route tt5H]fluorotoluene?® at a no
carrier added state. Tetrafluorobora@b was prepared from
the corresponding amin@b. Its heating neat or in the
presence of KR at 200 °C, under reflux of xylené3
dichloromethané? DMSO, and HBE, or in the presence of
copper® gave only tars.

Less than 10% of cytisingéa was formed from reduction
of the diazo group. The presence of a carbonyl group ortho
to the diazonium group could explain this thermal behatfor.
These results led us to develop the preparation of fluoroalkyl
or aryl derivatives of cytisine.

Introduction of an alkyl, alkenyl, aryl, or heteroaryl group

9 i i ) ;
recently° to reactions on the secondary amine and to a few to the carbony! group of 2-pyridones is not well documented.

electrophilic substitutions on the pyridone rity.
Owing to its nanomolar affinify} and its high selectivity
toward theayf, receptor subtype's, (—)-cytisine is often

used as a reference ligand in the studies of the nicotinic

neurotransmission. Its long half-life in vivo compared to that

of nicotine® and its ability to cross the blood-brain barrtér,

make cytisine a good candidate for PET studfes.
Carbon-111,: 20.4 min) and fluorine-18{;: 109.7 min)

(13) Sloan, J. W.; Martin, W. R.; Bostwick, M.; Hook, R.; Wala, E.
Pharmacol. Biochem. Beha1988,30, 255.

(14) (a) Lippiello, P. M.; Caldwell, W. S. US 5242,916, 19%hem.
Abstr. 1993,119, 217429g. (b) Romano, C.; Goldstein, A.; Jewel, N. P.
Psychopharmacolog$981,74, 310.

(15) Flesher, J. E.; Scheffel, U.; London, E. D.; Frost, lifé¢. Sci.1994,

54, 1883.

(16) (a) Murakoshi, I.; Fujii, Y.; Takedo, S.; Arai, J Japanese Patent

04-295480, 1992Chem. Abstr1993,118, 45733. (b) Murakoshi, 1.; Fuijii,

are the most common positron emitters used to develop PETY.; Kawamura, H.; Marayama, H. Japanese Patent 04-295479, CH8.

radiotracers. The difficulty in designing a rapid synthesis of

Abstr.1993,118, 45734.
(17) Fowler, J. S.; Wolf, A. P. IPositron Emission Tomography and

[C]cytisine and the need to keep unprotected the secondaryutoradiography : Principles and Applications for the Brain and Heart

amine function of cytisine led us to develop first the synthesis

(7) Leonard, N. J. InThe alkaloids; Manske, R. H. F., Holmes, H. L.,
Eds.; Academic Press: New York, 1953; Vol. 3, pp $199

(8) O'Neill, B. T. PCT Int. Appl. WO98 18,798, 199&hem. Abstr.
1998,119, 4774k.

(9) Canu Boido, C.; Sparatore, Farmaco1999,54, 438.

(10) (a) Nitration: Demushkin, V. P.; Kotelevtsev, Y. Biorg. Khim.
1982, 8, 621. (b) Bromination and chlorination: Orjales, A.; Ribas, I.;
Varela, A.An. Quim.1972,68, 1419.

(11) Anderson, D. J.; Arneric, S. Eur. J. Pharmacol1994,253, 261.

(12) (a) Pabreza, L. A.; Dhawan, S.; Kellar, KMol. Pharmacol 1991
39, 9. (b) Glennon, R. A.; Dukat, Med. Chem. Re4.996, 465. (c) Hall,
M.; Zerbe, L.; Leonard, S.; Freedman, Brain Res.1993,600, 127.
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Phelps, M., Maziotta, J., Schelbert, H., Eds.; Raven Press: New York, 1986;
p 391 and references therein.

(18) (a) Lecoq, HBuIll. Soc. Chim. Fr.1943, 153. (b) El-Shazly, A.;
Sarg, T.; Ateya, A.; Aziz, E. A.; Witte, L.; Wink, MPharmaziel996,51,
768.

(19) Roe, A.Org. React.1949,5, 193 and references therein.

(20) Kndchel, A.; Zwernemann, G\ppl. Radiat. 1sot1991,42, 1077.

(21) Minor, J. T.; Hawkins, G. F.; VanderWerf, C. A.; Roe, A.Am.
Chem. Soc1949,71, 1125.

(22) Newman, M. S.; Lilje, K. CJ. Org. Chem1979,44, 1347.
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(24) Leznoff, C. C.; Svirskaya, P. I.; Yedidia, V.; Miller, J. M.
Heterocycl. Chem1985,22, 145.

(25) Bergmann, E. D.; Bentov, Ml. Org. Chem1954,19, 1594.
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Table 1. Cross-Coupling Reactions of Organostannanes with 9-Halocytisine

Entry Starting Reagent Catalyst Solvent Temp  Time  Product Yields
a1 0 Material Ligand or additive “C) (h) (%)
Ry R,
1 NO I 14d MesSn CIPdBn(PPhs), HMPA 60 12 24d 25
2 NO I 144 MeaSn PACI(MeCN), " 60 24 2d 23
3 NO Br 11d MesSn CIPdBn(PPh;); " 60 24 2d 60
4 NO Br 11d MesSn CIPdBn(PPhs3); " 80 12 2d 60
5 NO Br 11d Me,Sn CIPdBn(PPhs), " 120 0.25 2d 81
6 NO Br 114d BuzSn(allyl) CIPdBn(PPhs), " 120 0.5 4d 55
7 NO Br 11d Bu3Sn(vinyl) PdC1,(PPh3), dioxane 120 1 5d 70
8 NO Br 114 BusSn(vinyl) PdClx(MeCN), HMPA 60 48 5d (100)®
9 NO I 14d Sn(vinyl)s PdC1,(MeCN); " 60 12 5d (100)®
10 CO;Me MesSn 15¢ 4-F-C¢H4-Br Pd,(dba);, AsPPh; dioxane 101 60 3¢ 37
11 CO;Me MesSn 15¢ 4-F-CsH4-Br PdCl(PPhs),, LiCl " 101 12 3¢ 72
12 NO  MesSn 15d 4-F-C¢H4-Br PdClz(PPhs),, LiCl " 101 12 3d 68

a|n parentheses: not isolated. HPLC showed the complete conversion of the starting matedial to

The Friedel—Crafts reactidh and UV irradiation in the derivatives have a higher affinity toward thgs, NnAChRs
presence of a heterocyclic compodhHave been reported than their 11-regioisomers.

along with a few Heck reactioffsand Stillé® and Suzuld The reaction of 9-iodo- or 9-bromocytisinédd or 11d
couplings. With these palladium-catalyzed reactions of with tetramethyitin, tri-abutylallyltin, tri-n-butylvinyltin, or
halides with organometallic compounds being some of the tetravinyltin were carried out at different temperatures{60
most straightforward methods currently available for carbon 120 °C), times (0.25-48 h), and solvents (HMPA, DMF,
carbon bond formatio®?, the cross-coupling reactions of dioxane) using CIPdBn(PRl, PdCh(MeCN),, or PdC-
9-halogeno- or 9-trimethylstannylcytisine was envisaged for (PPh), as the catalyst (Table 1)-Nitroso-9-methylcytisine
the preparation of the target compounds. Th@rotected  2d was obtained in more than 80% yield when the cross-
9-bromocytisines1llc and 11-bromocytisinesl2c were coupling reaction of tetramethylstannane with the bromo
obtained in 57 and 17% yields, respectively, by reaction of compound11d was carried out at 126C using a short
cytisine 1c with N-bromosuccinimide (NBS) at @C. The reaction time (15 min) (entry 5). Under the same conditions
ratio of the 9- and 11-regioisomers was shown to be strongly (entry 6), the coupling of tri-butylallylstannane witi1d
dependent on the solvent [relative ratidc/12c/13c: 73/ was less efficient (55%), but no conjugaison of the double
23/2 (DMF), 72/19/9 (MeCN), 65/31/4 (GBl,), 75/18/5 bond was observed. The use of P4EPh), led to 9-vinyl-
(H20, H"), 85/15/0 (THF)]. Similar results were obtained cytisine 5d in 70% yield (entry 7). Finally, reaction of
whenN-nitrosocytisineld was treated with NBS\-Nitroso iodocytisine 14d with hexamethylditin in dioxane in the
9-iodocytisinel4d was prepared in 50% yield by treatment presence of Pd(PR* yielded stannylcytisinel5d. The

of the N-protected cytisind.d with iodine in the presence  cross-coupling reaction df5d with 4-fluorobromobenzene
of silver trifluoroacetaté? Partial biological evaluatiof of afforded 9-(4'-fluorophenyl)cytisine in yields of up to-65
the synthesized compounds showed that the 9-substituted70%. The use of Pdg@PPh) in the presence of an excess

of LiCI3%® (Table 1, entries 11 and 12) was shown to be
(27) Saidova, F. M.; Binchkauskas, V. S.; Khorev, S. G.; Enikeev, E. ; 37

Y. J. Org. Chem. USSR (Engl. Trans981,17, 353. superior to Pgldbajy/AsPPh. .
(28) Meng, J.-B.; Shen, M.-Q.; Wang, X.-H.; Kao, C.-H.; Wang, R.-J.  The incorporation oféF into organic compounds presents

J. Heterocycl. Chenil 991,28, 1481. . . .
(29) (a)yEarL R. A.. Vollhardt, K. P. CJ. Org. Chem1984,49, 4786. many challenges including the need to synthesize and to

(b) Barr, S. A.; Neville, C. F.; Grundon, M. F.; Boyd, D. R.; Malone, J. F.;  purify the compounds within a-23 h time frame and the

Evans, T. A.J. Chem. Soc., Perkin Trans.1D95,4, 445. (c) Snyder, L.;  need to work on a microscale. Moreover, PET studies using
Shen, W.; Bornmann, W. G.; Danishefsky, SJJOrg. Chem1994,59, . . . . .
703. high specific activity tracers require the use BF|fluoride
2 9()?éo) Devadas, B.; Rogers, T. E.; Gray, S.$ynth. Commuri995,25, as the fluorine-18 source. Recently, we and otfieflsowed
199.
(31) Timari, G.; Soos, T.; Hajos, Gynlett1997, 1067.
(32) Knight, D. W. In Comprehensive Organic Synthesis; Trost B., (35) Stille, J. K.Angew. Chem., Int. Ed. Endl986,25, 508.
Fleming, I., Eds.; Pergamon Press: New York, 1993; VVol. 4, pp48b. (36) Fugita, M.; Oka, H.; Ogura, Kletrahedron Lett1995,36, 5247.
(33) Merkushev, E. BSynthesid988, 923. (37) Farina, V.; Krishnan, BJ. Am. Chem. S0d.991,113, 9585.

(34) Affinities and selectivities of the synthesized compounds were (38) (a) Allain-Barbier, L.; Lasne, M. C.; Perrio-Huard, C.; Moreau, B.;
measured by Samir Jegham and Olivier Curet, Synthelabo, Bagneux, FranceBarrg L. Acta Chem. Scand.998,52, 480. (b) Forngren, T.; Andersson,
and the data will be published in due time. Y.; Lamm, B.; Langsttm, B. Acta Chem. Scand.998,52, 475.
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the possibility of carrying out rapid and efficient Stille
couplings with 4-féF]fluorobromobenzenéqF]16. This led
us to study the synthesis of 94#uorophenyl)cytisine TF]-
3a using the strategy depicted in Scheme 2¥HFluoro-
bromobenzene was prepared in two steps fréfR]KF/
Kryptofix22238 Its reaction with15d was studied under
various conditions (Table 2).

Table 2. Cross-Coupling Reactions of
4-[*8F]Fluorobromobenzene and 9-Trimethylstannylcytisifel

entry catalyst solvent? time (min) RCY (%)°
1 Pd,(dba); AsPh; DMF, dioxane 10 27
2 Pd(PPh3)4 DMF, dioxane 10 68
3 PdCl,(PPhs), dioxane 15 56—74¢

a All the reactions were carried out at 12C. ® Radiochemical yield
decay corrected from 44F]fluorobromobenzen€. Three runs.

The results are in good agreement with those obtained

times (10—15 min vs 12—60 KY.Rapid denitrosation of
[*8F]3d afforded 9-(4'-f8F]fluorophenyl)cytisine F]3ain
6—10% radiochemical yield, corrected for decay (150 min
total time synthesis) fromF]KF. Work is in progress to
measure the specific radioactivity of this new radiotrd€er.
In summary, we have reported an easy transformation of
cytisine to a range of 9-substituted derivatives. The key step
was the Stille cross-coupling reaction of halogeno- or tin-
substituted cytisine derivatives. The reaction can be per-
formed under very constraining conditions compatible with
the use of short-lived isotopes: short reaction times, sub-
micromolar amounts of the heteroaryl bromide, large excess
of reagents, and very rapid and efficient removal of a nitroso
protecting group. Using those conditions we have prepared
9-(4-[*®F]fluorophenyl)cytisine, which will allow the in vivo
study of a4, nicotinic receptors via PET imaging. Com-
poundsl1 andl5 described here will be used as precursors
for the synthesis of 9-{fC]methyl)cytisine. Vinyl and allyl
cytisines4 and 5 will be functionalized in order to access
9-([*8F]fluoroethyl)- and 9-(BF]fluoropropyl)cytisines.
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details for the syntheses reported. This material is available
free of charge via the Internet at http:/pubs.acs.org.
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(39) N-Nitroso  9-(4-8F]fluorophenyl)cytisine and 9-(44F]fluoro-
phenyl)cytisine were characterized by comparison of tRewr retention
times with those of authentic samples in radio-TLC and/or HPLC.

(40) The radioactive experiments were carried out with 185 MBé&61{

KF. Under these conditions, no attempt was made to measure the specific

using stable isotope chemistry with much shorter reaction radioactivity.
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