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reagents (whether assisted by Li® or not®) from that hemisphere
about the dimer which does not enclose the bulkier groups.?? Even
the poorer enantioselectivity of the Z-(CaCf) imine anions® may
be explained without?® recourse to dechelation,® because CS
substituents in cis relation to the nitrogen alkyl! substituents would
force the face-differentiating groups further away from the re-
acting C8 atom.
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The discovery that 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP, 1), present as an impurity in an illicit narcotic prepa-
ration, produced an irreversible Parkinson’s Disease (PD) syn-
drome in man! has led to vigorous research aimed at elucidating
the molecular mechanisms responsible for this effect.?® As in
PD, MPTP neurotoxicity is associated with the selective de-
struction of the substantia nigra, a pigmented (neuromelanin)
dopaminergic cell group at the base of the brain. The finding that
monoamine oxidase B (MAO-B) inhibitors protect against this
effect’ suggests that oxidized metabolites of MPTP are responsible
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for neurotoxicity. MPTP is oxidized by MAO-B in the brain to
1-methyl-4-phenyl-2,3-dihydropyridinium (2,3-MPDP™, 2) 2 which
is ultimately converted to 1-methyl-4-phenylpyridinium (MPP*,
3), the major metabolite detected in brain tissue (eq 1).° Although
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MPP* has recently been shown to be a potent cytotoxin in its own
right,!0 it is not definitively known if it is entirely responsible for
MPTP neurotoxicity. It is also conceivable that 2,3-MPDP* is
neurotoxic, perhaps via a catalytic redox cycle in which it oxidizes
dopamine to cytotoxic dopamine quinone and then is regenerated
by MAO,? or through its action as an alkylating!! and/or oxidizing
agent toward biological nucleophiles (e.g., thiol enzymes). A direct
assessment of the neurotoxicity of 2,3-MPDP* is complicated by
its rapid oxidation in biologica! tissue to MPP*,!2 and an evaluation
of its potential physiologically relevant chemistry is hampered by
its redox disproportionation at pH 7 to equal amounts of MPTP
and MPP* 313 For these reasons we synthesized the geminal
3,3-dimethyl analogue of 2,3-MPDP* (3,3-DM-MPDP*, 4) !4
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1985, 59, 135. (b) Bradbury, A. J.; Costall, B.; Jenner, P. G.; Kelly, M. E.;
Marsden, C. D.; Naylor, R. J. Neurosci. Lett. 1985, 58, 177. (c) Bradbury,
A. J.; Costall, B.; Domeney, A. M_; Jenner, P.; Kelly, M. E.; Marsden, C. D.;
Naylor, R. J. Nature (London) 1986, 319, 56. (d) Mytilineou, C.; Cohen,
G.; Heikkila, R. E. Neurosci. Lett. 1985, 57, 19.
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Helv. Chim. Acta 1984, 67, 2037, (b) Fritz, R. R.; Abell, C. W.; Patel, N.
T.; Gessner, W.; Brossi, A. FEBS Letz. 1985, 186, 224.

(13) Gessner, W.; Brossi, A.; Shen, R.-S.; Abell, C. W, FEBS Lert. 1985,
183, 345.

(14) 1,3,3-Trimethyl-4-piperidone!® was reacted with phenyllithium, and
HCl-mediated dehydration of the resulting tertiary carbinol gave 4-phenyl-
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which should exhibit similar chemistry to that of 2,3-MPDP*,
except for its inability to deprotonate to an enamine or be oxidized
to a pyridinium species. The studies discussed below suggest that
2,3-MPDP* is unlikely to play a major neurotoxic role.!6

Although it was previously reported!® that dopamine does not
react with 2,3-MPDP* at pH 5.0-7.6, a slow reaction could have
been masked by the inevitable redox disproportionation of 2,3-
MPDP~ in this pH range.!” Nonetheless, we found that 3,3-
DM-MPDP*, which is stable at pH 7,1% also gave no reaction with
dopamine or even with the more easily oxidized 3,5-di-tert-bu-
tylcatechol® or pyrogallol.?!

The cyclic voltammograms?? of 2,3-MPDP™* and 3,3-DM-
MPDP* show only a single, one-electron reduction wave with
values of £, equal to —0.605 and —0.649 (pH 4) and —0.605 and
-0.613 (pH 7) V vs. NHE, respectively.? The absence of a
corresponding anodic wave on the reverse scan is attributed?? to
the known EC process for reductive coupling (radical dimerization)
of iminium compounds.?® The close similarity of the redox be-
havior of 2,3-MPDP* and 3,3-DM-MPDP* makes it evident that
the 3,3-dimethyl substitution in the latter does not perturb the
electronic properties of the dihydropyridinium ring. Although
E, and E° values are not directly comparable,”’ the fact that the
above E, values are more negative than the £° value reported
for dopamine (+0.35 V vs. NHE, pH 7)? by nearly 1 V, provides
thermodynamic confirmation of the observed lack of redox re-
activity between dopamine and 2,3-MPDP*.

With regard to the reactivity of 2,3-MPDP* as an electrophile,

(16) Presented in part at the 17th Central Regional ACS Meeting, Akron,
OH, June 6, 1985, paper 98, and the 190th National ACS Meeting, Chicago,
Sept 8-13, 1985, Abstr ORGN 130.

(17) In fact, the rate of disproportionation of 2,3-MPDP*, as followed by
UV spectrophotometry, was found to increase with increasing dopamine
concentration.

(18) At higher pH values (10-11), 3,3-DM-MPTP* undergoes a
“pseudobase redox disproportionation” (eq i), observed previously for iso-
quinolinium cations."®
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(19) Bunting, J. W.; Kabir, S. H. J. Org. Chem. 1978, 43, 3662.

(20) Ryba, O.; Petranek, J.; Pospisil, J. Coll. Czech. Chem. Commun.
1965, 30, 2157.

(21) Ball, E. G.; Chen, T. T. J. Biol. Chem. 1933, 102, 691.

(22) Cyclic voltammetry (CV) values for the cathodic peak potentials (E,)
were measured in H,O at a glassy carbon working electrode vs. SCE at p
4 (citrate buffer) and pH 7 (phosphate buffer), scan rate (v) = 100 mV/s,
and are reported vs. NHE. Similar E, values were obtained at a carbon paste
electrode and were further confirmed by well-shaped peaks in Osteryoung
square-wave voltammetry (OSWV).?* Instrumental iR compensation was
employed for all CV and OSWV measurements. Bulk and thin-layer elec-
trolyses indicate a le reduction. Values of ~dE,/d(log v) for both 2,3-MPDP*
(19.7 mV, pH 7) and 3,3-DM-MPDP* (]9.5 mV, pH 7) are close to the
theoretical value of 20 mV for an EC dimerization mechanism.?* On the
return sweep, although an oxidation wave corresponding to the initial le
reduction is absent, a new anodic wave appears for both 2,3-MPDP* and
3,3-DM-MPDP* at higher potential (E, = +0.54 and +0.84 V vs. NHE,
respectively). A second cycle again shows the original le reduction wave at
~0.6 V to be undiminished. These observations are consistent with a previously
reported?® reductive C,~C,, coupling between two iminium species and oxi-
dative cleavage of the resulting dimer (a 1,2-diamine), regenerating the ori-
ginal iminium species.

(23) O’Dea, J. J.; Osteryoung, J.; Osteryoung, R. A. Anal. Chem. 1981,
53, 695.

(24) (a) Bard, A. J.; Faulkner, L. R. Electrochemical Methods, Funda-
mentals, and Applications; Wiley: New York, 1980; pp 451-454. (b) An-
drieux, C. P.; Nadjo, L.; Saveant, J. M. J. Electroanal. Chem. 1970, 26, 147,

(25) Andrieux, C. P.; Saveant, J. M. J. Electroanal. Chem. 1970, 26, 223.

(26) Similar values for 2,3-MPDP* have been reported by others: Kovacic,
P.; Ames, J. R.; Ryan, M. Abstracts of Papers, 190th National Meeting of
the American Chemical Society, Chicago, IL; American Chemical Society:
Washington, DC, Sept. 8-13, 1985; MEDI 64.

(27) Observed E, values for the cathodic process in 2,3-MPDP* and 3.3-
DM-MPDP* are shifted positive of the reversible £, values by the subsequent
chemical reaction? and therefore represent only an approximate upper limit
to the values of E° for the le reduction of these species.

(28) Sternson, A. W.; McCreery, R.; Feinberg, B.; Adams, R. N. J.
Electroanal. Chem. 1973, 46, 313.

J. Am. Chem. Soc., Vol. 108, No. 9, 1986 2465

3,3-DM-MPDP* was found to add cyanide readily to form 5. In
contrast, although the addition of PhCH,SH, PhCH,NH,, and
imidazale could be demonstrated by NMR in CDCl, solution
(containing 1 equiv of Cs,CO3), no stable adducts could be isolated
(TLC showed only the starting components), and no reaction of
3,3-DM-MPDP* with cysteine, lysine, or histidine was evident
in aqueous solution. These results are not completely unexpe-
pected, since nucleophilic adducts of dihydropyridinium species
have been reported to be labile even in the absence of 4-phenyl
stabilization of the eniminium conjugation.?® Thus it appears
that 2,3-MPDP* would function as an electrophilic alkylating
agent of biological nucleophiles only if the intrinsically unstable
adducts were stabilized by the particular biological microenvi-
ronment.30

The above findings provide evidence that 2,3-MPDP?, the initial
MPTP metabolite preceding MPP?, is unlikely to exert potent
neurotoxic effects via oxidation (of catecholamines or thiols) or
electrophilic mechanisms, though possible redox interactions with
other neuronal constituents cannot be excluded. In a related study,
we found that 3,3-DM-MPDP* is about 2 orders of magnitude
less toxic than MPP* when these agents are administered directly
into the substantia nigra of rats.’! These results, coupled with
the finding that MPP* is selectively taken up into®? and accu-
mulated within dopamine neurons,** are cansistent with MPP*
as the agent responsible for MPTP neurotoxicity.

Although the mechanistic basis of MPP™ cytotoxicity is not
known, MPP? has been observed to inhibit site 1 mitochondrial
respiration,’* and this effect has been shown to be capable of
reproducing MPP* neurotoxicity in vivo.3® Another possibility
is suggested by the structural similarity of MPP? to the herbicide
paraquat (methylviologen, MV?*, 6),%¢ which is toxic to lung cells
by virtue of “redox cycling” catalysis, a process whereby the
MV /MV* couple short-circuits oxidative metabolism by
shuttling electrons from cellular reductants (e.g., NADPH) di-
rectly to O,, leading to toxic O,-reduction products.’®® A com-
parison of the reduction potential of 2,3-MPDP* to those of MPP*

(29) Grierson, D. S.; Harris, M.; Husson, H.-P. J. Am. Chem. Soc. 1980,
102, 1064.

(30) We recognize that 2,3-MPDP* can be converted (via MPDP) to
2,5-MPDP* (7), which could give rise to nucleophilic adducts (8) of greater
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stability than those that would form from 3,3-DM-MPDP*.% However, using
the geminal 2,2-dimethyl isomer 9, we have been unable to observe the ad-
dition of nucleophiles other than cyanide.

(31) Sayre, L. M.; Arora, P. K,; Iacofano, L. A.; Harik, S. I. Eur. J.
Pharmacol., in press.

(32) (a) Javitch, J. A.; Snyder, S. H. Eur. J. Pharmacol. 1984, 106, 455.
(b) Javitch, J. A;; D’Amato, R. J.; Strittmatter, S. M.; Snyder, S. H. Proc.
Natl. Acad. Sci. U.S.A. 1985, 82, 2173. (c) Chiba, K.; Trevor, A. J; Cas-
tagnoli, N., Jr. Biochem. Biophys. Res. Commun. 1985, 128, 1228. (d)
Melamed, E.; Rosenthal, J.; Cohen, O.; Globus, M.; Uzzan, A. Eur. J.
Pharmacol. 1985, 116, 179. (e) Ricaurte, G. A.; Langston, J. W.; DeLanney,
L. E.; Irwin, 1.; Brooks, J. D. Neurosci. Lett. 1985, 59, 259.
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Life Sci. 1985, 36, 219. (b) Irwin, I.; Langston, J. W. Life Sci. 1985, 36, 207.
(c) Lyden, A.; Bondesson, U.; Larsson, B. S.; Lindquist, N. G.; Olsson, L.-1.
Acta Pharmacol. Toxicol. 1985, 57, 130

(34) (a) Nicklas, W. J.; Vyas, I; Heikkila, R. E. Life Sci. 1985, 36, 2503.
(b) Poirier, J.; Barbeau, A. Neurosci. Let:. 1985, 62, 7.

(35) Heikkila, R. E.; Nicklas, W. J; Vyas, I.; Duvoisin, R. C. Neurosci.
Letz. 1985, 62, 389.

(36) MPP* was in fact once evaluated for herbicidal activity under the
trade name cyperquat.’’ ‘

(37) (a) Fischer, H.; Summers, L. A. J. Heterocycl. Chem. 1980, 17, 333.
(b) Elstner, E. F,; Fischer, H. P.; Osswald, W.; Kwiatkowski, G. Z. Natur-
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(E°’ -1.18 V vs. NHE in acetonitrile’®) and paraquat (-0.44 V)*’
suggests that 2,3-MPDP* could theoretically function as a more
efficient redox cycling catalyst than MPP*, though the significance
of such is uncertain in view of the apparent short lifetime of
2,3-MPDP? in biological tissue.
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(39) MPP* undergoes a quasi-reversible 1e reduction at a Pt electrode, and
the value of £°/ given was determined by comparison to an internal ferroce-
nium/ferrocene couple.** Similar values of E° were obtained by CV at a
glassy carbon (GC) electrode (=1.17 V) and by OSWV (-1.20 V (Pt), -1.19
V (GC)). Reference 37 reports only that the reduction of MPP* occurs below
-1.0 V in water.
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Despite the many advances made in the chemistry of carboh-
ydrates, several problems! still remain in this important area of
natural products. Two of the most common, but often difficult
to reach, goals in carbohydrate chemistry are (a) the selective
functionalization of the ring system and (b) the stereocontrolled
construction of glycoside bonds, particularly in the 2-deoxy series.
In this paper we report a new series of stereospecific 1,2-migra-
tions, within the pyranoside carbohydrate framework, of a variety
of groups that provide solutions to several objectives, including
the two mentioned above. Specifically, we have discovered new
and practical synthetic technology for (a) introduction of fluorine
at C-1,2 (b) introduction of O-, S-, and N-containing substituents
at C-2, (c) inversion of configuration at C-2, (d) deoxygenation
at C-2, and (e) stereocontrolled synthesis of a- and B-glycoside
bonds including the hitherto difficult to construct 2-deoxy-g3-
glycosides.’

Scheme I, eq 1, outlines the mechanistic considerations that
led to the design of these stereospecific migrations. Thus, it was
anticipated that a migratory group at C-1 might be induced to
shift to the neighboring position (C-2) by a “pull” from the “host”
carbon initiated by the departure of a leaving group and (b) a
“push” from the ring oxygen lone pair of electrons, providing the
groups involved were stereoelectronically oriented in the proper
fashion. In consideration of practical means to realize this scenario
from simple and readily available starting materials, and in order
to maximize the synthetic potential of the resulting products,
(diethylamino)sulfur trifluoride (Et,NSF;, DAST) was chosen
to operate on hydroxysubstrates I (Scheme I).* Indeed, when

(1) Paulsen, H. Angew. Chem., Int. Ed. Engl. 1982, 21, 155. Perlin, A.
S. Pure Appl. Chem. 1978, 50, 1401.

(2) For some previous syntheses and/or utilizations of glycosylfluorides,
see: Nicolaou, K. C,; Dolle, R. E.; Papahatjis, D. P.; Randall, J. L. J. Am.
Chem. Soc. 1984, 106, 4189 and references cited therein. Nicolaou, K. C;
Dolle, R. E.; Chucholowski, A.; Randall, J. L. J. Chem. Soc., Chem. Commun.
1984, 1153. Nicolaou, K. C.; Chucholowski, A.; Dolle, R. E.; Randall, J. L.
J. Chem, Soc., Chem. Commun. 1984, 1155. Hashimoto, S.; Hayashi, M.;
Noyori, R. Tetrahedron Lett, 1984, 25, 1379. Rosenbrook, W.; Riley, D. A ;
Lartey, P. A. Tetrahedron Lett. 1985, 26, 3. Posner, G. H.; Haines, S. A.
Tetrahedron Lerr. 1985 26, 5. Mukaiyama, T.; Murai, Y.; Shoda, S. Chem.
Lert. 1981, 431. Mukaiyama, T.; Hashimoto, Y.; Shoda, S. Chem. Lerr. 1983,
935. Kunz, H.; Sager, W. Helv. Chim. Acta 1985, 68, 283. Araki, Y.;
Watanabe, K.; Kuan, F.-H.; Itoh, K.; Kobayashi, N.; Ishido, Y. Carbohydr.
Res. 1984, 127, C5.

(3) For some previous entries into 2-deoxy-S-glycosides, see: Bock, K.;
Lundt, I.; Pedersen, C. Carbohydr. Res. 1984, 130, 125 and references cited
therein.
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Table I. 1,2-Migrations in Carbohydrates®

Entry Substrate Product® Temperature Yield
(°C) %
3
Ph,BuSiO PhyBuSIO
MeQ™ “x
OR
1 X=OMe , ReS7BuMe, 45 77
2 X=OMe . R=CH,Ph 45 81
k| X=OAc , R=5"BuMe, 0 91
4 X=SPh, R=S'BuMa, o 88
5 X=N; , R=S7BuMe, 45 78

OR
6 X=-OMe , R=Si'BuMe, 45 70
7 X=SPh, R«SiBuMe, 0 93

88

68

10 X=SPh , ReMe o 8
1 X=N;, RaMe 45 75
12 X=OCH,Ph, RaH 25 66

13 0 88
14 R,=CH,Ph, R,=SiBuMe, o 85
15 R,=SiBuMe, . R;=Me o 8
16 R=CH,Ph 25 56

4Conditions: 3.0 equiv of Et,NSF, (DAST), CH,Cl,. °In entries 3,
4,7, 8,10, 13, and 14 the indicated anomer was exclusively formed,
whereas in the remaining entries the indicated anomer predominated in
an anomeric mixture (a:@ ratio): 1 (40:60), 2 (40:60), 5 (50:50), 6
(25:75), 9 (40:60), 11 (50:50), 12 (60:40), 15 (70:30), 16 (62:38).%°

compounds I (X = OMe, OAc, SPh, N;; Scheme I, eq 2) were
treated with excess DAST in CH,Cl, at 0-45 °C the glycosyl
fluorides II were obtained in high yields (see Table I).* Fur-

(4) For the use of DAST to prepare a-fluoro-g-amino acids from $-hy-
droxy-a-amino acids via nitrogen 1,2-shift, see: Somekh, L.; Shanzer, A. J.
Am. Chem. Soc. 1982, 104, 5836.

(5) The starting materials utilized in this work (Schemes I and II and
Table I) were prepared by standard methods from commercially available
carbohydrates and are optically active.
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