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Figure 1. Crystal structures of dicarboxylic acids derived from 8a and
8b. In 9a, a water molecule (@) is hydrogen bonded to two imide car-
bonyls and helps maintain the convergent conformation. All hydrogens
have been omitted.

molecular hydrogen bonding can enforce the convergent con-
formation as evident in 9a (the diacid derived from 8a).

Several lines of evidence bear on the affinity of the new chelating
agents for alkaline earth ions. First, the A pK, observed!? for the
benzene derivative 4 (pK,, = pK,, = 11.1) suggests that dianions
of the new structures provide an exquisite microenvironment for
divalent ions. The diacid 9a was sufficiently soluble in water to
permit its evaluation as chelate under homogeneous conditions.
With use of Ca2* selective electrodes or pH titrations K, = 2.1
X 10% M was measured for the diacid derivative 9a with Ca?*,
assuming a 1:1 stoichiometry. This value might be compared to
imidodiacetic acid,'® for which K, = 7 X 10° M™%,

The high lipophilicity of these systems permitted extraction of
Ca?" or Mg?* from aqueous phases. For example, 0.1 M solutions
of 4 in CHCI, were used to extract a solution of Ca?* (59 ppm)
and Mg?* (24 ppm); >99% of the Ca?* and 73% of the Mg?* were
removed from the aqueous phase. Parallel experiments with 9b
resulted in 97% removal of Ca?* and 94% removal of Mg?*.

Transport experiments using CHCI; between two aqueous so-
lutions in a U-tube were also performed (Figure 2). The new
carriers were comparable to A-23187 in their ability to transport
Ca?* across these model liquid membranes from a tris-buffered
phase (pH = 9) to an acidic phase (pH = 1).

Finally, an ion exchange resin was prepared and tested. The
dibenzyl pyridine derivative 9b was adsorbed on unfunctionalized
4% cross-linked polystyrene by mere rotary evaporation of its
CHC], solutions in which the resin beads were suspended. About
0.4 mmol 9b per gram could be attached in this fashion. The resin
was capable of extracting calcium and magnesium ions from brine

(11) Crystallographic information will be published elsewhere.

(12) Rebek, J., Jr.; Duff, R. J.; Gordon, W. E.; Parris, K. J. Am. Chem.
Soc. 1986, 108, 6068-6069.

(13) Nancollas, G. H.; Park, A. C. Inorg. Chem. 1968, 7, 58—62, Suitable
candidates for comparisons are hard to find. For example, the imidodiacetate
probably features N — Ca binding, whereas the diacid 9a probably does not.
However, the latter has greater structural rigidity (fewer accessible confor-
mations) than does imidodiacetate. Therefore the differences in Ca®* affinity
are not due to stereoelectronic effects alone.
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solutions. At pH 12, with | equiv of Ca?* in 0.1 M brine, about
20% of the sites bind Ca?*, suggesting that stoichiometries other
than 1:1 may be involved. Under conditions of 10-fold excess resin,
the Ca?* concentration in brine could be reduced from 2 ppm to
<0.1 ppm. In these experiments, the polymer could be freed from
metal ions by acid backwash.

In summary, a surprisingly effective, new class of chelating
agents has been discovered. Their unique shapes enforce a trans
relationship of the ligands in contact with the metal centers. It
is likely that the catalytic behavior of metal ions bound by these
new chelates will differ from ions in more conventional settings.
We are exploring these possibilities and will report on them in
due course.
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The propensity of superoxide ion (O,°7) in aprotic solvents to
attack aliphatic and olefinic halocarbons via nucleophilic sub-
stitution is well documented,’? and a recent report? establishes
that this chemistry includes perchloroaromatic molecules. How-
ever, to date the C—F bond of fluorocarbons has been inert to O,*"
(e.g., only the chlorine atoms of F3CCCl, are displaced).* Here
we report that perfluoroaromatic molecules [hexafluorobenzene
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Table I. Stoichiometries, Products, and Apparent Second-Order Rate
Constants (k,/[S]) for the Reaction of Excess Superoxide Ion (O, ") with
Perfluoroaromatic Molecules in Dimethylformamide (0.1 M
Tetraethylammonium Perchlorate) at 25 °C

(Ep,c)S;
Vs k,/IS1¢
substrate (S)¢ SCE 0,°/8 products®< M-l 5!
C¢Fe -20 20#£03 FsC00, F, O, 3 x 10!
C,F, (large 40+04 F,C,00, 2F, 20, slow/

excess of Oy %)

HC(F; -23 20402 HC4F00 F, 0, 1 X 10!
1,2,3,5-C¢F4H, -2.5  2.0% 0.2 H,CF00° F, 0, 6 X 107!
1,2,4,5-C¢F.H, -2.4 <1 X 1072
CF,C¢Fs -1.7 204 0.2 CF,CF,00°, F. 0, 1% 102
CpsF1o -18  4.0#% 04 C,Fi(00),>, 2F, 20, 1 X 102
CCle -5 120% 1.0 6HOC(0)O-, 6CI, 4.50, | X 10°
CClyf -1l 50%05 HOC(0)O-, 4CI°, 3.80, | X 10°

¢Within 1 h C4H;F;, C¢H,F,, and C¢HF do not react with O;~. *F NMR
chemical shifts (intensity) in DMF-d; [relative to 1,1,1-trifluorotoluene; ppm],
ortho (2F), meta (2F), para (1F): C,FO-, ~105.5, ~104.4, ~125.5; product from
C¢Fs plus 20,7, ~107.4, -107.1, ~132.2. (The F-F splitting patterns for the two
spectra are the same.) “Mass spectra (EI, m/e) for major product (separated by
capillary GC) from the reaction of 20, " per substrate. (a) CsFs: 199, 198, 183,
155, 117, 105, 93, 69 (interpreted in Scheme I). (b) CF;C¢Fs: 249, 248, 233,
229, 205, 155, 117, 93, 69. (c) C,F,\o: 347, 346, 331, 303, 253, 165, 117, 93.
4 Apparent pseudo-first-order rate constants, k(normalized to unit substrate con-
centration [S]), were determined from the ratio (I,pegic/icatnodrc) fOr the cyclic
voltammogram of O, in the presence of excess substrate, ref 7. Apparent rate
constants are about 10 times smaller in acetonitrile. “Reference 3. /2 h exposure.

(CeFs), perfluorotoluene (FsC¢CF,), and perfluorobiphenyl
(C,,F)0)] undergo facile attack by O,*" in dimethylformamide
(DMF) with the displacement of one fluoride ion and formation
of an aryl peroxy radical (ArOO*) in the primary step.

The extent of the reactions for electrogenerated O, and
(Me,N)O,® with perflucroaromatic molecules has been determined
by voltammetric assay of O,*” concentrations and their decrease
in the presence of substrates. The reaction stoichiometries, product
profiles, and apparent second-order rate constants for the com-
bination of perfluoroaromatic molecules (and several hydro and
dihydro derivatives) with excess superoxide ion in dimethylform-
amide are summarized in Table 1.6 Data for C4Cl¢ and CCl,
are included to emphasize the unique reactivity for the per-
fluoroaromatics. Prolonged exposure (2 h) of C4F4 to a large
excess (10- to 20-fold) of (Me4N)O, yields a symmetrical non-
aromatic product with 4 fluoro groups (F NMR) that is a di-
carboxylate.

The primary product from the combination of C¢F; with 2 equiv
of O,°" is C¢FsOO™ on the basis of the F NMR spectrum of the
product solution and the mass spectrum for the major peak from
the capillary GC of the product solution (Table I). Similar
analyses of the product solutions for the other fluoro substrates
are consistent with a peroxide product from the displacement of
a fluoride ion. A reasonable first step for these oxygenations is
nucleophilic addition of O,*" to the polyfluoroaromatic (e.g., C¢F¢;
Scheme I). Subsequent loss of fluoride ion will give an aryl peroxy
radical, which will be reduced by a second O,*" to the aryl peroxide
product. This reaction sequence (with the initial nucleophilic
displacement the rate-determining step) is analogous to that ob-
served for chlorohydrocarbons* and polychlorobenzenes.® How-
ever, the peroxo product of the latter systems is an effective
nucleophile that attacks a second substrate molecule (or an ad-
jacent aryl carbon—chlorine center). The stability of the C¢F;00~
product indicates that it is unable to displace a fluoride from C¢F
or from an intramolecular process. As with other halocarbons,>*
the apparent rate constants for the initial step of the O,*"/per-
fluoroaromatic reactions correlate with the reduction potentials
for the substrates; the less negative the potential the greater the
reactivity (Table I). Nucleophilic attack of C;F¢ by "OH to give

(5) (a) Sawyer, D. T.; Calderwood, T. S.; Yamaguchi, K.; Angelis, C. T.
Inorg. Chem. 1983, 22, 2577-2583. (b) Yamaguchi, K.; Calderwood, T. S.;
Sawyer, D. T. Inorg. Chem. 1986, 25, 1289-1290.

(6) Stoichiometries were determined by incremental titration with substrate
of a known amount of O,* [1-40 mM; electrosynthesized or from (Me,N)O,],
with the residual O,*" determined by positive-scan voltammetry. The yield
of F~ was determined by the decrease in the F NMR integral for the substrate
product relative to its initial value,
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C¢FsOH and F is a well-documented process.®

When O," (1.0 mM) is added to a large excess of CyF;
(200mM) in MeCN within the observation cell of a photoemission
spectrometer,’ an intense emission at 1.27 um (characteristic of
10, decay) is observed. Similar combinations of O, with excess
CCl,, CBr,, PhCCl,, and BuBr also result in a strong 'O,-emission
band.!® With PhCCl,; and BuBr, the O,'~/excess-substrate
combination dioxygenates singlet-oxygen traps (rubrene and di-
phenylbenzofuran) and yields PhCCl,O00CCI,Ph and BuOOBu,
respectively.!’!  Hence, the 'O, emission from the O, /C¢F;
combination appears to result from an analogous mechanism [the
dimerization of the primary product (C¢FsOO°) to a tetraoxo
intermediate and its subsequent homolytic dissociation to 'O, and
C¢FsOOCFs (Scheme I)]. The mass spectrum of the product
solution exhibits a peak for a CsFsO* fragment (183 m/e, Scheme
.

In the gas phase (1078 Torr, Nicolet Model 2000 FT-MS) O, 12
also reacts with C¢F¢ via nucleophilic displacement to give
C¢FsOO* and F, which parallels its ion-molecule chemistry with
esters!? and alkyl halides (CCl, and BuCl). Thus, Scheme I
outlines a general mechanism with an initial nucleophilic attack
by O," on an electrophilic aromatic carbon that is rate limiting
and solvent dependent.

The facile reactivity of perfluoroaromatic molecules with O,*"
to give peroxy radicals, peroxides, and 'O, may represent a mode
of cytotoxicity for such materials that parallels that for halogenated
hydrocarbons,'%!! and C¢Clg and polychlorobiphenyls (PCB’s) 1314

(7) Nicholson, R. S.; Shain, 1. Anal. Chem. 1964, 36, 706-723.

(8) Kununyants, I. L.; Yakobson, G. G., Eds. Syntheses of Fluoroorganic
Compounds; Springer-Verlag: New York, 1985.

(9) Kanofsky, J. R. J. Am. Chem. Soc. 1986, 108, 2977-2979.

(10) Kanofsky, J. R.; Sugimoto, H.; Sawyer, D. T. J. Am. Chem. Soc.
1988, /10, 3698-3699.

(11) Matsumoto, S.; Sugimoto, H.; Sawyer, D. T. Chem. Res. Toxicol.
1988, /, 19-21.

(12) The O;,*" was produced from reaction of O, with C;H;" (which was
formed by reaction of propene with El-generated H,N"; all other ions ejected),
and allowed to react with substrate molecules prior to FTMS analysis. (a)
Bohm, D. K.; Young, L. B. J. Am. Chem. Soc. 1970, 92, 3301-3309. (b)
McDonald, R. W.; Chowdhury, A. K. J. Am. Chem. Soc. 1985, 107,
4123-4128.

(13) Takazaura, R. S.; Strobel, H. W. Biochemistry 1986, 25, 4804-4809.

(14) Safe, S. CRC Crit. Rev. Toxicol. 1984, 13, 319-396,
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Several deoxyaminosugars constitute the glycosidic fragments
of many anticancer antibiotics, such as anthracyclines,! glyco-
peptides,? and the recently reported esperamicin.® Interest in
synthesizing these compounds, especially the 2,3,6-trideoxy-3-
aminohexoses, has been apparent in the last 2 decades. More than
200 synthetic references relating to this subject were compre-
hensively reviewed in 1986.! A recent structure-activity study
of antibiotics revealed the importance of aminosugars, for example,
replacement of daunosamine (1) by acosamine (2) in daunorubicin

HaC 0 OH
Ly
w

A3

L-daunosamine (lyxo), R%, R* = H; R! = NH; R = OH, 1
L-acosamine (arabino), R?, R? = H; R' = NH,; R* = OH, 2
L-ristosamine (ribo), R!, R® = H; R? = NH,; R* = OH, 3
L-3-epi-daunosamine (xylo), R!, R* = H; R? = NHy R? = OH, 4

and adriamycin produces analogues which are nearly devoid of
cardiotoxicity but retain the anticancer activity.* Most of the
syntheses of these aminosugars have been initiated from carbo-
hydrate based materials and other natural chiral pools, but sub-
stantial efforts also have focused on the asymmetric synthesis from
achiral compounds.>

We report here a simple, divergent synthesis of all four con-
figurational isomers of 2,3,6-trideoxy-3-aminohexose (lyxo, ara-
bino, ribo, and xylo) from the racemic 3,6-heptadien-2-ol. The
synthetic strategy, depicted in Scheme I, relies mainly on the
Sharpless epoxidation and a subsequent highly regiospecific
ring-opening reaction. This strategy has been adopted by Ma-
samune and Sharpless’ as well as by Kishi® and by Roush® in the
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2983.

(3) Golik, J.; Clardy, J.; Dubay, G.; Groenewold, G.; Kawaguchi, H,;
Konishi, M.; Krishnan, B.; Ohkuma, H.; Saitoh, K.; Doyle, T. W. J. Am.
Chem. Soc. 1987, 109, 3461.

(4) Arcamone, F. International Symposium on Tumor-Pharmacotherapy,
Masson: New York, 1983; p 79.
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(b) Roush, W. R ; Straub, J. A,; Brown, R. J. J. Org. Chem. 1987, 52, 5127.
(c) Ha, D. C.; Hart, D. J. Tetrahedron Lett. 1987, 28, 4489. (d) Kita, Y.;
Itoh, F.; Tamura, O.; Ke, Y. Y.; Tamura, Y. Tetrahedron Lert. 1987, 28,
1431. (e) Gurjar, M. K.; Pawar, S. M. Tetrahedron Letr. 1987, 28, 1327.
Danishefsky, S. J.; Maring, C. J. J. Am. Chem. Soc. 1985, 107, 1269. (g)
Kimura, Y.; Matsumoto, T.; Suzuki, M.; Terashima, S. Bull. Chem. Soc. Jpn.
1985, 59, 663. (h) lida, H.; Yamazaki, N.; Kibayashi, C. J. Org. Chem. 1986,
51, 4245,
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Soc. 1985, 107, 1797. (b) Hirama, M.; Shigemoto, T.: Ito, S. Tetrahedron
Letr. 1988, 26, 4137. (c) Hannessian, S.; Kloss, J. Tetrahedron Lert. 1985,
26, 1261. (d) Hirama, M.; Nishizaki, I.; Shigemoto, T.; Ito. S. J. Chem. Soc.,
Chem. Commun. 1986, 393. (e) Florent, J. C.; Monneret, C. J. Chem. Soc.,
Chem. Commun. 1987, 1171. (f) Hirama, M.; Shigemoto, T ; Ito, S. J. Org.
Chem. 1987, 52, 3342,

(7) Lee, A. W. M,; Martin, V. S.; Masamune, S.; Sharpless, K. B.; Walker,
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Scheme I. Retrosynthetic Analysis and Synthesis of
L-2,3,6-trideoxy-3-amino-hexoses
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%(a) Ti(O-i-Pr)4 (0.14 equiv), L-(+)-DIPT (0.21 equiv, -BuOOH
(0.42 equiv), CH,Cl,, -25 °C; (b) NH;-MeOH, 100 °C, 10 h; (c)
PhCOCl, K,CO,, water—acetone; (d) PTS-LPTS, CH,Cl,, 0 °C; (e)
cyclohexanone dimethyl ketal, CH,Cl,, PTS; (f) NaN;/NH,CI, 100
°C, 15 h; (g) i, LAH, diethyl ether reflux, 1 h; ii, MeOH-H*, 100 °C,
1 h; iii, PhCOCI, K,CO;, water-acetone; (h) Ti(O-i-Pr),, (1 equiv),
D-(-)-DIPT (1.2 equiv), -BuOOH (0.9 equiv), CH,Cl,, -25 °C; (i)
PhCOOH, DEAD, Ph;P, CH.Cl;; (j) i, p-NO,-C,H,COOH, DEAD,
Ph;P, toluene, ii, MeOH/NaOMe, H*.

synthesis of monosaccharides. The crucial step here is installing
the amino group with the right configuration to attain the three
requisite contiguous chiral centers.

Scheme I also presents synthetic details. Thus, kinetic resolution
of the racemic § by the Sharpless method,'® expeditiously afforded
the epoxy alcohol (-)-6 in 43.5% yield with more than 90% ee
and the dienol (+)-5 in 35% yield and 90% ee. Treatment of (~)-6
with methanolic ammonia at 100 °C in a sealed tube, gave the
required aminodiol, 7a (R = H), which was converted to the
known benzoylaminodiol 7b (R = PhCO) [mp 137-138 °C, [a]p°
-3.9° (¢ 1, EtOH) (lit.**!" mp 137-138 °C [a]p® +6.4° (c I,
EtOH))] in 61% yield (two steps).!?> The observation that the
ammonia opening occurred only at C, was not our expectation.
In general, the nucleophilic opening of primary epoxyalcohols
usually gives mixtures of products resulting from C, and C; attack,
and high regioselectivity at C; can only be achieved with the aid
of Ti(O-i-Pr), or other chelating reagents.!> Exclusive C; opening
of (-)-6 also occurred with NaNj to furnish the azido diol 14 (75%
yield). 7b, obtained in 60% yield by successive reduction and
benzoylation of 14, has been previously transformed to one of our
targets, L-ristosamine (3).!112
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