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Cardioselective Ammonium, Phosphonium, and Sulfonium Analogues of
a-Tocopherol and Ascorbic Acid That Inhibit in Vitro and ex Vivo Lipid
Peroxidation and Scavenge Superoxide Radicals

J. Martin Grisar, Gilbert Marciniak,* Frank N. Bolkenius, Joélle Verne-Mismer, and Eugene R. Wagner
Marion Merrell Dow Research Institute, 67080 Strasbourg-Cedex, France

Received March 14, 1995%

Analogues of a-tocopherol and ascorbic acid with permanently cationic substituents, i.e.,
phosphonium (8, 9), sulfonium (11), acylhydrazinium (13, 14), and ammonium (1, 16, 21), were
synthesized, and the 2R and 2S enantiomers of the a-tocopherol analogues 1, 8, 11, and 13
were separated. The compounds were found to scavenge lipoperoxyl and superoxide radicals
in vitro and accumulate in heart tissue (cardioselectivity) as demonstrated by measurement of
ex vivo inhibition of lipid peroxidation in mouse heart homogenates and confirmed by HPLC
determination of drug concentrations for 1 and 11. The 2R and 2S enantiomers of 1 inhibited
ex vivo lipid peroxidation to an equal extent. Thus the in vivo uptake into myocytes
(cardioselectivity) is independent of the geometry at the chiral center and common to

permanently cationic compounds,

Free radical reactions have been implicated in the
pathology of more than 50 human diseases.! Radicals
and other reactive oxygen species are formed constantly
in the human body both by deliberate synthesis (e.g.,
by activated leukocytes of the immune system) and by
chemical side reactions. They are removed by enzy-
matic and nonenzymatic antioxidant defense systems.
Oxidative stress, occurring when antioxidant defenses

are inadequate, can damage lipids, proteins, carbohy-

drates, and nucleic acids. A few clinical conditions are
caused by oxidative stress, but more often the stress
results from the disease and can make a significant
contribution to the disease pathology. Vitamins C and
E are very effective chain-terminating, natural antioxi-
dants,>® and their structures have often served as
starting points for the synthesis of therapeutically active
analogues.4~722
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The o-tocopherol analogue 1, in which the lipophilic
phytyl (C1sHss) side chain was replaced by a hydrophilic
trimethylethanaminium moiety,® was found to reduce
myocardial infarct size in rats rendered ischemic by
coronary artery ligation followed by reperfusion and was
also found to restore contractility of isolated rat hearts
subjected to anoxia and reoxygenation.® Compound 1
inhibits lipid peroxidation and scavenges superoxide and
hydroxyl radicals more effectively than a-tocopheroll®
and prevents the leukocyte-mediated oxidative inactiva-
tion of ay-proteinase inhibitor.!! In rats, 1 and its
O-acetylated prodrug 2 accumulate in heart tissue
where concentrations were 10—30 times higher than in
blood and other tissues after intravenous administra-
tion.12 This cardioselectivity contributes significantly
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to the potency of 2 compared to that of the noncardi-
oselective analogue 4, which requires 10—30 times
higher doses to protect against myocardial reperfusion
injury.13:14

The potential usefulness of the trimethylethanamin-
ium side chain has also been demonstrated in ulcerative
colitis, which is known to involve oxygen-derived free
radicals.’5-17 Upon oral administration to mice and
dogs, compound 1 is not absorbed from the gastrointes-
tinal tract and reaches the colon unchanged and undi-
luted.'®* Hence compound 1 was shown by Murthy et
al. to be orally effective in a colitis model in mice at
doses as low as 1—10 mg/kg po'®2° and also iv in a model
of colonic ischemia in rats.?! This therapeutic efficacy
was enabled by targeting a free radical scavenger to a
particular tissue or compartment. Because of these
promising results, we synthesized additional water-
soluble, permanently cationic analogues of a-tocopherol
and ascorbic acid. Since the a-tocopherol analogues
have a chiral center at the 2-position, we also synthe-
sized and evaluated the enantiomers.

Chemistry

The synthesis of the a-tocopherol analogues is de-
scribed in Scheme 1. Two phosphonium analogues, 8
and 9, were obtained by reaction of 7% with trimethyl-
and triethylphosphine, respectively. The sulfonium
analogue 11 was obtained by treatment of the sulfide
10 with methyl p-toluenesulfonate in refluxing aceto-
nitrile. The sulfide 10 was obtained from 78 by reaction
with excess NaSCH; in DMF. The acylhydrazinium
compounds 13 and 14 were obtained by treatment of
the unsymmetrical dimethylhydrazides with methyl
p-toluenesulfonate in refluxing acetonitrile. Treatment
of the resulting tosylates with aqueous NaOH gave the
inner salts.

Resolution of 522 with (S)-(—)- and (R)-(+)-a-methyl-
benzylamine gave the two enantiomers in >99% enan-
tiomeric excess. From these, the enantiomers of 8 and
11 were synthesized by the route shown in Scheme 1.
The enantiomers of 8 were obtained by resolution of the
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salts formed with (1R)-(-)- and (18)-(+)-10-camphor-
sulfonic acid. X-ray crystallography of the pure dia-
stereomeric salt of 3 with (18)-(+)-10-camphorsulfonic
acid showed 3 to have the 28 configuration. The same
enantiomer of 3 was obtained from one of the enanti-
omers of 5 which was therefore assigned the S config-
uration. The enantiomers of 1 were obtained from the
enantiomers of 8 by treatment with methyl p-toluene-
sulfonate in refluxing acetonitrile. Due to the nomen-
clature rules for assignment of absolute configuration,
the 28 configuration of compounds 1, 3, 5, 8—11, and
13 corresponds to the 2R configuration of natural
a-tocopherol.

The ascorbic acid analogue 16 was obtained from 1523
as shown in Scheme 2, and analogue 21 was obtained
as shown in Scheme 8. Bromination of 18 with
P(Cg¢Hs); and CBr4 gave 19 in 75% yield, which was
quantitatively debenzylated (Hz, 10% Pd/C) to 20.
Treatment of 20 with trimethylamine in EtOH afforded
21 in 31% yield. Both compounds are made from
natural L-ascorbic acid and are therefore enantiomeri-
cally pure.

Biological Evaluation

The in vitro free radical scavenger activity was
evaluated by measuring inhibition of lipid autoxidation
in rat brain homogenate and measuring their relative
reaction rate constants with superoxide radicals gener-
ated by xanthine oxidase/xanthine. Their competition
with the detector molecule nitro blue tetrazolium was
determined.
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To estimate their cardioselectivities and potential
antioxidant effects in vivo, compounds were adminis-
tered subcutaneously to mice. The hearts were excised
1 h postadministration, and inhibition of ex vivo lipid
peroxidation was measured in the heart homogenates
as compared to vehicle-treated controls. The method
has been previously described for brain-directed ana-
logues of a-tocopherol.* The ratio of in vitro ICso to ex
vivo IDsg served as an indicator of cardioselectivity. With
compounds 1 and 11, drug concentration was also
measured directly by HPLC in the heart tissue.

Results and Discussion

In the present paper we report on the synthesis of
the phosphonium analogues 8 and 9 and the sulfonium
analogue 11, as well as the two acyl hydrazinium
compounds 13 and 14 and the two quarternary am-
monium analogues 16 and 21 of ascorbic acid (vitamin
C). While ammonium and phosphonium compounds
have previously been reported to be cardioselective, i.e.,
to accumulate in heart tissue,24~2? this property, to our
knowledge, has never been reported for sulfonium
compounds. The dimethylsulfonium analogues of dopa-
mine, norepinephrine, chlorpromazine, and sulpiride
have been synthesized but were only studied in vitro
for their interactions with dopaminergic receptors,30-33
Little is known about the pharmacokinetics of acylhy-
drazinium compounds, although their chemistry has
been reviewed.3* Ascorbic acid (vitamin C) also plays
an important role in the physiological protection of cells
and tissues against oxygen-derived free radicals.35:38 It
is capable of reducing the a-tocopheroxyl radical.3”
Although being a potent scavenger of superoxide radi-
cals,3 ascorbic acid did not inhibit lipid peroxidation.
Kato et al. synthesized a series of 2-O-alkylascorbic
acids and found the octadecyl ether 17 to be a potent
inhibitor of lipid peroxidation,” a result confirmed in the
present study (Table 1).

The compounds were evaluated in vitro for inhibition
of spontaneous lipid peroxidation in rat brain homoge-
nate (Table 1). The phosphonium derivatives 8 and 9
and the sulfonium derivative 11 were as effective as the
ammonium derivative 1, while the acylhydrazonium
derivatives 13 and 14 were somewhat less active. The
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Table 1. Inhibition of Lipid Autoxidation in Rat Brain
Homogenate

Grisar et al.

Table 3. In Vitro and ex Vivo Inhibition of Lipid Autoxidation
in Mouse Heart Homogenate

compd  ICso, uMe (n) compd ICs0, uM¢ (n)
1b 26+08(7) 11° 2,3
S-(-)-1¢ 23+£02(@3) S-(-)-11 2
R-(+)-1¢  22+0.2(3) R-(+)-11 2
3 0.7+£04(4) 12 14+44)
S-(-)-3 1 S-(-)-12 not determined
R-(+)-3 1 R-(+)-12 not determined
5 12 13 6,8
S-(—)-5 17 S-(+)-13 9
R-(+)-5 14,16 R-(-)-13 8
8 2 14 14
S-(-)-8 2 16 >200
R-(+)-8 2 17¢ 6
9 2 21 >20
10 3 d,l-o-tocopherol* 14 £ 4(4)

@ Concentration that inhibits formation of thiobarbituric acid-
reactive substances (TBARS) by 50%, see the methods section.
Single or duplicate determinations or means + SD of the number
of determinations in parentheses. > MDL 73,404.  MDL 74,405.
¢ MDL 74,406. ¢ MDL 73,473AQ. / Trolox. € CV-3611. * In the pres-
ence of sodium dodecyl sulfate as detergent.

Table 2. Relative Reaction Rate Constants with Superoxide
Radicals

compde k,10* M 1g71t (n)
1 241+0.2(3)
S-(-)-1 21+£0.2(3)
R-(+)-1 1.8+£0.2(3)
3 2.7+£0.2(3)
8 2.4+0.1(3)
9 2.2+0.2(3)
10 0.08 £ 0.03 (3)
11 21+0.5(3)
12 2, 4°¢
13 28+03(@3)
16 60 £6(3)
17 2.1+0.2(3)
21 not determined
ascorbic acid 355

@ For code numbers of some compounds, see Table 1. ® Compe-
tition with nitro blue tetrazolium of superoxide radicals formed
by xanthine oxidase/xanthine; see ref 9. Means + SD (number of
determinations in parentheses). ¢ Duplicate determination.

ascorbic acid analogue 16 was inactive, as was found
for the parent compound; however, the effect of the
octadecyl ether derivative 21 was in the same order as
17. No difference in activity was found among the 2R
and 2S enantiomers of the a-tocopherol analogues.
Superoxide radical (O2*~)-scavenging activity (Table 2)
was found to be similar for all a-tocopherol analogues,
while the ascorbic acid analogue 16 reacted more than
20 times faster. As previously reported,!! the superox-
ide-scavenging effect of the a-tocopherol analogues
appears to involve covalent binding of the oxygen at the
expense of hydrogen peroxide formation. Again, no
difference was found between the 2R and 2§ enanti-
omers of the a-tocopherol analogues. We have previ-
ously studied the rate of reaction of 1 with hydroxyl
radicals and found it to be an effective scavenger also
of that radical.1?

The cardioselectivity of 2 was studied earlier using
the “C-labeled compound.!? The concentration of 1 was
found to be 10—30 times higher in heart tissue than in
blood and other tissues. More recently we have ob-
tained similar data with “C-labeled 1 (J. Dow, et al.,
unpublished results). These studies also indicated that
there is no advantage to the use of 2 as a prodrug of 1.
Using the ex vivo inhibition of lipid peroxidation in

in vitro® ex vivod
compd ICso, /lM ID50, ymol/kg IC5()/ID50
1 19+1(3) 11 1.7
3 19, 20¢ >150 >0.2
8 10 +4(3) 8 1.3
9 10+ 6(3) 7 1.4
10 18, 20 >150 <0.2
11 7.8 6 1.3

¢ Concentration that inhibits TBARS formation by 50%; see the
methods section. Duplicate determinations or means + SD of the
number of determinations in parentheses. ® Dose that inhibits
TBARS formation by 50% 1 h after sc administration; see the
methods section. ¢ Duplicate determinations.
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Figure 1. Dose-dependent inhibition of ex vivo lipid peroxi-
dation in mouse heart homogenate 1 h after sc administration
of S<(—)1 or R-(+)-1. See the methods section. Values
represent means + SD of five mice.

mouse heart homogenates, we now have an assay that
allows to determine the cardioselectivity without 4C-
labeling (Table 3). With the cardioselective, perma-
nently cationic a-tocopherol analogues 1, 8, 9, and 11,
ratios of effective antioxidant concentration in vitro
(ICs0) versus effective dose in vivo (IDso) of greater than
one were obtained. By contrast, 3 (studied earlier with
14C.labeled 4),'2 as well as 10, in which the cationic
charge is subject to a dynamic process at physiological
pH, gave IC5¢/IDs5o ratios of below 0.2 (Table 3). The ex
vivo effects of the enantiomers of the ammonium
derivative 1 were not different, as shown in Figure 1.
Furthermore, the ex vivo effect of the racemate of the
sulfonium derivative 11 was undistinguishable from its
enantiomers, producing 73 + 5% inhibition 1 h after a
sc dose of 20 umol/kg (not shown). The HPLC deter-
mination of 1 and 11 revealed an up to 3-fold concentra-
tion above the dose in the heart tissue (Figure 2). The
cardioselectivity of 11 appears to be slightly higher than
that of 1.

Therefore, it appears that the cardioselectivity is not
related to the molecular geometry at the chiral center.
An active transport mechanism, as demonstrated for
L-carnitine,?® would be unlikely. This is in accordance
with the finding that coadministration of L-carnitine did
not affect the ex vivo inhibition of lipid peroxidation in
mouse hearts produced by 1 (F. Bolkenius, unpublished
observation). It has been suggested that quaternary
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Figure 2. HPLC determination of compounds 1 and 11 in
mouse hearts 1 h after sc administration. See the methods
section. Values are from single animals.

ammonium compounds concentrate in myocytes due to
the attractive forces of the transmembrane potential,
the inner part of the cell membrane being charged with
negative ions.!* Another compound of this type, the
more lipophilic tetraphenylphosphonium cation, was
shown earlier®® to mimic calcium uptake through the
sodium—calcium exchange system in sarcolemmal mem-
brane vesicles. The cardioselective, permanently cat-
ionic a-tocopherol analogues, presented here, may simi-
larly act as substrates of this transporter and can thus
accumulate in the myocytes. Our present findings may
strengthen this view. The ascorbic acid analogues,
unfortunately, did not inhibit lipid peroxidation suf-
ficiently (see Table 1) to be evaluated by this assay.

Conclusions

The present study demonstrates that cardioselectivity
may be a common feature of permanently cationic
derivatives of a-tocopherol, irrespective of the hetero-
atom involved, and that the molecular geometry at the
chiral center is probably not a determining factor for
their radical-scavenging as well as cardioselective prop-
erties. The pharmacological value of the ammonium
derivative as a cardioprotective agent has been demon-
strated during the past. Such an effect is also expected
for the present compounds which may enhance the
choice for selected targets. This and the compartmen-
talized anti-inflammatory effect, e.g., as in colitis mod-
els, remain under further investigation.

Experimental Section

Melting points are uncorrected. Elemental analyses for the
elements indicated were within +0.4% of calculated values.
'H NMR spectra were obtained at 360 MHz with an AM-360
Bruker spectrometer, IR spectra were recorded with a Bruker
IFS 48 FTIR spectrometer, and UV spectra were recorded with
a Beckman DU-7 spectrometer. Enantiomeric excess (ee) was
determined on an Ultron ES-OVM column (150 x 4 mm i.d.,
5 um particle size) supplied by Liquid Chromatography
Columns, Rockland Technologies, IL. The mobile phase
consisted of 0.025 M phosphate buffer at pH 6.5, containing
9% acetonitrile (v/v) at a flow rate of 1 mL/min. UV detection
was used at 210 nm.

[2-(3,4-Dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-ben-
zopyran-2-yl)ethyl]trimethylphosphonium Bromide (8).
A solution of 78 (3.13 g, 10 mmol) in 25 mL of 2-butanone and
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20 mL of 1 M trimethylphosphine in THF was stirred in a
closed stainless steel vessel at 100 °C for 44 h. After cooling
the bomb was opened, the content was transferred to a round-
bottom flask with 2-butanone, and the solvents were evapo-
rated. Crystallization and recrystallization of the residue from
acetonitrile gave 3.01 g (77%) of 8: mp 230-3 °C; 'H NMR
(CD3OD) ¢ (ppm/TMS) 1.28 (3H, s, 2-C-CHzs), 1.72-1.76 (9H,
3s, P-CHs), 1.90 (4H, m, 2-CH,, 5-CH3), 2.10-2.15 (9H, 3s, Ar-
CHj), 2.25—-2.50 (2H, m, a-CHy), 2.68 (2H, t, 4-CH,); UV
(EtOH) Amax 291 (¢ = 3095), 220 (10 475), 204 (36 540) nm.
Anal. C, H.

The 28 (-)-enantiomer of 8 was similarly prepared from 2S-
(—)-7: mp 244-8 °C; ee = 99.9%; [0]?p = —12.33° (¢ = 0.94
in MeOH). Anal. C, H. The 2R (+)-enantiomer of 8 was
prepared from 2R-(+)-7: mp 245—8 °C; ee = 99.3%; [a]*p =
+12.75° (¢ = 1.15 in MeOH). Anal. C, H.

[2-(3,4-Dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-ben-
zopyran-2-yl)ethyl]triethylphosphonium Bromide (9).
Heating 7 and triethylphosphine in 2-butanone at 100 °C in a
closed vessel for 44 h, as described for 8, gave 9: mp 187-8
°C. Anal. C, H.

3,4-Dihydro-2,5,7,8-tetramethyl-2-[2-(methylthio)ethyl]-
2H-1-benzopyran-6-ol (10). A mixture of 7 (6.26 g, 20 mmol)
and NaSCHj; (2.8 g, 40 mmol) in 50 mL of 4 A molecular sieve-
dried DMF was stirred at 70 °C for 16 h. Water and 2 N HCI
were added. The mixture was extracted with EtOAc (2x),
washed with H.O, NaHCO3;, and NaCl solution, dried (Na.-
SO,), and evaporated. The residue was slurried in hot hexane,
decanted to separate a dark oil, concentrated, and allowed to
cool in a refrigerator to give 3.95 g (70%) of 10: mp 66.5-67
°C. Anal. C, H.

The 2S (—)-enantiomer of 10 was prepared from 2S8-(-)-7:
mp 63-5 °C; [a]®’p = —11.8° (¢ = 0.92 in MeOH). Anal. C,
H. The 2R (+)-enantiomer of 10 was prepared from 2R-(+)-7:
mp 64.5—65 °C; [a]?p = +9.7° (¢ = 0.99 in MeOH). Anal. C,
H.

[2-(3,4-Dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-ben-
zopyran-2-yl)ethylldimethylsulfonium 4-Methylbenzene-
sulfonate (11). A solution of 10(2.9 g, 10.3 mmol) and methyl
p-toluenesulfonate (2.12 g, 11.4 mmol) in 30 mL of acetonitrile
was refluxed for 24 h. The product crystallized on cooling and
was recrystallized from acetonitrile to give 4.19 g (87%): mp
156-8 °C; 'H NMR (DMSO-dg) 6 (ppm/TMS) 1.32 (3H, s, 2-C-
CHj3), 1.90 (2H, m, 3-CH,), 2.13—2.18 (11H, m, Ar-CHj, 3-CHo),
2.38 (3H, s, tosyl-CHj3), 2.20 (2H, t, 4-CHy) 2.95-3.00 (6H, 2s,
S-CHz), 3.4-3.6 (2H, m, a-CHby), 7.20 (2H, m, ArH), 7.57 (2H,
m, ArH); UV (EtOH) An.x 290 (¢ = 3310), 217 (22 155), 207
(31 815) nm. Anal. C, H.

The 28 (—)-enantiomer of 11 was prepared from 2S-(—)-10:
mp 172—3 °C; [a]%p = —18.74° (¢ = 0.95 in MeOH); ee = 99.9%.
Anal. C, H. The 2R (+)-enantiomer of 11 was prepared from
2R-(+)-10: mp 171-2 °C; [a]?®p = +18.24° (c = 1.19 in MeOH);
ee = 99.9%. Anal. C, H.

To test the stability of 11 in aqueous solution, a sample of
11 was dissolved in D20 and the H NMR spectrum was taken
immediately and after 48 h of standing at room temperature.
The two spectra were identical.

[2-(3,4-Dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-ben-
zopyran-2-yl)acetyl]-1,1,1-trimethylhydrazinium, Inner
Salt (18). To a solution of 8 (10.6 g, 40 mmol) and Et;N (4.05
g, 40 mmol) in 50 mL of THF at 0 °C were added dropwise
ethyl chloroformate (4.34 g, 40 mmol) and, after stirring at 0
°C for 1 h, unsymmetrical dimethylhydrazine (2.40 g, 40 mmol)
in 30 mL of THF. The solution was stirred at room temper-
ature overnight and evaporated, and the residue was taken
up in EtOAc, washed with H:O and NaHCOs solution, dried
(NagS0y), and evaporated. The residue was crystallized and

. recrystallized from EtOAc/heptane to give 7.30 g (60%) of

unsymmetrical dimethylhydrazide of 5: mp 151-2 °C. Anal.
C,HN.

A solution of the hydrazide (6.61 g, 21.6 mmol) and methyl
p-toluenesulfonate (4.02 g, 21.6 mmol) in 75 mL of acetonitrile
was refluxed for 3 h. After cooling overnight, the crystalline
material was collected and recrystallized from acetonitrile: 7.8
g (73%); mp 182—3 °C. Anal. C,H,N.
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To a hot solution of the tosylate (7.1 g, 14.5 mmol) in 25
mL of HoO and 50 mL of EtOH was added 7.2 mL of 2 N
NaOH. Most of the EtOH was evaporated, and the crystalline
material was recrystallized from water, dried, and equilibrated
in moist air to give 4.09 g (85%) of 13 containing 0.75 mol of
H20: mp 219 °C dec; 'H NMR (DMSO-d) ¢ (ppm/TMS) 1.45
(3H, s, 2-C-CHj3), 1.8—2.05 (2H, m, 3-CH3), 2.08-2.12 (9H, 3s,
ArCHs), 2.0-2.2 (2H, m, a-CHy), 2.48—2.80 (2H, m, 4-CH,),
3.33 (9H, s, *N-CHzs); UV (CH3CN) Amax 294 (¢ = 3665), 225
(10 440), 202 (48 730) nm; IR (KBr) 1693, 1571 cm™!. Anal.
(C18H2sN2040.75H20) C,H,N.

The 28 (+)-enantiomer of 13 was prepared from 2S-(—)-5:
[a]?’p = +2.30° (¢ = 1 in MeOH); ee = 99.4%. Anal. CHN
(for salt containing 0.25H>0). The 2R (—)-enantiomer of 13
was prepared from 2R-(+)-5: [a]?*’p = —3.07° (¢ = 1 in MeOH);
ee = 99.6%. Anal. C,HN.

[(3,4-Dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-ben-
zopyran-2-yl)carbonyl]-1,1,1-trimethylhydrazinium, In-
ner Salt (14). 14 was prepared as described for 18 from 3,4-
dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-benzopyran-2-
carboxylic acid (12): mp 187 °C dec. Anal. C,HN.

Resolution of 3,4-Dihydro-6-hydroxy-2,5,7,8-tetra-
methyl-2H-1-benzopyran-2-acetic Acid (5). To a hot solu-
tion of racemic 522 (132.2 g, 0.5 mol) in 700 mL of i-PrOH were
added (8)-(-)-o-methylbenzylamine (60.6 g, 0.5 mol) and 100
mL of EtOAc. Slow crystallization overnight in a refrigerator
gave somewhat more than one-half the amount of crystalline
material (checked by evaporating filtrate to dryness). This
material was recrystallized in like manner three times.. (To
dissolve the material, it was necessary to add a small amount
of water that was subsequently removed by azeotroping.) The
resulting diastereomeric salt was added to 200 mL of 2 N HCI
and 400 mL of ethyl acetate, and the mixture was shaken until
all solid had dissolved. The aqueous phase was separated and
extracted with EtOAc. The combined organic phase was
washed with 2 N HC], H;0O, and NaCl solution, dried (Nas-
SO,), and evaporated. The residue was recrystallized from
EtOAc/heptane to give 40.85 g (62%) of S-(—)-5: mp 148—9
°C; [a]®p = -9.61° (¢ = 1.05 in MeOH); ee = 99.9%. Anal.
C,H.

The combined filtrates were evaporated and converted to
free acid as described to give 92.02 g of material. It was
dissolved in 600 mL of i-PrOH, and (R)-(+)-a-methylbenzyl-
amine (42.2 g, 0.35 mol) was added, as well as 200 mL of
EtOAc. Two recrystallizations, conversion to free acid, and
one final recrystallization gave 41.50 g (63%) of R-(+)-5: mp
148-9 °C; [a]®p = +9.70° (¢ = 1.02 in MeOH); ee = 99.9%.
Anal. C,H. Workup of the remaining filtrates established a
material balance of 97%. The resolving agents were not
recovered.

(28)-(-)- and (2R)-(+)-8,4-Dihydro-6-hydroxy-2,5,7,8-
tetramethyl-2H-1-benzopyran-2-ethanol (6). To a stirred
solution of S-(-)-5 (38.9 g, 0.147 mol) in 500 mL of THF was
added 30 mL of 10 M BH3-Me:S over 30 min, and the mixture
was stirred at reflux temperature for 3 h. After cooling 120
mL of MeOH was added dropwise, and the resulting solution
was evaporated to dryness. The residue was taken up in
EtOAc, washed with 2 N HCI, H,O, NaHCO;, and NaCl
solution, dried (Na»SOy), and evaporated. The residue was
recrystallized from EtOAc/heptane to give 30.69 g (83%) of
S-(—)-6: mp 153—6 °C; [a]?®p = —6.44° (¢ = 0.90 in MeOH).
Anal. C,H.

In like fashion, R-(+)-8 gave R-(+)-6: mp 155-7 °C; [a]%®p
= +6.00° (c = 1.01 in MeOH). Anal. C,H.

(28)-(-)- and (2R)-(+)-2-(2-Bromoethyl)-3,4-dihydro-
2,5,7,8-tetramethyl-2H-1-benzopyran-6-ol (7). To a solu-
tion of 28-(-)-6 (30.2 g, 0.12 mol) and CBry4 (44 g, 0.13 mol) in
120 mL of DMF, cooled in ice, was added in portions over 30
min triphenylphosphine (33.2 g, 0.13 mol). The mixture was
stirred at room temperature overnight. Water was added, the
product was extracted with Et20 (3x), and the extract was
washed with HoO and NaCl solution, dried (NaSO,), and
evaporated. The residue was chromatographed on silica gel,
eluted with EtOAc/heptane, 1:3. The product-containing frac-
tions were combined, evaporated, and recrystallized from
EtOAc/heptane to give 28.2 g (75%) of 28-7, which was used
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to prepare 25-(—)-8, 28-(—)-10, and 2S-(—)-11. The 2R enan-
tiomer was likewise obtained from 2R-(+)-6 and used to
prepare 2R-(+)-8, 2R-(+)-10, and 2R-(+)-11.

Resolution of 3,4-Dihydro-2-[2-(dimethylamino)ethyl]-
2,5,7,8-tetramethyl-2H-1-benzopyran-6-ol (3). To a hot,
filtered solution of 82 (50 g, 0.18 mol) in 200 mL of MeCN was
added a hot solution of (1S)-10-camphorsulfonic acid (Aldrich)
(41.8 g, 0.1 mol) in 200 mL of MeCN. The resulting solution
was concentrated to 150 mL by distillation of the solvent and
then allowed to cool with continued stirring. After several
hours, the solid was collected and recrystallized twice from
MeCN to give 21.7 g of the diastereomeric salt, mp 212—4 °C.
The salt was dissolved in 60 mL of CH2Cl; and the solution
stirred vigorously for 30 min each with three successive 30
mL portions of saturated NaHCOj solution. The CH.Cl; layer
was separated, dried (MgSOy), and concentrated to 30 mL, and
after hexane was added, the remaining CH,Cl; was distilled
off. The resulting hot hexane solution was filtered to remove
still unconverted diastereomeric salt. This was dissolved in
H:0, and solid precipitated on addition of NaHCOs. The solid
was dissolved in CH:Cl; and added back to the hot hexane
solution. Two more filtrations were required as the CH2Cl,
was distilled off to give a clear hot hexane solution, which was
concentrated to 110 mL and allowed to cool. After standing
in a refrigerator overnight, 10.53 g (40%) of 2S-(—)-8 was
obtained: mp 102—3 °C; [0]®%p = —7.2° (¢c = 1in MeOH). Anal.
C,HN.

Of this sample, 500 mg was converted to the HCI salt with
ethereal HC1 and recrystallized from MeCN/MeOH to give 544
mg of 28-(—)-3-HCl: mp 290-1 °C; [a]?p = -6.4° (¢ = 1 in
H;0); ee > 98%. Anal. C,H,N.

The residues from the mother liquors were converted to fréee
base with CH2Cl; and NaHCOj as before. The crude material
was recrystallized from hexane to give 25.8 g (92.9 mmol) in
two crops. These were dissolved in 150 mL of hot MeCN, and
a hot solution of (1R)-10-camphorsulfonic acid (21.6 g, 92.9
mmol) in 125 mL of MeCN was added. The solution was
concentrated to 150 mL and allowed to cool to room temper-
ature with stirring overnight. The solid was collected and
recrystallized to give 20.6 g (45%) of the diastereomeric salt,
mp 212—4 °C. This salt was dissolved in 300 mL of H,0, and
200 mL of saturated NaHCO; solution was added. The
solution turned cloudy, and a solid began to precipitate slowly.
The pH of the solution was raised to about pH 9 by addition
of 1 N NaOH until no further precipitation occurred. The solid
was collected, washed with H20O, and air-dried overnight.
Recrystallization from hexane gave 9.85 g (39%) of 2R-(+)-3:
mp 102-3 °C; [a]®p = +6.8° (¢c = 1 in MeOH). Anal. C,H,N.

Conversion of 600 mg to the HCI salt gave 641 mg of 2R-
(+)-8'HCL: mp 290—1 °C; [0]?%p = +5.6° (c = 1 in H20); ee =
99%. Anal. C,H,N.

X-ray analysis of the diastereomeric salt of 8 with (1S)-10-
camphorsulfonic acid allowed the assignment of absolute
configuration. The enantiomers of 8 were also prepared from
the resolved acids 5, which proved to be the more convenient
route.

(28)-(-)- and (2R)-(+)-8,4-Dihydro-6-hydroxy-N,N,N,-
2,5,7,8-heptamethyl-2H-1-benzopyran-2-ethanaminium
4-Methylbenzenesulfonate (1). To a solution of methyl
tosylate (5.91 g, 32 mmol) in 50 mL of dry MeCN was added
28-(—)-3 (8.0 g, 29 mmol). The solid dissolved on heating, and
the solution was refluxed for 1.5 h. The solvent was evapo-
rated, and the viscous oil remaining was triturated with 100
mL of acetone. The resulting white solid was collected, washed
with acetone, dried, and recrystallized from 40 mL of MeCN,
to which ether was added to cloudiness, to give 11.8 g (88%)
of 2§8-(—)-1: mp 162-3 °C; [a]?p = —4.0° (¢ = 1 in 1:1 Hy0/
MeOH); ee > 98%. Anal. C,HN. The 'H NMR spectrum
corresponded to that of the racemate.?

The other enantiomer was similarly prepared from 2R-(+)-3
to give 2R-(+)-1: mp 162—-3 °C; [a]?p = +3.8° (¢ = 1 in 1:1
H>0/MeOH); ee > 98%. Anal. C,H,N.

6-(Trimethylammoniumyl)-6-deoxy-L-ascorbic Acid (16).
To an ice-cooled solution of 1528 (40.7 g, 170.3 mmol) in 150
mL of MeOH was added trimethylamine (50 mL). The flask
was well stoppered, and the mixture was stirred for 5 days at
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room temperature. The solid formed was collected by filtra-
tion, washed with MeOH, and recrystallized from MeOH/H,0
to give 13.5 g (36%) of colorless crystals: mp 180 °C dec; 'H
NMR (D,0) é (vs TMS) 3.25 (s, 9H), 3.65 (m, 2H), 4.44 (4, J =
2.15 Hz, 1H), 4.58 (dt, J = 8.3 Hz, 1H). Anal. (CyH;;-
NOs0.5H:0) C,H,N.

2-0-Octadecyl-3-O-(phenylmethyl)-6-bromo-6-deoxy-L-
ascorbic Acid (19). To a solution of 187 (9.3 g, 17.9 mmol)
and CBry (6.23 g, 18.8 mmol) in 90 mL of dry CH,Cl; was
added portionwise at 0 °C and under N; 4.93 g (18.8 mmol) of
P(C¢Hs);. The mixture was stirred overnight at room temper-
ature. The solvent was evaporated to dryness, and the residue
was purified by flash chromatography eluting with hexane/
EtOAc, 80:20, to give 7.77 g (75%) of 19 as a white solid: 'H
NMR (CDCls) 6 (ppm/TMS) 0.88 (3H, t, J = 5.7 Hz), 1.25 (30H,
s), 1.66 (2H, m), 3.54 (2H, d, J = 5.7 Hz), 4.05 (3H, m), 4.91
(1H, d, J = 2.8 Hz), 5.5 (2H, s), 7.4 (5H, s).

2-0-Octadecyl-6-bromo-6-deoxy-L-ascorbic Acid (20). A
solution of 19 (4.3 g, 7.4 mmol) in 75 mL of EtOH was
hydrogenated with 10% Pd/C (430 mg) until the theoretical
volume of H, was absorbed. The catalyst was removed by
filtration, and the solvent was evaporated to dryness to give
3.56 g (98%) of 20 as a white solid: H NMR (CD;0D) 6 (ppmv/
TMS) 0.90 (3H, t, J = 5.7 Hz), 1.30 (30H, s), 1.68 (2H, m),
3.55 (2H, m), 3.96 (2H, t, J = 7.1 Hz), 4.08 (1H, dt,J =7, 2.8
Hz), 4.95 (1H, d, J = 2.8 Hz).

2-0-Octadecyl-6-(trimethylammoniumyl)-6-deoxy-1-
ascorbic Acid (21). The 6-bromo derivative 20 (2 g, 4 mmol)
was treated with trimethylamine as described for compound
16. After filtration, the residue was purified by flash chro-
matography eluting with MeOH/CH,Cl,, 50:50, to give after
recrystallization from EtOH 0.6 g (31%) of 21 as a white
powder: mp 226 °C dec; 'H NMR (CD3;0D) 6 (ppm/TMS) 0.90
(3H, t, J = 5.7 Hz), 1.30 (30H, s), 1.68 (2H, m), 3.23 (9H, s),
3.62 (2H, m), 3.82 (2H, t, J = 7.1 Hz), 4.19 (1H, d, J = 2.8
Hz), 4.41 (1H, bd). Anal. (Cy;H;NO;0.25H,0) C,H,N.

Biological Methods. Lipid Peroxidation in Rat Brain
Homogenate. This was done as previously described.10:40

Superoxide Radical Scavenging. This was determined
by measuring competition with nitroblue tetrazolium of the
superoxide radicals formed by xanthine oxidase/xanthine, as
described earlier.1?

Ex Vivo Lipid Peroxidation. The procedure followed the
one previously described in detail.* In principle, test com-
pounds were administered subcutaneously to groups of five
CD1 mice. One hour later, the hearts were excised. The
frozen tissues were homogenized, diluted with potassium
phosphate buffer, and incubated at 37 °C for 2 h. The reaction
was stopped on ice by addition of HCIO, and the mixture
centrifuged. To the supernatant was added thiobarbituric
acid, and the samples were heated to 100 °C for 15 min. The
chromophore (TBARS) was extracted into n-butanol, and the
fluorescence was measured at 515 nm (excitation wavelength)
and 553 nm (emission wavelength). Malondialdehyde dimeth-
ylacetal served as external standard. The dose necessary to
inhibit TBARS formation by 50% (IDso) was calculated from
semilogarithmic plots (log of sc dose versus percent of control)
of at least four different doses.

The in vitro lipid peroxidation with mouse heart homoge-
nates followed the same protocol, apart from adding the test
compounds at different concentrations prior to incubation.

HPLC Determination of 1 and 11 in Mouse Heart
Homogenate. This was done as described before.*
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